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ABSTRACT 

Almost all the parts of chemical substances introduced into 

the oceans are removed by particulate transport downward to the 

bottom. However, our knowledge on the conveyers of these 

substances,such as the chemical composition of sinking particles, 

their sinking rate, the mechanism of their formation, etc. is 

quite limited. Among such substances, heavy metals are of special 

interest because of their high toxicity. Recently, these metals 

are suppliAd with an increasing rate to the oceans from the burning 

of fossil fuels, the industrial waste and others. 

So as to study the behavior of heavy metals in the oceans, 

sinking particles were directly collected with sediment traps in 

coastal sea (Funka Bay, Tokyo Bay), hemipelagic sea (Sagami Bay) 

and pelagic sea (the North Pacific)~and Be-7, Th-234, Po-210, 

Pb-210 and long lived Th isotopes in the settling particles were 

determined in order to use them as timers (geochronometer) of 

the settling. 

The results obtained are as folJ.ows. 

1. The residence time of Be determined with Be-7 in Funka Bay i~ 

90 - 160 days, which is approximately equal to that of Th-234. 

2. The vertical distribution of Be-7 in the surface ocean is 

strongly ~ontrolled by particulate transport. The eddy diffusj.on 

coefficient of surface water estimated without taking particulate 

transport of the nuclide into consideration in the previous 

studies may not be real. 
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3. The observed flux with ~ediment traps does not give the net 

removal flux of chemical substances in seawater • 

4. The heavy metals in seawater are mainly transported downward 

by the particles which easily grow up to large aggregates with 

sign:i.ficant velocities and break down to small particles of 

colloidal sizes while sinking. 

5.The small colloidal particles move up together with undulation 

of water in the ocean. Thus, the "upward flux" of particuJ.ate 

matter exists probably everywhere in the oceanS. 

At present, many invpstigators believe that fecal pellets 

mainly play an important role on the transport: of heavy metals 

from the surface to the deep in the oceanS. However, the results 

obtained in this research show that large aggrAgates .formed 

from suspended matter in sea-water are more important for the 

vertical transport of these metals in the oceans. Marine Rnow 

seems to be responsible for the transport. 
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CHAPTER I 

GENERAL INTRODUCTION 

I - 1 Introduction 

From the last century, the population pressure on the earth 

is increasing from day to day. The time is going to come in 

the nearer feature when almost food and industrial resources 

are to depend on marine products. The assessment of man's 

impacts such as fishing, collection of seaweed, mining~and 

pollution on the chemistry and biology in the oceans can be 

a part of the important studies in fisheries science. Among 

man's introduced substances into the oceans, heavy metals, above 

all, must be studied extensively on their chemical nature in 

the oceans and their high toxicity to the marine ecosystem. 
" ~ 

Seawater is not merely saline water in a bottle, since 

many kinds of organisms are living and enormous chemical reactions 

are taking place. Huge amount of substances is supplied continuously 

to the oceans and many compounds are produced there. The products 

are taken off from seawater (precipitation,rock-water interaction, 

gravitational settling, etc.). As a result of a balance among 

these processes, a certain composition of seawater is maintained. 

This is the reason why the oceans are often likened to a chemical 

plant. 

The residence times of heavy metals contained in seawater 

such as iron, cobalt, manganese, lead and thorium are much shorter 

than those of major ele~ents such as sodium, calcium and magnesium. 
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JudEing from the residence times of these heavy metals in the 

oceans, we can easily obtain. their sinking rates to be a few 

meters per day. The settling of these metals alone can be hardly 

explained their high sinking rates expected above. Almost all 

investigators have come to a conclusion that particulate materials 

in seawater contribute to the vertical transport of such heavy 

metals in the oceans. However, the following questions are still 

remained, which we must study to find their answers. 

1. What kind of particles are responsible for the removal of 

heavy metals from seawater? 

2. How fast do they sink to the ocean floor? 

3. What is their chemical composition? 

I - 2 Naturally occurring radioisotopes 

The presently known natural radioactive nuclides are listed 

in Table I - 1. U-238, U-235 and Th-232 are the precursors of 

successive decays. Namely, we call them as the uranium series, 

the actinium series and the thorium series, respectively. The 

decay schemes for each decay series are shown in Figure I - 1, 

I - 2 and I - 3. 

Many useful nuclides for the study of geochemical processes 

belong to those decay series. For example, daughters of Rn-222 

are used for the study of the atmospheric aerosol. Th-230 and 

Pa-231 are used as a geochronometer of the deep sea sediments 

and Ra-228 and Ra-226 are used as a monitor for horizontal and 

vertical mixing of sea-water. The some results of the research 

of particulate removal process in the oceans studied with these 

elements will he shown in the following sections. 
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Among the nuclides which are not included in the decay series, 

K-40, Rb-87 and Sm-147 are sometimes used for the geochronology 

of rock and meteorite. The remainders are not used as geochemical 

monitors at present. 

I - 3 St.udy of natural radioisotopes E~racers of heavy. metals 

in sea water. 

Th isotopes~ Po-210 and Pb-210 have been given an attention 

to study removal mechanisms in the oceans'~ since these elements 

are expected to have a similar chemical nature. 

The studies of Th in sea water(Bhat et al., 1969: Matsumoto,. . .~. 

1974: Broecker et al., 1973: Minagawa and Tsunogai, 1980) have 

revealed that Th in the surface water has a shorter residence 

time than that of the usual surface water and the residence time 

of Th in the shallow water is shorter than that in open sea. 

The same results have been observed for Pb-210 and Po-210. Aller 

and Cochran (1976) have obtained the shortest residence time of 

Th-234 of only one day in Long Island Sound,U.S.A. 

So as to explain high removal rates for these elements, 

Broecker et ale (1973) demonstrated that the remov~l rate of 

Th-228 strongly depends on biological activity, especially 

uptake by plants in their quest for phosphate. Nozaki and 

Tsunogai (1973), Benninger (1976), Kharkar (1976) and Turekian 

(1977) pointed out that the uptake of these elements by living 

phytoplankton alone is not significant for the removal of Th-234. 

Th-228, Pb-210 and other elements. 
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Spencer et ale (1978) and Brewer et ale (1980) asserted that 

the removal of such elements by rapidly sinking particles such 

as zooplartkton fecal pellets is more important than that of 

aggregates of suspended matter. Beasley et ale (1976) also 

pointed out that fecal pellets are one of the important conveyers 

for the'vertical transport of Po-210 and Pb-210 in sea water. 

Tsunogai and Minaeawa (1978) have demonstrated the downward 

transport by the sinking of large aegregates, "Marine snow" 

which can grow up from particles of colloidal sizes containing 

metals such as Th, Pb and Fe, and sometimes break down to small 

particles while sinking down through seawater. 

I - 4 Cosmic ray produced isotopes. 

Nuclear transformations by cosmic ray radiatj,on take place 

in the atmosphere, since most of the cosmic rays is dissipated 

there, especially in the stratosphere. Figure I - 4 shows the 

altitude dependence of the verticaJ flux of particles,which 

consist the cosmic rays, at 45 0 of latitude reported by Peters 

(1958). Almost all the transformations are produced by nucleons. 

The contribution of mesons and their decay products,i.e. muons,: " 

electrons and gammer rays are relatively small. Multiplying the 

nuclear interaction cross-section for each kind of particles 

with each flux at the point where the flux reaches its maximum 

value, LaJ. and Peters (1967) estimated the contribution of protons, 
,.. , 

y-rays and muon~to the nuclear disintegrations: 

protons y-rays ,muons = 100 5 0.025 
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The atmospheric target nuclei are N, 0, Ar and Kr. Since 

the Ar and Kr contents in the atmosphere are low, 1 % or less 

by volume, isotopes of atomic weight less than 16 are produced 

from interactions with Nand 0 nuclei. Major cosmic ray produced 

nuclides which have half-lives longer than 1 day are listed in 

Table I - 2. 

The fallout patterns for these nuclides show a strong 

latitudinal dependency, since the cosmic ray intensity and 

the altitude of the tropopause vary with latitude. Additionally, 

the discontinuity of the tropopause in the temparate zone lead to 
-fhe \.::t~ 

the transfer of air betwee~tratosphere and troposphere and 

seems to show a seasonal variation. 

Many of the nuclides become oxides soon after creation, 

except noble gases He, Ar and Kr. Among oxides, only CO 2 is 

a gas and remains free, while the others attach to aerosols 

in the atmosphere in a very short time. The size distribution 

of aerosols in the atmosphere and the attachment of radioisotopes 

to them have been studied extensively by Junge (1963). He suggested 

that the attachment of these nuclides to aerosols occurs mainly 

to particles of less than one micron diameter, whose gravitational 

settling is not important. Therefore, cosmic ray produced isotop~s. 

attached to aerosols behave together with air. Removal of these 

nuclides from the atmosphere occurs with the atmospheric 

precipitations which collect aerosols during rainout and washout 

processes. On the other hand, the cosmic ray produced gases 

such as radiocarbon are removed by much slower processes, namely, 

molecular exchange at the surface of the oceans and the uptake 

by plants during photosypthesis on land. 
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Thus~ cosmic ray produced nuclides could be classified into two 

groups with the differences in their sink functions. 

I - 5 History of the study of Be-7 and its applications for the 

tracer studies in the oceans. 

The cosmic ray produced radioisotope, Be-7 ( half-life; 53 

days), may be useful to trace various geochemical processes 

occurring in the hydrosphere with a time scale from a few tens to 

about 200 days. Lal et ale (1963) calculated the mean 

concentration of Be-7 in the surface sea water (75 m) from its 

production rate in the atmosphere to be 180 dpm/10001 and reported. 

10 to 70 dpm/10001 in the surface water of the Indian Ocean. 

They collected Be-7 in the surface water on sponge or jute 

inpegnated with ferric hydroxide. Silker et ale (1973) and 

Young and Silker (1974) energetically carried out the measurement 

of Be-7 in the surface sea water for the estimation of the 

deposition rate of Be-7 from the atmosphere and the vertical 

eddy diffusion coefficient of surface sea water. 

Merril et ale (1960) estimated the residence time of Be in 

the oceans to be 150 years~ This value is very close to that. 

of quickly precipitating elements such as AI, Fe, Ti and Th as 

discussed by Tsunogai and Minagawa (1978). This fact suggests 

that Be-7 relates to the particulate removal on the oceans. 

If it is the case, Be-7 can be used as a good tracer to study 

-

the vertical transport process by particulate matter in the surface 

layer of the oceans. The strongest point of Be-7 as the tracer 

is that its source is c6nfined to the surface. Therefore, the 

transport rates of heavy metals from the surface to the deeper 
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layer might be estimated directly from its vertical profile. 

Bishop et al. (1977) collected a large amount of particulate 

matter in the sub-surface water by a Large Volume in situ 

Filtration System (LVFS) and suggested the particulate removal 

of Be-7 is due to the surface adsorption to the small suspended 

matter rather than the active biological uptake, since the 

fraction Jarger than 58 microns exhibited no measurable Be-7 

activity. 

I - 6 Objectives of this dissertation. 

As mentioned in the previous sections, the amounts of heavy~ 

metals introduced into the oceans by human activities are 

increasing and the consequent influence introduced in the marine 

ecosystem is serious because of their high toxicity. In order 

to make clear the behaviours of heavy metals in the oceans, 

naturally occurring radioisotopes which have similar chemical 

nature to them have been utilized. since these nuclides can be 

used as timers of naturally occurring phenomena (geo~hronometer) 

and this is the strongest point of their use. Additionally, 

the nuclides once caught in particulate matter are not only 

to be tracers of such metals but also to be tracers of all the 

chemicaJ.s in the particles. 

Many observations have shown that the removal rates of 

these elements strongly depend on biological activity in the 

oceans. However, the particles which actually remove reactive 

chemical compounds have not been directly studied. I used 

sediment traps to collect the settling particles transporting 

such compounds to the deep layer and measured radioisotopes 
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having respective source functions and half-lives in seawater. 

The radioisotopes measured in this research are listed in Table 

I - 3. From the results in this research, I will conclude that 

the large aggregates formed from small suspended particles play 

an important role for the vertical transport of insoluble heavy 

metals in the sea and that it is necessary that the large 

aggregates should break down to small sizes and reform actively 

within a very short period while sinking. This means that the 

suspended particles which have a negligible slow sinking velocity 

are also closely related to the active removal of such heavy 

metals from seawater. If "Marine snow" repeats actively to 

transform its particle sizes between the large aggregates which 

can settle downward and the small colloidal particles which can 

not sink, I will propose a suggestion that "Marine snow" should 

be such a conveyer of heavy metals in the oceans. 
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Table I - 1. Naturally occurring radioiRotopes (excluding cosmic ray 

produced ones). (from FriAdlander and Niller, 1964) 

Nuclide Type of disintegration Half-life 
Isotopic abundance 

(years) (%) 

U-238*' 0( 9 99.27 4.51 )(1°8 U -235* ()( 7. 1 3)(1°10 0.72 
Th-232* 0( 1.39><.1°9 

100 
K-40 ~ ,EC 1.27 )(1°15 0.012 
V-50 f,EC 6. ° ><1°10 0.24 
Rb-87 5.7 ><,1°14 27.9 
In-115 (J 5 ><1°13 95.7 
Te-123 EC 1.2 X1011 0.87 
La-138 EC t (3 1.1 ')(.1015 0.089 
Ce-142 ~ 5 )(.1015 11.07 
Nd-144 '" 2.4 )(.1011 23.85 
Sm-147 0( 1.1 )(1014 14.97 
Gd-152 0<. 1.1 }<.1010 0.20 
Lu-176 ~ 3 )(.1015 2.59 
Hf-'174 0( 2 )(1010 0.18 
Re-187 f3 6 ><,1°11 62.9 
Pt-190 0\ 7 x10 0.013 

~f. 

Precursors of successive decay chains 

--' 
'-D 
I 



Table 1-2 Major cosmic ray produced isotopes in the atmosphere. 
(Lal and Peters, 1957) -

Isotope Half-life Main radiation Main target nuclide(s) 

Be-10 6 
S~ N, 0 2.5,,10

5
y 

Al-26 7. 4~105Y S Ar 
Cl-36 3.1 )<'10

5
y S Ar 

Kr-81 2.1 )<.10 Y K-X ray Kr 
C-14 5730 y S- N, 0 
8i-32 710 y S Ar 
Ar-39 270 y S- Ar 
H-3 12.3 Y S~ N. 0 
Na-22 2.6 y S , y Ar 
8-35 87 d S- Ar 
Be-7 53 d Y N, 0 
Ar-37 35 d K-X ray Ar 
P-33 25 d S- Ar 
P-32 14.3d S- Ar 

Isotopes which have a half-time longer than 1 day are listed in this table. 

I 
N 
o 
I 



Table I - 3. Rough classification of radioiRotopes 

used in this research according to their 

sources 

Sites of ~rigin 
of radioisotopes 

Atmosphere 

Sea water 

Land 

Nuclides 

Be-7, Po-210*,Pb-210 k 

Th-234, Po-210, Pb-210, 

Th-230, Th-228 

Th-232 

*Pb-210 and Po-210 in the atmosphere are produced 

by the decay of Rn-222 emanated from the earth's 

surface. A part of these nuclides is also produced 

from Ra-226 dissolved in sea water. 

-21-
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CHAPTER IT 

Vertical transport mechanisms of heav..L metals in coastal sea. 

The hydrography of Funka Bay has been established well by 

Ohtani and Xi do (1980). The cold water of the Oyashio flows 

into this Bay in early spring. In summer~ the water in the Bay 

is stratified and stays without significant mixing with water 

outside the Bay. In early autumn, the Tsugaru Warm Current flows 

into the Bay and mixes vertically well by cooling in winter. 

This water mass stays in the Bay till the water of the Oyashio 

flows in. I determined some radioisotopes in sea water and in 

the settling material collected with sediment traps. Figure IT - 1 

shows the locations of observed stations in Funka Bay. Sediment 

trap experiments were carried out at St. P. For comparison, 

the sampling of seawater and the collection of the settling matter 

with sediment traps were carried out also in Tokyo Bay. 

IT - 1 Analytical procedure 

Th-234, Po-210 and Pb-210 in sea water were co-precipitated~ 

wi th ferri c hydroxide and cal ci urn carbonate from 50 -Ii ters of 

seawater after the solution acidified with nitric acid containing 

Th-232, Po-208 and stable Pb was kept as it stood for about 6 

hours. After depositing Po on a silver disk, Th was separated 

from the solution by an ion-exchange technique. The fraction 

containing Pb was stored for about a year for the growth of 

Po-210, a daughter of Pb-210. The Pb-210 activity was calculated 

from the Po-210 activity grown during storage. Th was electro-
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deposited on a silver disk and its beta and alpha activities were 

counted with a low background GM counter of an anticoincidence 

type and a multi-channel pluse height analyzer with a silicon 

surface barrier detector, respectively. The detail of this 

method will be reported elsewhere by Harada and Tsunogai. 

Seawater pumped up directly from the sea was poured into 

a 500-liter polyethylene container on the vessel and analyzed 

for Be-7. Be-7 in the sampled seawater acidified with 1.5 1 

of conc. H2S0 4 containing stable Be of-25 mg was co-precipitated 

with ferric hydroxide and calcium carbonate. The precipitates 

separated with decantation were dissolved with 3 1 of 7.5 N HN0
3 

and the obtained solution was voiled till dissolved carbon dioxi~e 

was completely evaporated off. 500 ml of con~. ammonia water 

was then added to the solution and the formed precipitate of 

hydroxide was filteredo The precipitate was dissolved with 

200 ml of 6N Hel and the solution was shaked with 100 ml of 

methyl isobutyl ketone to extract almost all Fe. The separated 

water phase was completely evaporated to dryness on a hot plate 

and 10 ml of 0.5N Hel and 200 ml of 20 % NaOH solution were 

added. Although Be was left in the solution, Fe remaining 

after the extraction was precipitated as hydroxide, which was 

filtered off wj_th a glass fiber filter. The filtrate was acidified 

with 6N Hel and was adjusted pH to 9.6 with ammonia water to 

precipitate beryllium hydroxide. The precipitate collected on 

a filter was dissolved with 50 ml of 0.5 N Hel. 1 g of EDTA-2Na 

salt was added and the solution was adjusted pH to 5.3. After 

addition of 10 ml of acetate buffer solution (pH 5.3), 

25 ml of acetyl acetone and 100 ml of benzene, the solution 
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was shaked for ten minutes. The organic phase was separated and 

washed twice with 20 ml of the acetate buffer (pH 5.3). Be was 

then back-extracted into 50 ml of 6N HCI. The volume of the 

solution was adjusted to 100 ml and 1 ml of its aliquot was used 

for the determination of chemical yield of Be by an atomic 

absorption spectrometory. The remaining fraction was heated 

till benzene was removed completely. The precipitate of beryllium 

hydroxide was made with ammonia water and was ignited at 750 0 C 

to convert it to BeD in an electric furnace. The y-activity of 

BeD including Be-7 in an polyethylene tube was counted by a 

well-type scintillation counter with a NaI(TI) scintillator • 

. The counting efficiency of the counter was 17.7±1.35 % and the 

overall chemical yield was 24 to 75 % (51% as a mean). 

The particles obtained with sediment traps were filtered 

with glaRs fiber filters (Whatman GF/C) or Nucleopore fliters 

(0.6 microns in pore size). Followed by the digestion of the 

eamples on filters by immersing them into a mixture of HF, HND3 

and HClD
4

, one twentieth fraction of the solution was analyzed 

for Th-234 and the remainder was used for the analyses of Be-7, 

Th-228. Th-230 and Th-232. The subsequent analytical procedures 

for Th-234 and Be-7 were the same as those described above. 

The long-lived Th isotopes were separated from the solution by 

an ion-exchange technique and electrodeposited on a silver 

disk. Their alpha and beta activities were counted. 
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IT - 2 Sediment traps employed for this research 

a) U-type trap 

This type trap was a relatively small one designed for the 

easy operation on small vessels. This was made with an poly­

vinyl chloride pipe (60 cm length, 7.5 cm diameter). The 4 - 6 

pipes were knoted together and moored at several depths for a 

few days. The observations of particulate flux were carried out 

using this type traps once a month or more times. The design of 

this trap and the typicaJ. mooring configuration operated in 

Funka Bay are shown in Figure IT - 2. 

b) T-type trap 

T-type sediment trap was designed ,for the collection of a 

large amount of settling matter during a short period. This trap 

consists of twin rectangular P.V.C. boxes and each opening area 

and height are 0.67 m2 and 25 cm, respectiveJ.y. A pyramidal 

P.V.C. funnel (30 cm height) and a plastic bottle are connected 

to the each box. Figure IT - 3 shows the design with 

two photographs and the mooring configuration of this trap is 

iJ.lustrated in Figure IT - 4. The trap experiments with this 

trap were carried out only in Funka Bay in 1977 and 1978, since 

the many difficlilties at the operation on the vessel arose from 

its too large size. Although the trap had a lid to avoid the 

loss of sampled material at the retrievement operation, the lid 

did not work well. 
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c) H(NH)-type trap 

For the collection of settling material in open sea, 

H(NH)-type trap was devised. This trap is illustrated in Figure 

TI - 5, which is composed of 6 cylinders for a collector and a 

flame made of stainless steel. Two types of the cylinders 

were used, whlch were"H-type trapll(Figure TI - 6) and"NH-type 

trapl1(Figure TI - 7). Each cylinder had a lid which prevented 

the loss of collected material at the retrievement operation. 

The mouth of each cylinder was covered with a net (1 cm in mesh 

size) to protect the invasion of zooplankton and necton. In 

shallow water, NaCl and NaN 2 were used for an antiseptic, but 

any anticeptic was not used in deep water of the open ocean. 

since the decomposition of trapped matter was not expected 

to occur significantly because biological activity in the deep 

water might be low as discussed by Honjo et ale (1978). 

I - 3 Results and discussion 

IT - 3 - 1 Be-7, Th-234, Po-210 and Pb-210 in seawater. 

The vertical profiles of Be-7 and the density of water 

(at) in Funka Bay are plotted in Figure TI - 8. The profiles 

of at show that the seasonal thermocline developed well in July 

and August in the surfacA 40 m layer, but it was not obvious 

in May. The overall analytical error for Be-7 is not considered 

to be larger than the counting error of about 11 % by referring 

the results of duplicate analyses of the same sample. The 

concentration of Be-7 in May was relativeJ.y constant with depth, 

showing 240 dpm/1000l in the surface water and 184 dpm/1000l 

in the water of 70 m depth. However, the concentration 
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of Be-7 in the intermediate water increased with time from July 

to August and a maximum value was always found in the layer. 

The maximum of Be-7 in this Bay in summer is difficult to be 

explained by means of mixing with water outside the Bay and/or 

the fluctuation of thS input rate of Be-7 from the atmosphere. 

The particulate transport of Be-7 seems to be responsible for 

its vertical profile. although Silker et ale (1973) pointed out 

that the vertical profile of Be-7 in the surface 100 m of open 

sea is not influenced by the particulate transport. 

Th-234, Po-210 and Pb-210 in seawater were also determined 

at the same site on Aug. 20, 1979 and the results are given in 

Figure IT - 9 together with the density of seawater (at). The 

profile of at on Aug. 20,1979 was almost the same as that on Aug. 

22, 1977. It is interesting to note that all these nuclides were 

concentrated in the same intermediate layer. Many previous studies 

on these nuclides have not observed such a clearly concentrated 

layer in the coastal sea. The coastal sea may be too shallow 

or the sampling depth intervals may be too coarse to find maxima 

in their studies. However, we can tind maximum of Th-234 in the 

vertical profile of Minagawa and Tsunogai (1980) who rather 

crudely determined Th-234 in seawater at stations near St. P in 

this study on Aug. 12, 1974. 

Th-234 is one of radioisotopes produced in seawater, but a 

half of Po-210 a substantial part of Pb-210 and all of Be-7 

in the surface seawater are air-borne. On account of the 

difference in their source functions, the same shape in vertical 

profiles of these nuclides strongly suggested that these nuclides 

are transported from tho surface to the depths by the same 
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conveyer and regenerated or dispersed after broken to small 

particles in the intermediate layer. It seems likely that the 

incorporation of these radioisotopes into organic particles is 

intimately related to their sinking from the surface to the 

intermediate layer where the decomposition of organic matter is 

actively occurring as discussed by Tsunogai and Minagawa (1978). 

However, the decrease of the dissolved oxygen contents in the 

layer was not so large (Figure TI - 0b) and the regenerated 

amounts of the radionuclides estimated from those of nutrients 

and the concentration ratios of these nuclides to the nutrients 

in settling particles in seawater were insufficient to explain 

the surplus in the intermediate layer. This may indicate that 

the settling particles were broken down to small particles of 

negligibly small sinking velocity in the layer. 

TI - 3 - 2 Be-7 and other nuclides in settling matter. 

To find a direct evidence of the particulate transport of 

Be-7, sediment traps were deployed three times in the water of 

40 m and 80 m depths at St. P in 1977. The specific activities 

of 8e-7 were nearly constant with depth. This fact.is to be 

noted, because 8e-7 of surface origin could be expected to decrease 

with increasing depth if the particles containing Be-7 

sank with a definite velocity. The possible explanations for the 

fact are as follows; 

1. A sufficiently large sinkj.ng velocity of the settling 

partjcles such as fecal pellets. This means that all 

the particles ··sinking seawater hav~ the virtually same 

young age. 
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2. Resuspension of the bottom sediments by the active 

convection of water which is caused by the cooling 

of water in winter. 

3. Cancellation of two opposite effects - the reduction of 

particles by the dissolution or the decomposition which 

relat~vely concentrates insoluble Be-7 and the radioactive 

decay out of Be-7 which decreases its concentration in 

particles. 

4. Ceaseless trapping of these nuclides into the settling 

particles from seawater~ especially in the deep layer 

where the sinking velocity slows down. This means the 

concentration of the nuclide in the particles increases 

with time before it appreciably decays out. 

5. Rather repeated transformation of particle sizes by 

aggregation between large particles which can settle 

down and colloidal particles. Consequently, particulate 

matter has sufficiently high sinking velocity as a 

whole. This mechanism is the same as Tsunogai and 

Mina~awals settling model (1978). 

The fact can not be explained by the first possibility alone 

because the radioactive disequilibrium between U-238 and Th-234·<_ 

was more remarkable in the deep water (Figure IT -9a), which needs 

active removal in the layer and because the maximum of Be-7 has 

been found in the intermediate water as mentioned above, which 

needs its regeneration in the layer. The second possibility 

is also deniable, because the Bay water in summer was well 

stratified. Furthermore, we know a fact that Th isotopes were 

more concentrated in settling particles coll~cted at 80 m depth 

than those at 40 m depth. This fact is favorable for the fourth 

~ 
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and the fifth possibilities. For further discussion about the 

possibilities, the activity ratios of Be-7/Th-234, Th-228/Th-234, 

Th-230/Th-234 and Th-232/Th-234 of the sediment trap samples were 

calculated (Table TI - 2). The Be-7/Th-234 ratios at 40 m depth 

were higher than those of 80 m depth in the summer of 1977. This 

fact can be explained by the fourth or the fifth possibility, 

namely by a mechanism that sinking particles continuously pick 

up Th-234 or interchange these nuclides with those in seawater. 

If the interchange does not occur, Be-7/Th-234 in sinking particles 

should increase with depth, because the half-life of Be-7 is longer 

than that of Th-234. Third possibility also needs a constant 

Be-7/Th-234 ratio or the ratio increasing with depth. The small 

Be-7/Th-234 ratio observed at 40 m depth jn autumn may be due to 

the Tsugaru Warm Current flowing into the Bay in 

that season. The higher specific acti¥ities of Th-230 and Th-228 

at 80 m depth may be -an evidence for the validity of the fourth 

or the fift~ possibiJity, because the specific activities of 

Th-232 observed at 80 m depth was not higher than those of Th-232 

observed at 40 m depth, except the result observed during the 

period from July 26 to Aug. 22. Finally, we suggest the fifth 

possibility to be the most favorable explanation for the mechanism 

of particulate removal of -these nuclides from seawater, because 

the most of these nuclides may be already incorporated into 

smaller suspended particles before larger settling particles pick 

up them. Besides the facts given above, these nuclides are 

concentrated~ the intermediate water as shown in the proceedinR 

section. These facts contradict with the irreversible removal 

of these nuclides from saawater into sinking rarticles. 
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JI - 3 - 3 Netfl u~s __ of Th-234 and Be-7 

The net removal of Th-234 estimated from its deficiency 

from U-238 in sea water observed by Minagawa and Tsunogai 

(1980) and the flux observed with sediment traps are compared 

in Table JI - 3. The observed fluxes of Th-234 with sediment 

traps were about ten times smaller than those of the estimated. 

This small trapping efficiency may be caused by the shape of the 

trap under the relatively high current velocity of coastal sea 

water as discussed by Gerdner (1980) and the loss during the 

retrievement operation. Assuming the Be-7/Th-234 ratio (R) 

of material collected with the sediment trap is equal to that of 

whole settling matter and the particles sink downward unilaterally, 

we can obtain the net downward flux (FBe ) and the residence time 

in sea water as folJ.ows; 

F = 1 
x ATh x R ABe 

Be TTh 
, TBe = 

FBe 

2 
where ABe and ATh are the inventories of Be-7 and Th-234 (dpm/m ), 

respectively, ~nd TTh is the residence time of Th-234 (days) 

which has been obtained by Minagawa and Tsunogai (1980). 

The results calculated are also given in Table JI - 3. The fluxes 

of Be-7 observed with the sediment traps were ~lso about ten 

times smaller than the calculated ones of Th-234. The residence 

time of Be-7 in the water column of 80 m depth is estimated 

to be 120 - 160 days, which is somewhat longer than that of 

Th-234. However, the above estimation includes rather large 

uncertainties and then the difference between the residence times 

of the two nuclides may not be significant. Therefore we can 
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conclude that Be is one of the most active elements for the removal 

from seawater like Th-234. 

In the previous studies (Silker et al.,1973), Be-7 was used 

for an estimate of the eddy diffusivity of the surface sea water 

as a radioactive tracer with the same way as Tritium. 

However, the obtained vertical diffusivity may not be real unless 

the effect of particulate transport is taken into consideration. 

The fact of active removal of Be-7 as well as Th-234 in the surface 

layer of the ocean also shows us its usefulness to study the 

mechanisms of particulate removal of metals in sea water and of 

the downward transport of particles from the surface to the deep. 
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IT - 3 - 4 Total particulate flux observed with IT-tyne sediment 

traps and total suspended matter in sea-water. 

Total particulate fluxes observed with U-type sediment traps 

at St. P from 1977 to 1980 are given in Figure IT - 10 and IT -11. 

The traps were deployed at the water depths of 1 m: 40 m, 60 m 

and 80 m. The fluxes observed at 1 m, 40 m and 80 m derths 

are shown in the fignres together with total suspended matter 

observed at the same depths. It should be noted that the total 

particulate fluxes increased in autumn and winter of 1977 and 

the fluxes observed in December was about twenty times higher 

than those observed in September. The sedimentation rate of 

the bottom sediment at the same site has been estimated to be 

2 2.7 mg/m day by the Pb-210 dating method (Tsunogai et al.,1977: 

see Appendix I). The observed flux in winter much exceeded 

the sedimentation rate and it should be noted that the concentration 

of total suspended matter in sea water did not so increase in 

winter. This enormous particulate flux in winter season has 

been observed in every year, (Figure IT - 11). The large 

particulate flux observed with sediment traps in every winter 

season may be caused by one of the followi~g reasons. 

1. Resuspension of the bottom sediments by the active convection 

of the water, which is caused by cooling of the water. 

2. Temporally high sedimentation in winter. The strong 

winter monsoon may bring the continental dust to this Bay 

in winter season. 

3. Apparent high sedimentation caused by the repeated 

transformation of particle sizes between large 

aggregate particles which can settle down and colloidal 

particles which move up convective water. This process 

has already mentioned in section IT - 3 - 2. 
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4. Erroneous observed sedimentation due to the design of 

the sediment trap used. 

The second possibility is considered to be impossible. We 

can not find a large source of particulate matter to the Bay in 

this season. We do not know a fact that the river input increases 

in winter. The input rate of atmospheric dust does not increase 

in winter (Shinagawa, 1980). Although the biological production 

of particles is also a source of the particulate flux, the bloomS 

of ~lankton does not occour in w5.nter (Hirakawa, 1976). 

IT - 3 - 5 "ITpward flux" of particuJ.ate material in Funka Bay. 

The specific activities and fluxes of Th-234 observed with 

U-type sediment traps provide an information 8n the source of 

the particles collected (Figure IT -12). The specific a~tivities 

of Th-234 were approximately constant, although the total 

~ particulate fluxes increased extremely. This implies that the 
~ 

large flux observed in winter was not due to the resuspension of the 

bottom sediment. If the resuspended matter from the sediment 

was trapped, the specific activity of Th-234 of trapped 

matter in winter should be lower than that in summer because 

of the low concentration of Th-234 in the surface sediment 

(Santshi et al.,1979). Thus,the first possibility can be deleted. 

I propose the third possibility for the mechanism because the 

flux observed in winter is too large to be explained by the 

particles sinking downward unilateraly. The observed fluxes 

of Th-234 with sediment traps in winter (Figure IT ~ 12) much 

exceed tne ne~ removal "£lux obtained from the disequilibrium 

between U-238 and Th-234 in sea water (Table IT - 3) and it is 



noted that the concentration of Th-234 in sea water did not 

decrease with the inordinate large flux (Figure IT - 13). 
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This means that the fluxes observed with sediment traps do not 

give the net removal flux from sea water. The sediment traps 

are considered to catch the particles which sink downward in sea 

water. It needs the occurrence of the upward particulate flow 

in the water column against its eravitational settling. 

Thus, the surplus flux observed in winter may be due to the 

active convection which moves up small particles together with 

water and the settling of aggregated large particles (Figure IT 

- 14). 

Is this a specific phenomenon in Funka Bay? I have carried 

out the same sediment trap experiments and determined total 
( -

suspended matter and radioisotopes in sea water in the summer of 

1978 and in the winter of 1980 in Tokyo Bay. 

If - 3 - r, "Upward flux" of particulate material In Tokyo Bay. 

The sampling site and the trap system employed in Tokyo Bay 

are shown in Figure IT - 15 and IT - 16, respectiveJ.y. The H(NH) 

and U-type traps were used for the collection of sinking particles. 

The flux in winter observed was higher than that observed in 

summer. However the difference of the total particulate flux 

between the two seasons was smaller than that observed in 

Funka Bay. It may be due to the active biolbgicaJ. production 

of particuJ.ate material j.n the summer of Tokyo Bay, which 

is famous for ~Vextremely polluted area. The data of ignition 

loss show high content? of organic material in the trapped 

matter in summer (Table IT - 4). The specific activity of Th-234 
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observed in summer was lower than that observed in winter. It 

is aJso a result of the dillution with the biogenic matter. 

The density of water (at) shows the existence of stratified 

water in summer and that of mixed water in winter (Figure IT - 18). 

The concentration of Th-234 in sea water was nearly equal to that 

observed in winter (Figure IT - 19). However, the activity ratio 

of Th-234/U-238 was around 0.30 in both seasons, which was 

about half of that obtained in Funka Bay. The net removal flux 

of Th-234 can be obtained from the disequilibrium between U-238 

and Th-234 in sea water, assuming a steady state condition (Table 

IT - 5). The flux of Th-234 observed with sediment traps in summer 

was about equal to the net flux calculated but that observed in 

winter exceeded the net flux. 

Almost all the observations carried out, except the bloomS 

of plankton in summer season, gave the same results as those 

obtained in Fnnka Bay. The concept of "Upward flux" of particulate 

matter seems to be also true in Tokyo Bay. 
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Figure IT - 3. Photographs of T type sediment traps. 
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Figure TI -4. Mooring condition of T type sediment t~aps at St. P in~¥unka Bay. 
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Figure TI -5. Configration of H(NH) type sediment trap 
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Fugire IT - 6. Structure of H type collector •. 
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Figure IT -7. Structure of NH type collector. 
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Figure IT -10. Total particulate. flux observed with U type 
sediment traps and total suspended matter in 
sea water. 
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Figure IT -12. Specific activities of Th-234 in settling matter 
collected with U type sediment traps and fluxes 
of Th-234. 
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Figurp IT - 14. Seasonal variation of water density at St. P in Funka Bay. 
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Figure TI - 150 Sampling site in Tokyo Bay • 

• St.2 



Figure IT - 16. Mooring configuration of H(NH) type sediment 

traps in Tokyo Bay. 
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Figure IT - 19. Vertical profiles of the concentration of Th-234 and chlorinity, 

specific activity of Th-234 in trapped matte~ and the flux of this 

nuclides. 
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*1 The radioactivities of these short-lived isotopes have been corrected for the decay during 

the sampling period, assuming constant fluxes with time_ Errors for the determinations of 

Be-7 and Th-234 are 20 - 30 dprn/g and 40 - 70 dpm/g, respectively. 

*2 Cited from Tsunogai et ale ( 24). Fraction F is of light particles suspending in the 

funnel and collected by filtering and fraction B is of dense particles settled in the 
bottle containing saturated NaCl soln. attached to· the snd. 
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Table II - 2. Activity ratios of Be-7/Th-234, Th-228/Th-234, Th-230/Th-234 and Th-232/Th-234 
in settlinG matter collected with sediment traps. 

Sampling depth 
(m) 

7ne /23!trl'h 

June 27 - July 23, 1977 
40 m 0.22 
80 m 0.14 

J.u 1 y 26 - Aug. 22 , 1 977 
40 m 0.30 
80 m 0.19 

Sept. 14 - Nov. 1,1977 
-l~ 1 

40 m 0.05 
80 m 0.07 

228Th/234Tl~ 230Th/234Th 232Th/234Th 

3.2x10- 3 9.3x10- 4 6 -4 .2x10 
9.2x10-3 9.3x10-4 5.9x10- 4 

3.3x10- 3 6.8x10- 4 3.4x10-4 

3.4x10-3 10.0x10- 4 8,,9x10- 4 

1.2x10-3 2.1x10- 4 7.3x10- 4 

5.2x10-3 4.3x10- 4 7.7x10- 4. 

*1 These valuos are weighted means of the F and B fractions givBQ in Table 1. 
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Table IT - 3. ObSGl"Ved inventories of Th-234 and Be-7 in sea water and their observed and 

calculated particulate fluxes at the bottom of each water column. 

f,. Th-23,~ 

Depth 
(m) 

o - 1;.0 

o - 80 

234Th/238U*1 

in sea water(-) 

0.64 

0.60 

---, 

Residence time 

of Th 

(days) 

61 

53 

1r 1 Cited from Minagawa and Tsunogai (22). 

B. Be-7 

Depth 7Be /23 1'Th i~1 Residence time 
(m) in settling matter(-) of Be 

(days) 

40 0.22-0.30 90-120 

80 0.14-0.19 120-160 

*1 Given in Table 2. 

*2 See the text for the way of calculation. 

1~ 1 

1~2 

Calculated 

flux 

2 (dpm/m day) 

9./t x10 2 

2.1x103 

Calculated 

flux 

r) 

(dprn/m";'day) 

(2.1-2.8)x10 2 

(2.9-4.0)x10 2 

Observed 

flux 

2 (dpm/m d.ay) 

0.8x10 2 

2.7x10 2 

Observed 
flux 

2 (dpm/m day) 
2 0.2x10 

O. 5x1 02 . 
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Ta ble IT -4. Particalate flux observed at Sta. 2 of Tokyo Bay. 
(depth deployed: 20m) 

Total particulate . *. * * ~~ 

Sample flux
2 

I.L. S10 2 Al Fe 

(g/m • day) (%) (%) (%) (% ) 

[KT-79-9] Summer 
U type trap l5.85±0.14 31.2 35.8 5.4 4.0 
H type trap 5.80±0.4l 29.6 39.4 6.3 4.2 
(sediments) 9.0 43.9 5.6 4.7 

[KT-80-1] .Winter 
U type trap Total 20.71±0.31' 19.8 56.3 4.8 3.9 

>58\1 7.52 13.9 60.7 6.4 4.7 
<58\1 13.19 22.7 53.8 3.9 3.4 

Nil type trap Total 16.29±1.l7 14.0 51.9 4.5 2.9 
>58\1 5.61 11. 3 53.9 6.9 4.6 
<58\1 10.68 15.4 50.8 3.3 2.0 

. (sediments) 11. 2 36.8 5.2 3.4 

[KT-80-16]Summer 
NH type trap Total 1.97±0.64 

* After Uematsu (1978) 

---lT~ L34 
I1n Th 

(%) (% ) 

0.21 
0.24 26±14 
0.03 

0.27 
0.22 
0.30 

0.21 78±10 
0.24 
0.19 

0.12 

I 
0"­
o 
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CHAPTER ill 

THE VERTICAL TRANSPORT PROCESS IN OPEN SEA 

][-1 Introduction 

I have proposed in the previous chapter that aggregation 

and breaking down of particles take place in coastal sea and that 

fine particles play an i~portant role on the removal process of 

insoluble heavy metals from sea water. It is necessary to make 

clear whether this mechanism is important in the open sea or not. 

I considered it by determining radioisotopes such as Po-210, 

Pb-210, Th-234 and long lived Th isotopes in sea water and settling 

matter collected with sediment traps. 

ill-2 Materials and Method 

][-2-1 Analytical methods 

The analytical procedure for Be-7, Th isotopes, Po-210 and 

Pb-210 in sea water and trapped matter were the same as those 

used in the chapter IT._ 

TII-?'-2 Sediment __ tr_?:p_ employed for this research. 

H type sediment traps were used at stations in the Northern 

North Pacific and in Sagami Bay. NH type sediment traps were 

used at stations in the other sites. The design of the sediment 

traps are described in the previous chapter. 



-62-

][-3 Results and Discussion 

][-3-1 Be-7 in the ocean water 

The concentration of Be-7 in the surface water around 

Kuroshio was determined during the cruise operated by Hakuho-

Maru of University of Tokyo in July, 1977 (KH-77-2). The sampling 

sites and the results obtained are given in Figure TII-1 and 

Figure ][-2, respectively. The vertical distributions of Th-234 

in sea water were also determined at three stations (Figure TII-3). 

The concentration of Be-7 in the surface water near Japan 

islands is apt to be lower than that far from the land. The 

activity ratio of Th-234/U-238 obtained is from 0.50 to 0.79, 

which is also s~aller than the activity ratio reported in 

Northern North Pacific by Matsumoto (1974). I have already shown 

in the previous section that Be-7 is one of the most insoluble 

elements which are transported downward by particles and that 

the residence time of Be-7 is almost the same as that of Th-234 

in coastal sea. Assuming that the residence time of Be-7 is equal 

to that of Th-234 obtained from the disequilibrium with U-238. 

The input rate of Be-7 (I Be ) was estimated with the following 

equation. 

I = Be 

where ~Th is the residence time of Th-234 in the upper 50 m of 

water column and NBe is the inventory of Be-7. The results are 

given in Table TII-1. The input rate of Be-7 calculated is 7.4x10- 2 
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-1 / 2 - 1.0x10 atoms cm sec. Silker et ale (1974) have estimated the 

6 -2 / 2 atmospheric input rate of Be-7 to be 3. x10 atoms cm sec in 

the Atlantic and Eastern Pacific of the same latitudinal belt. 

The small difference between them seems to be due to uncertainties 

of the values used in the both calculations. The input rate 

of Be-7 reported by Silker et ale (1974) is a mean of widely 

scattered ones. We can cQnclude that Be-7 in the open ocean 

is also influenced by the particulate transport as well as 

Th-234. 

ill-3-2 Total particulate flux observed wi th sedi_ment __ ~_~_~ps in 

the o.:e~_:q. ocean. 

Sediment trap experiments in the open ocean were carried 

out four timeR from 1978 to 1980. The (NH)H type sediment traps 

were employed. The mooring configurations of sediment traps 

are shown in Figure ill-4,ill-5 and ill-6. The sampling sites are 

given in Figure TII-7 and ill-8. The observed total particulate 

fluxes are given in Table ill-2. The fluxes observed at all sites 

increase with depth from the surface to the bottom. This may be 

thought strange, judging from the following common sense. The particles 

in sea-water are produced mainly by the biological process in th.e 

surface sea-water of the open ocean and reduced gradually by the 

dissolution and the decomposltion during sinking downward to the 

deep layer. If it is only the process affecting the particulate 

flux, total particulate flux should decrease with depth mono-

tonously. The above statement includes the following three 

important hypotheses. 
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1. The sinking particulate matter is produced only in the 

surface layer. 

2. The effect of horizontal movement of water on the 

particulate flux is n8g1ieibly small. 

3. The particulate matte~ sinks downward unilaterally 

from the surface to the deep. 

These conditions can not be accepted easily as facts. I am 

going to show that these are not valid in the later sections. 

The sediment trap experiments at the site 60 miles off 

the east of Shiriya Zaki were carried out twice on June 2, 1978 

and on May 11, 1980. The particulate fluxes obser~ed showed 

extremely different values. The traps deployed on May 11, 1980 
. .. ' 

probably caught the particles produced by the blooming of phyto-
, 

plankton in spring. The total suspended matter observed on 

May 11, 1980 also was twofold higher than that observed on June 

2, 1978 even at 1000 m depth. (Figure ill - 10) 

Honjo et ale (1980) have energetically carried out the 

sediment trap experiments in the open ocean. They have used' 

funnel type sediment traps with honeycombs. The total 

particulate fluxes reported by them were from 0.013 to 0.069 

g/m 2day and the fluxes observed in this research at northern 

North Pacific were 0.034 - 0.21 g/m 2day. The difference between 

the two might be caused by the effect of the shape of traps 

employed as discussed by Gardner (1979). The H(NH) type traps 

used in this research are of a cyli~der type 0hown in Figure 

TI -6 and Figure IT -7. 

.;.;.' 



TII-3-3 Radioactive nuclides in the sedi~_~~.:t_tE.C3.E ~an!-ples. 

in the open sea. 
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The specific activities of Be-7, Th-234, Po-210, Pb-210, 

Th-228, Th-230 and Th-232 in settling material collected with 

sediment traps are given in Table ill -3. The speciflc activities 

of all nuclides observed off the Shiriya Zaki on May 11, 1980 

increased with depth monotonously. However, the specific 

activities of these nuclide0 observed at Sagami Bay were almost 

constant or decreased with depth, except those of Po-210. 

The nuclides determined in northern North Pacific can be classified 

into two types. One is the type that the specific activity 

increases with depth monotonously and the other first decreases 

from the surface to the deeper water and increases to the bottom. 

Po-210 and b-210 belong to the former and thei.latter includes 

long-Ii ved Th isotopes. This tendency was not always seen 

in the results obtained in tropical Atlantic by Brewer et al 

(1980). All radioisotopes measured by them show the tendency 

increasing with depth. The difference between them may not be 

explained only by the spacial variability. It is known that 

the shape of a trap employed largely affects the amount of 

material collected as discussed by Gardner (1980). Therefore 

I suggest that the difference in the trap geometry affects also 

the composition of material collected. 

Tsunogai et ale (1980) made a funnel type trap (L type) 

which was almost the same shape as used by Honjo (1980). The 

matter collected with the trap in Funka Bay in summer consisted 

only of black and dence ~arge particles and its amount was one 
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order of magnitude smaller than that of observed by the U type 

trap. This may be due to a fact that the L type trap did not 

ca tch so much the fine particles as the U type trap did. If, therefore, 

the chemical composition is a function of the particle size, 

the composition will vary with the shape of a sediment trap used. 

However, We do not know precisely the degree of the variation 

in the trapping efficiency in the deep pelagic ocean. 

ill -3-4 Net removal flux and observed flux with sediment __ -t-.!_aps. 

The fluxes of radioisotopes observed with sediment traps 

in this research are gi.ven in Table ill -4. In this section,. 

the observed flux with sediment traps will be compared with the 

net removal fluxes calculated from the disequilibria with their 

respeeti ve parent nuclides. The same method mentioned in the 

chapter JI. 

The mass balance of such an insoluble nuclides in the layer 

of d m thickness is expressed as follows, 

= I - d-A -N . 
d d d.k-Nd --------(1) 

where Nd is the concentration of a daughter radionuc~ides in 

sea water,I is input rate of the nuclides from the atmosphere 

and/or production rate of it from its parent nuclide in sea water, 

A is the radioactive decay constant and k is the removal rate 

constant. The assumption of a steady state reduces the left 

term to be O. 



The downward flux (net removal flux),F
d

, across the d m of 

water depth is expressed as: 

From the equation (1), we get: 

I 
------(3) 

Substituting this equation to the equation (2), we obtain: 

I 
= d k ------(4) 

+ k 

The observation of the accurate concentration of Th-230 in 

sea water is very limited because of its extremely low 

concentration. However, the distribution of U-234,which is a 

parent of Th-230, is uniform in sea-water and,above all, the 

long half-life of Th-230 (7.5x10
10

years) makes its removal 
". 

flux to be equal to its production rate in the water column. 

The equation (4) for Th-230 can be simplified RS follows: 

I =·d -A • N P p. 

k 

~.. + k 
Q 

-1 k=O.01-0.001 yr » 

= 1 

6 -12 -1 Ad =8. x10 yr 

-67-
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F =d· A • N 
d P P 

k 
= d·A·N ---------(5) p p 

The equation (5) is very useful, because the flux is a function 

of only its concentration regard less of its k value. The 

concentrations of Ra-226 and Pb-210 near the trap site have been 

reported by Nozaki and Tsunogai (1976). They have estimated the 

residence time of Pb-210 to be about 100 years. Considering 

the atmospheric input of Pb-210 to the surface ocean, the 

equation (4) is rearrenged: 

where I is the input rate of Pb-210 from the atmosphere and R 

is the activity ratio of Pb-210/Ra-226. Assuming the atmospheric 

input rate of Pb-210 to be 1.8 dpm/cm2year (Shinagawa,1980), We 

have calculated the net removal flux of this nuclide. The result 

of the calculation for Pb-210 is plotted with the observed 

flux with sediment traps vs depth in Figure IIT -11 and that of 
.. - ....... 

Th-230 is shown in Figure .. ' IIT -12. 

The fluxes of both nuclides exceed the respective net 

removal fluxes in the upper layer and are almost the same as 

or a little smaller than that the net fluxes calculated in the 

deeper layer. This means that in the upper layer the surpluses 

of Th-230 and Pb-210 are transformed to the particles' which can 

sink downward. 
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Why the surplus fluxes of these nuclides are observed with 

sediment traps? It is easy to be explained by the Tsunogai 

and Minagawa1s model(1978). This model suggests that insoluble 

these nucli~esAch~efly transported downward by the particles 
can be 

which easily grow up to the large aggregates and break down 

to small particles. The large aggregates gravitationally sink 

downward with a significant speed, but the p~Tticles broken 

to small sizes have negligibly small settling velocity and 

then mov~ up with aneddy diffusion and upwelling6f water. 

Lal and L~rman (1973) suggested that the particles smaller 

than 0.45 microns in diameter move upward under the velocity 

of upwelling water of 1.4x10- 5 cm/sec by using Stokes' law. 

The sediment traps seem to collect the larger particles more 

effectively and often give different fluxes from the net 

removal fluxes of these nuclides and insoluble heavy metals. 

The fluxes observed at Sagami Bay and a site off the 

Shiriya Zaki also exceed the net removal fluxes estimated from 

the concentrations of these nuclides in sea water. The residence 

time of Th-234 in the surface water of the open sea is around 

100 days (Matsumoto, 1975). This value means that the net removal 

flux of Th-234 from the water column of 320 m thick is ca. 

2.0x10 3 dpm/m2day. The net fluxes are calculated to be 0.08 

dpm/m 2day for Th-230 and 60 dpm/m 2 day for Pb-210 across the 

1200 m surface. All the observed fluxes, except those of 

Th-234 andPb-210 observed at the 320 m surface in Sagami Bay, 

exceed the net fluxes eiven above. (Table ][ -4) 

Brewer et ale (1980) have also observed the surplus 

fluxes of Th-230 and Pa-231 obtained with the sediment traps 
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in Panama Basin. The sediment traps designed by Honjo (1978) 

was employed in the experiment. They suggested that this 

results was of a special case and have explained that the surplus 

fluxes of Th-230 and Pa-231 were due to the horizontal transport 

of these nuclides from the high productive area (upwelling 

region). However, tha apparently over-trapping of these 

nuclides seems to be a common phenomenon in the oceans as the 

same fact has been found also in the Pacific. This fact is 

also an evidence showing the occurrence of the considerable 

"upward flux" of these nuclides in the oceans. 
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Table IT - 5. Net removal flux and observed flux in Funka Bay and Tokyo Bay. 

Tokyo Bay 
( 20m) 

R 
7 (days) 

F (dpm/m?day) 

F: trap 

R 

Funka Bay 7 
(gOm) F 

R 
.* . Narragansett 7 

Bay(1 Om) Fj' 

.~. P. H. San t 5 h i (1 9 79 ) 

Sum me r 

0.238 
1 1 

7.1 x 102 

4.1x102 

0.570 

4 Ei 
4.4x10 2 

0.174 

7 

Wi nte r 

0.318 
16 

6.6x102 

1.6x103 

0.559 

45 

4.4x102 

0.425 

26 

# 

I 
--J 
-' 



Table TII - 1 Mean concentrations of Th-234 and Be-7 in the surface water of Kuroshio 

and the input rate of Be-7 estimated using a residence time of Th-234. 

Sampling station Th-23!~ Residence time Be-7 Estimated input 

rate of Be-7 

(dpm/l) (day) (dpm/1000l) 2 (atoms/em sec) 

St. 16 2.0 175 870 1.0x10- 1 

St. 41 1.4 45 470 1 • 1 x1 0 -1 

St. 78(14) 1 .2 35 280 7.4x10 -2 

2 ~~ 
(3.6x10- ) 

* W. B. Silker (1974) 

I 
--J 
1\) 
I 



Table ~ - 2 Total particulate fluxes observed with sediment traps in Sagami Bay 

2 -
and open sea (g/m day). 

Shiriya Zaki North Pacifir. Sagami Bay Shiriya Za.ki. 

(KT-78-8) (KH-78-3) (KT-79-12) (KT-80-6) 

Depth Flux Depth Flux Depth Flux Depth Flux 
(km) (km) (km) (km) 

0.32 0.177 O. 1 0.055 0.32 0.69 0.15 3.02 

1 .2 0.277 1 • 1 0.208 1 .2 2.87 1 .06 5.53 

2.2 0.196 1. 29 4.97 

4.4 0.148 

5.25 0.034 

Anchor Depth 1260 m 5300 m 1430 m 1340 in 

I 
-...J 
'->J 
I 



Table ill - 3 Specific activitiAs of Th-234, Be-7, Po-210, Pb-210,Th-228, Th-230 

and Th-232 i~ettling mat.eria.l r.ollected with sediment traps. 
-the. 

~r ~~ ~r ~r ~r ~r 

Depth Th-234 Be-7 Po-210 Pb-210 Th-228 Th-230 
( \1'1) 

Sagamj. Bay (KT-79-12) July 24~ 1979 

320 2350 85 85 4.5 0.4 

1200 2100 120 61 2.3 0.5 

Shiriya Zaki (KT-8~-6) May 11~ 1980 

150 850 10 27 3.4 0.3 

1060 20 27 .,. 

1285 2230 26 58 6.4 0.4 

North Pacific (KH-78-3) Aug. 14, 1978 

100 <286@ 15 14 7.2 1 .8 

1100 < 57@ 93 66 3.5 0.7 

2200 <141 @ 193 123 2.4 0.4 

4400 <100@ 650 144 2.6 0.9 

5250 <400@ 921 421 5.6 7.0 

* dpm/g • @ these a~e upper limit values estimaied from the detection limit. 

Th-232 

0.4 

0.4 

0.2 

0.3 

1 .2 

0.5 

0.2 

0.4 

0.7 

~r 

I 
-...J 
+--

I 



Table ill - 4 

Depth 

( m ) 

Sagami Bay 

320 

1200 

Shiriya 7.aki 

150 

1060 

1285 

North Pacjfi c 

100 

1100 

2200 

4400 

5250 

Fluxes of Be-7, Th-234, Po-210, Pb-210, Th-228, Th-230 and Th-232 observed 

with Rediment traps. 

Th-234 Be-7 Po-210 Pb-210 Th-228 Th-230 Th-232 

2 (dpm/m day) 

1.6x103 58 58 3.1 0.3 0.3 

5.1x10 3 83 175 6.6 1.2 1 • 1 

2.6x10 3 31 82 10.3 0.8. 0.5 

110 150 

1.1x10 4 .,. 130 288 32.0 2.2 1.3 

0.8 0.8 0.4 0.1 0.1 

19.3 14.0 0.7 0.1 4 0.1 

38 24 0.5 O. 1 0.04 

96 21 0.4 0.1
4 

0.06 

31 16 0.2 0.3 0.02 

i.;' 

I 
--J 
\Jl 
I 
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·Figure ill - 2. Concentratiolli of B8-7 in the surface water. 
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FigurE" ill - 3.Vertical profilAS of Th-234 in the surface water. 
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Figure ][ - 4. Mooring configuration of sediment traps' at Sagami 
Bay in1979. 

Length (m) 

3 

1 .7 

1.6 

0.6 

0.6 

Radar reflector 

Top buoy 

Acoustic release 
(M type) 

Rope canister 

Main buoy 

Trap-A 

Messenger 

Trap-B 

Anchor 

-79-



Figure ill -5.·Mooring configuration of sediment traps at the site 

60 miles off the east of Shiriya Zaki. -80-

KT-80-6 May 11 - May 14, 1980 

SYSTEM 1 

Length (m) 

t 
3 

1.6 

t 
1.15 

920 

230 

0.6 t 
; 

58 

y 
1 + 

:t 

reflector 

Sub buoy 

Main buoy 

Acoustic release 
(S type) 

Messenger 
.. " 

Trap-A 
(NH) 

~1essenger 

Trap-B 
(NH) 

Messenger 

Trap-C 
(NH) 

IT Acoustic release 
~ (L type} 

------------~~------
Anchor 

SYSTEM 2 

Length(m) 

+ 
3 

t 
t-

10 

'" ... 
0.6+ 
1.1 

l 
115 

* 
1.6 

-l-
t 
8 

'" 0.5 : 
t 

1.8 

0.5 i 
'f 

t 

1150 

~: 

1 
1 
1 

Anchor 

Radar reflector 

Top buoy 

Acoustic releaSE 
(M type) 

Rope canister 

Main buoy 

Trap 
(L) 

Depth meter 

Trap 
690 (u) m 

from the 
bottom 

345(u) 

115 (u) 
58 (u) 
23 (u) 
12 (u) 

6 (u) 



-81-

Figure ill - 6. Mooring configuration of sediment traps at the site 

60 miles off the east of Shiriya Zaki in 1978 and 

in northern North Pacifi~. 
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Figure m 8. Sampling site in Sagami Bay. 
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Figure ill - 9. Temperature, salinity and total suspended matter 
at St. A-2 in Sagamj. Bay on July 28, 1979. 
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Figure ill - 10. Total suspended matter at th'e site 
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Figure III - 11 Flux of Pb-210 observed with sediment traps in North Pacific 

and its net removal flux calculated. 
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Figure TIl - 12 Flux of Th-230 observed with sediment traps in North Pacific 

and its net removal flux calculated. 
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CHAPTER IV CONCLUSIONS 

1. The residence time of Be-7 in Funka Bay is found out 

to be 90-160 days, Which is nearly equal to that of Th-234. 

2. The vertical distribution of Be-7 in the surface ocean is 

strongly effected by the particulate transport. The eddy 

diffusion coefficient of the surface water estimated from 

its vertical profile in the previous studies may not be 

real, because they have not taken its particulate transport 

into consideration. 

-88· 

3. The sediment trap experiments do not give net removal 

fluxes of chemical substances in sea water, but give downward 

fluxes of them. 

4. The heavy metals in seawater are significantly transported 

downward by the particles which easily grow up to larger 

aggregates sinking with a significant speed and break down 

into smaller colloidal particles having negligibly small 

sinking velocity during their life in seawater. 

5. A considerable amount of particulate matter moves up 

in the oceans together with water movement. The "Upward 

flux" of particulate matter seems to occur ordinarily 

everywhere in the oceans. 
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APPENDIX I 

Sedimentation rate of Pb-210 in Funka Bay. 
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Table 1. 

Relevant details on sampling sites and sediments collected. 

Station Location 

Stn.1 42 21 :4'N 

140 35.6'E 

Stn.2 42 17.8'N 

140 35.3'E 

Stn.3 4211.9'N 

140 40.5'E 

Depth of water 

(m) 

97 

92 

93 

Discription of samples 

studied 

0-9.5cm 

dark green 

0-14.0cm 

dark green 

0-13.0cm 

dark green 

---' 
o 
o 



Table 2. 

210pb . t .. F k B , porosl y, pumlce ln un a ay 

Depth interval 

(cm) 

Stn .1 

0-1 

1-2 

2-3 

3-4 
4-5 
5.7 
7-9.5 

Stn.2 

0-1 

1-2 

2-3 

3-4 
4-5 
5-6 
6-7 
7-9 
9-11 

11 -1 4 
85-90 

Stn.3 

0-1 

1-2 

2-3 

3-4 
4-5 
5-6 
6-7 
7-8 
8-10 

pumice 

(wt.%) 

3.8 
3.3 
3.4 
4.3 
1 • 1 

0.0 

5.7 

9.3 
5.9 

13. ° 
14.0 

24.7 
39.8 
35.9 
50.3 
59.0 

3.8 
4.1 
6.7 
3.2 
5.8 
3.8 
3.4 
1 .3 

1.9 

porosity 

0.848 
0.843 
0.838 
0.835 
0.831 
0.833 
0.841 

0.830 
0.804 
0.798 

0.794 
0.791 
0.790 
0.779 
0.764 
0.726 
0.713 

0.829 
0.799 
0.793 
0.783 
0.775 
0.770 
0.765 
0.767 
0.755 

210pb 

(dpm/g) 

18.4.±.1.4 
18.9.±.1.4 
16.4.±.1.2 
13.3.±.1.0 
13.~'±'1.0 

11.4.±.0.9 

10·4.:t.0 • 8 

15.3±.1.1 
16.5.±.1.2 
12.5.±.1.0 
10.3±.0.8 

7.6+0.6 
5.6.±.0.6 
6.7+0.7 
3.6±.0.5 
1.2±.0.4 
0.6+0.3 

13.1+0.9 

14. 1±.1.0 
15.8+1.1 
14.3+1.0 

. 
11.4±.0.9 
11.8+0.9 

.10.0+0.9 
10.2+0.9 
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Table 3 Sedimentation rate , porosity and input rate of Pb-210 to sediment. 

Stn 

1 

2 

3 

Porosity 

(v/v) 

0.85 

0.83 

0.83 

Accumulation rate --------------------
So(cm/yr) Wo (g/cm2yr)·1 

0.41 0.16 

0.22 0.10 

0.57 0.25 

*1 calculated from the equation as followes 

W = f::> S (1 -"') 
o s 0 "'0 

The meanings of variables are shown in text. 

2 P (dpm/cm yr) 

3.2 

1.9 

4.5 

-l. 

o 
l\J 
I 



Table 4. 210 
The input rates to the sediments obtained from the Pb 

exc 

profiles measured in Funka Bay. 

Sampling station 2 Input rate (dpm/cm yr) References 

(): 

1 (3.2) this work 

0.43 Matsumoto ("1980) 

2 1 .17 this work 

0.86 Nozaki (1977) 

3 (4.5) this work 

45p 1 .27 Matsumoto (1980) 

82p 1.15 ~Iatsumoto (1980) 

85p 1 .59 Matsumoto (1980) 

19 2.02 Matsumoto (1980) 

These values might include large errors, because 210pb 
exc 

at the layer where it enough decays out was not available. 
......l. 

o 
\...V 
I 
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Hydrographic data in Funka Bay 
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Particulate flux* in Funka Bay observed with U type sediment 

traps. (St. 30) 

Date Depth Flux 

(m) 2 (ug/cm day) 

1/13-1/18 1978 1 767 
40 1634 
60 
80 1637 
85 

5/16-5/19 1978 1 53.5 
40 62.1 
60 77.5 
80 113.6 
85 179.2 

6/17-6/22 1978 1 
40 79.6 
60 105.3 
80 131 .4 
85 106.9 

8/23-8/26 1978 1 45.2 . :.-
40 126.5 
60 64.8 
80 155.0 
85 297.0 

11/25-11/30 1978 1 
40 
60 944 
80 925 
85 1346 



(continued) 

Date 

12/14-12/16 1978 

Depth 
(m) 

1 

40 
60 

80 

85 

Flux 
2 (Ug/cm day) 

209 

227 

308 

364 
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uate Depth Flux Depth Flux 

(m) (\.lg/cn2 .day) (m) 2 (\.lg/cm ·day) 

[Station 30J [Station 2] 

4/23- 4/25 1979 1 365±163t 1 129±4S 
40 179± 26 30 13S±16 
60 20S± 11 50 20S±10 
SO 251± lS SO 346±21 

5/31- 6/ 1 1979 1 ll9± 17 1 74±49 
40 139± 27 30 125±l4 
60 lll± 5 50 139±29 
SO 275± S2 SO 189±39 

6/25- 6/27 1979 1 102± 17 1 98± 8 
40 239± 31' 30 346±24 * !>lean of values 'obtained 
60 S9± 15 50 67±32 from 6 cylinders 
80 179± 45 80 87±16 standard deviations. 

40:t: 
(one sigma) 

7/16- 7/18 1979 1 111! 1 146±29 
40 S6± 21+ 30 69±13 ... Contained some living I 

60 78± 20* 50 120±17 zooplankton. 
80 76± l:t: 80 ,., Rough weather at the .... 

S/20- 8/22 1979 1 53± S 1 67±25 retrievement. 
40 231± 71 30 158± S 
60 SS± 6 50 135±24 Dec 10-13 , 1979 
SO 230± 27 80 250±23 

~ Feb 25-2S, 19S0 
9/17- 9/19 1979 1 29± lS 1 46± 7 

40 103± 16 30 ll5±10 
60 169± 21 SO 72± 4 
SO 156± 36 80 17S±15 

11/20-11/22 1979 1 263± 24 1 143±13 
40 26S± 21 30 146± 6 
60 305± 26 50 160± 7 
SO 46S± 21 SO 447±37 

12/12-12/13 1979 1 373± 40 1 137±13§ 
40 165± 17 30 169±10§ 
60 lS6± 19 50 156±13 § 
80 402± 25 SO 350±28§ 

1/23- 1/28 19S0 1 451±13S 1 173±ll 
40 956± 7 30 22S±14 
60 1049± 16 50 2S9± S 
SO lSlS± 61 SO 41S±4Q 

2/26- 2/28 1980 1 235± 31 1 2S0±3S1T 
40 252± 17 30 618±50~ 
60 3S0± 29 50 860±6SlI 
SO 7S1± 28 SO 1716±13711 

3/14- 3/15 1980 1 347±151 1 59±34 t 
40 199± 42 30 165±20 
60 305± 23 50 50S±90 
SO llSl± 90 SO 6SS±65 
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[UP-7 9- 6] 

Sta. 2, June 27. 1979. 14:25 

Depth Temp. Sal. D.O. SS Si PO .. 
(m) (Oe) (%cJ (mt/t) (mg/t) ( ~g at./t 

0 14.7 31. 756 6.39 2.9 0.12 
20.5 6.39 32.989 8.23 7.4 0.45 
40.9 2.70 32.913 7.57 25.0 1.35 
57.3 4.46 33.282 7.05' 18.7 1.09 
65.5 4.03 33.323 6.69 23.7 1.36 
77.8 4.27 33.453 6.28 29.1 1.31 

Sta. 2, June 27. 1979. 15:00 
Depth Temp. Sal. D.O. 88 Si PO .. (m) (Oe) ( 0/00> (mR./ R.) (rng/ R.) ( IJg at./R. 
32.7 3.07 32.802 7.92 3.54 13.1 0.98 49.1 3.63 33.075 7.38 1. 39 22.6 1.14 73.7 4.09 33.368 6.40 0.79 27.5 1. 29 0 

0.78 

Sta. 30, June 27. 1979. 10:51 

Depth Temp. Sal. ,D.O. 
(m) ( °e) (%cJ (mt/t) 

0 14.6 31.829 6.33 
17.4 14.10 31.869 6.40 
31. 9 5.43 32.381 7.63 
51.2 2.39 32.768 6.83 
62.8 2.43 32.941. 6.60 
70.5 2.76 33.042 6.60 
82.1 3.03 33.153 6.21 
89.8 3.61 33.294 5.96 
19.3 
38.6' 
56.0 
75.3 

[UP-79-7] 

Sta. 2, Ju1~ 16. 1979. 09:08 

Depth Temp. Sal. D.O. 
(m) ( °e) (,,/ool (mt/t) 

0 15.6 32.198 6.27 
14.9 11.39 32.757 7.33 
29.8 33.433 7.76 
39.8 7.16 33.649 6.70 
49.7 33.762 6.42 
59.7 6.80 33.667' 6.29 
,69.6 6.58 33.647 6.32 
79.6 33.685 5.79 
84.5 6.32 33.672 5.67 
89.5 6.09 33.643 5.66 
92.5 6.08 33.637 5.62 

SS Si PO .. N02 
(mg/ R.) ( ~g at./R. 

0.77 10.5 0.06 0 
2..8 0.03 0 

12.0 0.03 0 
14 .1 1. 09 0.13 
24.0 1. 37 0.31 
27.1 1. 35 0.36 
29.1 1. 49 0.69 
40.1 1. 50 0.90 

1. 03 
0.75 
1.11 
1.22 

SS Si PO .. 
(mg/t) ( ~g at./t 

0.01 
5.1 0.21 
4.0 0.44 

13.0 0.76 
1.38 9.9 0.85 

11.5 0.91 
14.2 0.96 

2.36 13.7 0.84 
23.3 1. 07 
23.1 1. 05 
20.0 1. 03 

NOg 
) 

0.32 
0 
0 

4.01 
7.68 

11.45 
8.98 

11.97 

-" 
o 
'-D 
I 
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Sta. 30, July 16, 1979. 16:14" 

Depth Temp. Sal. D.O. SS Si PO~ 
(m) (Oe) (o;c:c> (mR.ji) " (mg/i) ( J.lg at.li 

0 (16.4) 31.591 6.57 0.94 0.7 0.10 
20.0 11.92 32.412 6.92 1.7 0.20 
24.7 10.40 " 1.61 
34.1 4.34 32.482 7.66 3.0 0.47 
43.4 3.20 1.61 
52.7 3.74 32.939 6.89 11.9 1.06 
60.2 4.12 1.03 
64.0 4.45 33.170 6.64 17.4 1.16 
71.4 2.79 33.216 5.50 24.4 1.56 
78.9 3.22 1.49 
82.6 3.25 33.275 4.70 52.6 1.60 
90.1 3.00 33.297 2.55 64.7 2.07 

Sta. 30, July 16, 1979: 15:45 

Depth Temp. Sal. D.O. SS Si PO .. 
(m) (Oe) (o;c:c> (milt) (mg/t) ( J.lg at./t 

0 5.85 
10.0 31. 991 6.01 
30.0 32.427 7.62 
50.0 32.899 7.08 
80.0 32.933 6.64 
82.0 33.066 6.13 20.2 1.21 
84.0 33.031 6.18 20.7 1.30 
86.0 33.056 5.93 20.0 1.42 
88.0 33.091 5.8"4 23.4 1.35 
90.0 33.085 5.67 28.8 1.47 

Sta. 30, July 17, 1979. 09:00"'10:00 

Depth Temp. Sal. D.O. SS Si PO .. N02 N03 
(rn) (Oe) ( °/C:C> (mR.jt) (mg/t) ( J.lg at./t ) 

0 16.4 0 0 
20.0 0 0 
40.0 0.02 1.75 
60.0 0.56 6.82 
80.0 0.26 13.79 

82.0 3.31 0 18.42 
84.0 3.66 0 1"8.86 
86.0 3~66 0.01 13.06 
83.0 3 .. 61 0.03 15.87 
90.0 3.46 0 15.83 
92.0 3.23 0.25 15.48 
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[UP-79-8] 

Sta. 2, AU9:. 20, 1979. 09:55 
Depth Temp. Sal. D.O. SS Si PO .. (m) (OC) ('YcxJ (mR./.o (mg/R.) ( ]..lg at./R. 

0 21.4 33.173 5.14 0.618 1.5 0.05 22.8 16.67 33.828 6.04 5.5 0.11 36.5 12.37 33.888 6.57 1.053 5.4 0.16 45.7 11.16 33.976 6.30 5.4 0.33 54.8 10.44 34.078 5.98 0.844 6.2 0.46 63.9 9.60 34.007 5.51 5.9 0.56 73.1 9.25 34.004 5.73 4.2 0.61 82.2 8~78 33.960 5.35 0.988 14.5 0.88 86.8 8.76 33.964 . 5.32 19.7 0.92 91.4 8.71 33.957 5.23 21.2 0.92 94.1 8.64 33.945 5.27 36.6 0.98 

Sta. 30, AU9:. 20, 1979. 16:40 
Depth Temp. Sal. D.O. S5 Si PO .. (m) ( DC) (O/oJ (mR./R.) (mg/R.) ( ]..lg at./R. 

0 21. 5 31. 926 5.08 0.821 4.0 0.09 15.0 20.94 32.417 5.14 4.4 0.08 20.0 
30.0 12.67 32.710 6.68 9.4 0.19 40.0 0.706 
50.0 3.39 32.668 7.16 4.7 0.76 58.0 1.013 
62.0 2.96 32.863 6.24 15.2 1.25 70.0 33.025 5.60 22.0 1.34 78.0 1.145 
82.0 33.261 2.72 65.4 1.88 90.0 33.280 2.16 73.4 2.20 

Sta. 30, AuS· 21, 1979. 12:25 
Depth Temp. Sal. D.O. SS Si PO .. N02 N0 3 (m) (OC) . ("IoJ (mR.jR.) (mg/R.) ( ]..lg at./R. ) 

77.0 2.99 33.168-·~ 5.04 
78.8 3.38 33.234 3.87 0 17.33 80.7 3.24 33.265 2.93 0.02 20.11 82.5 3.26 33.271 2.53 0 19.28 84.3 3.21 33.280 0 20.08 86.2 3.25 33.279 2.33 0 -19.28 88.1 3.25 33.280 2.39 0- 20.16 
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Sta. 3'b , Aug. 21, 1979. 15:55 

Depth Temp. Sal. . D.O. SS Si PO .. N0 2 N03 
(m) (OC) (o;eJ (mi/i) (mg/i) ( Jlg at./i ) 

0 0 0 
24.9 0 0 
43.3 0 0 
61. 7 0.11 1.05 
80.1 0.25 7.45 
81. 9 0 14.76 
83.8 0 16.69 
85.6 0 16.58 
87.4 0 18.49 
89.3 0 11.49 
91.1 0 19.71 

[UP-79-9J 

. Sta. 2, SeEt • 17, 1979·. 09:00 

Depth Temp. Sal. D.O. SS Si PO .. 
(m) (OC) . (o/eJ (mi/i.). . (mg/i) ( Jlg at./i ) . 

0 19.1 33.173 5.47 0.464 8.2 0.05 
14.5 16.54 33.828 5.93 9.2 0.15 
38.6 13.21 33.888 5.52 0.493 13.7 0.50 
58.0 ·12.42 33.996 5.43 0.481 19.5 0.61 
67.6 6.79 34.078 5.16 30.7 1.17 
82.1 6.26 34.009 5.17 0.619 34.9 1.23 
86.9 6.08 34.004 5.17 36.9 1.32 
89.8 6.20 .33.9.60 5.18 36.4 1.30 

Sta. 30, Sept. 17, 1979. 14:40 

Depth Temp. Sal. D.O. SS Si PO .. · 
(m) (OC) ("l.'eJ (mi/i) (mg/i) ( Jlg at./i 

0 19.8 32.651 6.35 0.634 7.2 0.04 
15.0 18.97 33.201 5.73 5.1 0.04 
30.0 10.09 32.806 7.22 5.5 0.29 
50.0 10.00 .; 32.775 5.67 21.6 0.80 
60.0 9.49 32 .• 925 5.65 0.630 28.0 0.94 
70.0 6.82 33.119 5.75 23.6 1.01 
80.0 4.55 33.278 4.542 0.885 49.5 1.35 
90.0 3.35 33.281 2.26 76.2 1.88 
20.0 0.627 
40.0 0.543 
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Sta. 30, Sept. 18, 1979. 12:04 

Depth Ternp. Sal. D.O. SS Si PO .. N02 N03 
(m) (Oe) ( 0/00> (m£/£.) (mg/x.) ( llg at./t ) 

0 19.6 32.859 5.73 2.7 0.12 0 0 
19.8 17.13 32.632 6.02 5.5 0.12 0 0 
39.6 12.17 32.672 5.51 17.2 0.65 0.21 3.37 
59.4 9.84 32.894 (5.66) 19.9 0.94 0.09 5.33 
79.2 5.51 33.277 5.61 24.7 1.11 0 8.04 
81.2 5.29 33.612 5.62 26.6 1.16 0.01 8.95 

·83.2 4.97 33.010 5.51 26.4 1.28 0 8.27 
85.2 4.83 32.909 5.51 30.0 1.32 0.02 10.89 
87.1 4.56 32.737 5'.33 34.0 1.37 0 10.96 
89.1 4.17 32.677 4.87 43.8 1.57 0.01 12.99 
91.9 3.82 32.832 3.93 65.3 1.82 0.02 15.65 

[UP-79-11] .,. 
Sta. 2, Nov. 20, 1979. 10:05 

Depth Temp. Sal. D.O. SS Si P04 
(m) (Oe) ( 0/00> (m.£/ t) (mg/£) ( llg at./t 

0 13.0 5.58 9.5 0.56 
10.0 12.90 5.40 10.0 0.74 
20.0 12.85 5.68 10.4 0.43 
30.0 12.82 5.58 9.7 0.37 
40.0 12.81 5.49 8.6 0.29 
50.0 12.81 5.49 9.7 0.35 
60.0 12.79 5.55 9.7 0.31 
70.0 12.05 5.46 13.1 0.47 
80.0 11.03 5.09 21.5 0.94 
90.0' 10.98 5.10 22.7 0.95 

Sta. 30, Nov .. 21, 1979. 10:17 

Depth Temp. Sal. D.O. SS Si P04 N02 N03 . 
(m) (Oe) ( 0/00> (mt/t) (mg/i) ( llg at./t ) 

',.": 

0 ll.5 33.923 . 5.84 0.179 13.5 0.54 0.34 4.12 
20.0 11. 70 33.922 5.83 0.136 12.8 0.55 0.33 3.91 
40.0 1l.68 33.913 5.79 0.213 13.2 0.41 0.35 4.42 
59.0 11.43 33.924 5.61 0.215 16.9 0.63 0.15 11.02 
69.0 11.40 5.28 24.0 0.93 0.08 12.62 
79.0 7.87 33.791 4.58 0.794 44.9 1.52 
89.0 7.66 33.810 4.34 51.4 1. 69 



-114-

Sta. 30, Nov. 21, 1979. 

Depth- Temo. Sal. D.O. SS Si PO .. NOz 1'10 3 
(m) ( 0c) ('100> (mil £.) (mg/i) ( l-lg at./i ) 

78.0 8.76 33.842 4.81 5.2 1.22 0 14.83 
80.0 8.15 33.797 4.62 44.9 1.42 0 14.39 
82.0 7.81 33.752 4.39 52.1 1. 61 0.01 17.51 
84.0 7.62 33.745 4.25 54.1 1.71 0.02 15.18 
86.0 7.83 33.783 4.35 54.7 1.66 0.16 17.72 
88.0 7.70 33.772 4.16 57.8 1.71 0.21 16.74 
90.0 7.68 33.778 4.27 54.1 L82 0.28 17.48 

[UP-79-12] 

Sta. 30, Dec. 12, 1979. 09:44 

Depth Temp. Sal. D.O. SS Si PO .. NOz N03 
(m) ( °C) ( 0/00> (mi/£') (mg/i) ( l-lg at./£. ) 

0 9.9 33.943 5.95 0.190 20.8 0.69 0.47 6.46 
19.0 10.04 33.929 5.90 0.712 22.3 0.70 0.46 6.14 
38.0 9.95 33.924 5.87 0.325 20.3 0.68 0.31 6.27 
57.0 9.75 33.917 5.48 0.470 25.4 0.32 0.30 8.46 
76.0 8.43 33.820 4.01 0.983 50.4 1.57 0.04 15.05 
78.0 8.24 33.324 3.85 54.8 1. 66 0 13 .42 
79.0 8.08 33.791 3.85 58.3 1. 91 0.01 15.52 
81. 0 8.08 33.807 3.69 62.0 2.14 0.09 15.58 
83.0 8.08 33.816 3.74 62.2 2.09 0.27 14.49 
85.0 8.07 33.810 3.66 65.3 1. 94 0.20 15.89 
87.0 8.03 33.804 3.78 67.9 1.91 0.11 16.01 

[UP-SO-I] 

Sta. 2, Jan. 23, 1980. 

Depth Temp. Sal. D.O. SS Si PO .. 
(rn) (OC) ( 0/00> (mil£.) (mg/£.) ( )..lg at./i ) 

0 7.4 33.777 6.37 28.1 0.96 
14.9 7.67 33.770 6.32 25.3 0.90 
29.7 7.65 33.769 6.30 26.6 0.95 
49.5 7.72 33.767 6.34 25.6 0.89 
59.4 7.72 33.795 6.24 23.9 0.95 
69.3 8.12 33.907 24.8 0.99 
79.2 8.11 33.943 6.24 23.4 0.87 
89.1 7.75 33.959 6.26 19.8 1.03 
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Sta. 30, Jan. 28, 1980. 

Depth Temp. Sal. D.O. SS Si PO" N02 N03 
(m) ( °e) ( 0/00> (m2/£) (mg/2) ( j.1g at./2 ) 

0 6.9 33.916 6.60 0.555 21. 6 0.90 0.15 9.08 
19.1 6.87 33.917 6.55 25.6 0.82 0.17 9.24 
38.2 6.74 33.954 6.53 (1. 769) 21.1 0.92 0.22 8.73 
57.4 6.57 34.004 6.42 22.7 1. 22 0.47 7.90 
76 .• 5 6.30 34.007 6.47 0.913 29.5 0.94 0.48 7.68 
78.4 6.34 ·34.006 6.45 1. 365 27.7 0.95 0.47 7.69 
80.3 6.26 34.009 6.49 25.7 1. 00 0.48 7.58 
82.2 6.26 34.008 6.49 .2 6.8 L02 0.45 7.56 
84.2 6.24 34.008 6~48 29.7 0.88 0.47 7.09 
86.1 6.25 34.009 6.43 33.3 0.95 0.12 8.82 
88.0 . 6.26 34.006 6.39 29.1 0.99 0.20 9.26 

- [UP-80-2J 

Sta. 2, Feb. 25, 1980. 

Depth Temp. Sal. D.O. SS Si . PO" 
(m) ( °e) ( 0/00> (m£12) (mg/2) ( j.1g at./2 

0 4.9 33.660 6.75 0.437 31.1 1. 01 
15.0 5.20 33.624 6.73 31.9 0.99 
29.9 5.24 33.629 6.76 0.870 27.7 0.99 
49.8 5.08 33.673 6.90 0.789 24.3 0.99 
59.9 4.92 33.703 6.99 29.1 0.93 
69.8 4.69 33.846 6.90 41.1 0.85 
79.8 4.59 33.916 6.93 0.915 26.5 0.87 
89.8 4.54 33.918 6.90 27.9 0.87 

Sta. 30, Feb. 26, 1980. 11:37 

Depth Temp. Sal. D.O. SS Si PO" N02 N03 
(m) ( °e) ("I",) (m2/£) (mg/2) ( llg at./£ ) 

0 4.2 33.663 7.42 0.445 25.4 0.81 0.24 7.15 
19.2 33.736 7.23 0.970 38.3 0.80 0.23 8.20 
38.5 4.57 33.899 6.99 0.671 29.1 0.79 0.30 7.68 
57.7 4.56 33.932 6.96 0.898 22.7 0.79 0.33 7.42 
76.9 4.59 33.930 6.94 1.365 31. 0 0.83 0'.36 7.0B 
78.8 4.53 . 33.931 6.90 2B.9 0.83 0.33 7.31 
BO.7 4.52 . 33.934 6.91 27.7 0.82 0.37 6.57 
82.7 4.51 33.936 6.91 23.5 . 0.81 0.37 6.76 
84.6 4.50 33.934 6.92 30.7 0.87 0.34 6:.16 
86.5 4.47 .33.934 6.93 29.0 0.83 0.32 6.52 
88.4. 4.54 33.947 6.79 31.3. 0.81 0.31 6.21 . 

.. 
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.. 
[UP-80-3] 

StaG 2, Mar. 14, 1980. 10:57 

Depth Temp. Sal. D.O. SS Si PO .. (m) (Oe) (0/00> (mRo/Ro) (mg/ Ro) ( ).lg at./Ro 

0 5.8 33.680 6.79 0.316 22.8 0.86 20.0 5.73 33.681 6.72 0.85 40.0 ·5.75 33.685, 6.72 22.5 0.86 60.0 6.07 33.784 6.39 18.9 0.87 70.0 6.13 33.800 6.36 21. 6 0.87 80.0 6.15 33.800 6.35 2"1.5 0.87 84.0 6.16 33.806 6.37 22.3 0.86 32.2 0.348 
50.6 0.386 
78.2 0.441 

StaG 30, Mar. 15, 1980. 09:00 
Depth Temp. Sal. D.O. SS Si PO .. NOz NO) (m) (Oe) (0;00> (mRo/Ro) (mg/Ro) ( ).lg at./Ro ) 

0 1.07 
17.0 1.16 
35.6 0.91 
52.6 0.99 
69.5 0.98 
83.6 0.28 5.93 85.5 0.26 6.11 87.5 0.26 5.94 89.4 0.26 5.85 91.3 0.27 5.75 

StaG 30, Mar. 15, 1980. 09:44 
Depth Temp. Sal. D.O. S8 8i PO" NO z N03 (m) ( °e) (0/00> (mRo/2 ) (mg/2) ( ).lg at./2 ) 

0 (3.8) 33.771 7.53 16.6 0.50 0.17 2.56 23.1 3.94 33.765 7.58 16.6 0.56 0.16 2.57 42.3 4.00 33.775 7.40 19.0 0.57 0.19 3.73 61.5 4.02 33.778 7.39 18.5 0.66 0.18 4.41 80.9 4.10 33.838 7.18 20.2 0.65 0.21 4.19 82.7 4.23 33.837 7.12 19.2 0.68 84.5 4.23 33.846 7.13 19.1 0.64 86.5 4.14 33.865 7.07 23.1 0.73 88.4 4.15 33.881 6.98 22.8 0.83 '90.3 4.18 33.885 6.96 28.0 0.85 92.0 4.19 33.878 6.71 
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