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ABSTRACT 

A laboratory model ocean-atmosphere was constructed to study the 

enrichment of iodine on sea salt particles compared to sea water. The 

model consisted of a miniature-ocean with bubble generation, an 

atmosphere chamber, and facilities for irradiating the experimental 

ocean or atmosphere with ultraviolet light. Particles generated by the 

bubbles bursting at the water surface were collected by a 6-stage 

cascade impactor. Radio-tracers and neutron activation analysis were 

used for the determination of the iodine and chlorine on the particles. 

I-131 and Na-22 were used in the radio-tracer experiments. 

Experiments were run with I-131 as iodide in filtered sea water in 

darkness, with ultraviolet light over the mini-ocean, and with 

ultraviolet light over the atmosphere chamber. Experiments were also 

run with I-131 as organic iodine in the filtered sea water in darkness 

and with ultraviolet light over the water. In a different and separate 

apparatus, the volatilization of I-131 from unfiltered sea water 

containing I-131 as iodide was investigated by collecting the gaseous 

iodine on activated charcoal. 

In the experiments analyzed by neutron activation analysis, 

unfiltered sea water and filtered sea water were used in darkness and 

with ultraviolet light over the water. Experiments were also run with 

unfiltered sea water containing iodoorganic compounds in darkness, 

unfiltered and filtered sea water containing diatom solution in 

darkness and with ultraviolet light over the sea water, and with 

artificial sea water in darkness and with ultraviolet light. The 

volatilization of iodine from undisturbed (no bubbling) unfiltered sea 



water was studied in darkness and under ultraviolet light using the 

model ocean atmosphere and the same apparatus used for studying the 

I-131 volatilization from unfiltered sea water. 
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Results from the tracer studies show that the I/Na of the sea salt 

particles from the bursting bubbles were up to a factor of 5 lower than 

the I/Na in the mother filtered sea water when I-131 existed as iodide. 

This was observed for experiments run in darkness, with ultraviolet 

light over the water, and with ultraviolet light over the atmosphere 

chamber. The I/Na on the particles were up to a factor of 100 higher 

than the I/Na in the mo.ther filtered sea water when I-131 existed as 

organic iodine. This was observed for experiments run in darkness or 

with ultraviolet light over the water. A minimum I/Na on the sea salt 

particles was observed with particle radii near 5 µ. The .. 
volatilization of gaseous I-131 from unfiltered sea water was about 

3 times higher under ultraviolet lighting than in darkness." 

Results from experiments analyzed by neutron activation showed 

that the I/Cl on the sea salt particles may be up to a factor of 70 

higher than the same ratio in sea water. The I/Cl was a minimum for 

particles with radii near 2.5 - 5 µ, similar to the tracer experiments 

· with organic I-131. A very small amount of gaseous iodine apparently 

volatilized from undisturbed unfiltered sea water for experiments 

performed in darkness and under ultraviolet light. In experiments 

performed with the apparatus used for the I-131 volatilization studies, 

the amount of gaseous iodine released was less than 1 - 2 ng/3 hr. This 

implies the iodide iodine in sea water may be less than · s - 17% of the 

total iodine. In experiments with model ocean-atmosphere the amount of 
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gaseous iodine collected (about 30 ng/10 hr,) increased when the 

unfiltered sea water .was bubbled with no ultraviolet light. The amount 

of gaseous iodine collected (about 60 ng/10 hr.) increased still 

further when bubbles were generated in the unfiltered sea water and the 

ultraviolet light was on. 

The enrichment of iodine on the salt particles was concluded to be 

due mainly to the organic iodine mechanism, while the gaseous iodine 

mechanism may play an auxiliary role, The residence time of the sea 

salt particles in the atmosphere is probably quite important in the 

sense that the droplets need time to build up their iodine content 

through gaseous iodine adsorption or organic iodine coagulation after 

they are ejected into the air. The source of the gaseous iodine in the 

marine atmosphere may be primarily from the decomposition of 

organically bound iodine on the particles and partly from the 

oxidation of iodide to gaseous iodine either by oxygen or by ultra

violet radiation, both at the sea surface and in the particles 

themselves. 

The minimum I/Cl or I/Na on sea salt particles is probably due to 

the mechanism of the transport of organic surface active materials by 

jet droplets and film droplets formed by bursting bubbles. 
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I. INTRODUCTION . 

A. Sea salt particles over the ocean 

Sea salt particles are produced when small sea water droplets 

evaporate in the atmosphere. In the marine atmosphere, their sizes 

range from less than 0.1 µ up to about 30 µ diameter. These particles 

are hygroscopic and thus their size is dependent upon the ambient 

relative humidity. Dessens (1949) stated that when the relative 

humidity exceeds about 78%, the particles are droplets of unsaturated 

solution. At approximately 78%, they are just .saturated. At lower 

humidities, the particles often will not crystallize but tend to remain 

in equilibrium with the air as droplets of supersaturated solution. On 

increasing relative humidity, a dry NaCl crystal will not become a 

droplet until the relative humidity reaches 70-75%. Dessens measured 

the radius of sea salt droplets as a function of relative humidity 

down to 40%. He suspended a sea salt droplet on a spider's thread and 

observed its radius through a microscope at different relative 

humidities. The change in sea salt particle radius with respect to 

relative humidity is most pronounced between 90% and 100%. The effect 

on sea salt particle size was less for relative humidities between 40% 

and 90%. Thus, at high relative humidity, a small change in relative 

humidity will cause a large change in radius but the same relative 

humidity change causes a much smaller effect at.lower humidity. 

It is not certain from Dessens' paper whether he used sea water or 

artificial NaCl solution. He appears to have treated them as the same. 

Pueschel, et al. (1969) studied the effects of relative humidity on 

NaCl solution droplets, and sea water droplets by light scattering 



techniques. They found that the size of sea spray droplets at 70% 

< RT < 90% relative humidity was significantly less than that of pure 

NaCl solution droplets in an identical environment. They speculated 

that organic materials were responsible for the size reduction of 

natural sea spray droplets compared to the NaCl solution droplets. 

2 

Twomey (1969) reported that 90% of the maritime nuclei did not 

behave like sea salt particles upon heating. He suggested the maritime 

nuclei could be modified either by some fractionating process in the 

ocean giving the surface layer a composition quite different from the 

bulk liquid or a change in the chemical composition of the nuclei after 

their formation. However, he did not attempt to explain in more <let.ail. 

· According to Junge (1963), atmospheric particles can be classified 

into Aikten particles, large particles and giant particles. The 

smallest particles (.::_ 0.1 µ r) are called Aikten particles. The bigger 

particles are classified as large (0.1 to 1.0 µ r) and giant (> 1.0 µ r). 

Sea salt particles are large and giant particles. 

Sea salt particles may serve as nuclei which can grow into 

raindrops. Because of this role in meteorology, the distribution of 

sea salt particles over the ocean has been measured with respect to 

altitude, and wind force (Moore, 1952; Woodcock, 1953; Moore and Mason, 

1954; Lodge, 1955). · Moore (1952) found the concentration of large 

nuclei (> lo- 11 g) increased markedly with wind speed and wave height, 

but no corresponding increase was found for the total nucleus population 

over the North Atlantic. Woodcock (1953) made detailed sea salt 

distribution studies in the lower atmosphere in Hawaii, Florida and 

South Australia. The general pattern is rather similar from these 
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different locations. The sea salt particle concentration was found to 

increase with respect to wind force. For wind force 1 in Hawaii, there 

were about 4,000 sea salt particles m- 3 with radii greater than 11 µ at 

99% R.H. For wind force 12, there were about 400,000 sea salt particles 

m~ 3 of > 10 µ r at 99% R.H. This increase is more pronounced at the 

large end or the giant particles. This is primarily because the 

stronger wind enabled the largest of the giant particles to become 

air-borne though they might be too heavy to do so at a weaker wind 

force. Increasing winds caused a proportionate increase in the 

production of white caps (breaking waves) at the sea surface. These 

whitecaps produced bubbles in the sea. The bubbles produced airborne 

salt nuclei when they burst at the sea surface. 

The concentration of sea salt particles was found to decrease with 

respect to altitude. For sea salt particles with radii about 6 µ at 

99% R.H., there were approximately 30,000/m3 at an altitude of 561 

meters and approximately 2 ,OOO/m3 at an altitude of 1245 meters. The 

vertical distribution of sea salt particles over the sea on the 

windward side of Puerto Rico was measured by Lodge (1955). The results 

agreed with Woodcock's Hawaii data satisfactorily. 

Eriksson (1959) and Toba (1965) calculated the residence time of 

the sea salt particles to be from a few hours to a few days depending 

on the size. Toba calculated the residence time from atmospheric sea 

salt distributions and Eriksson calculated the residence time from sea 

salt fall out rate and production rate. Toba's value agreed 

satisfactorily with Eriksson's value when fall out rate was used for 

the residence time calculation. For sea salt particles weighing 



10-9 g (23.7 µrat 99% R.H.) the average residence time from Toba's 

and Eriksson's fall out calculation is about 7.7 hours. For particles 

weighing 10- 11 g (5.1 µrat 99% R.H.), a similar average residence 
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time is about 15 days. From the fall out rate and the distribution of 

the sea salt particles, Eriksson (1959) estimated the production rate of 

sea salt particles over the ocean to be approximately 10 9 metric tons 

per , year. Blanchard (1963) modified the calculation deriving a 

production rate about 10 10 metric tons per year. Blanchard's higher 

production rate was partly due to his assumption of a higher salt content 

in precipitation that that assumed by Eriksson. Blanchard also 

considered the effect of winds higher than force 3 while Eriksson used 

an average wind of force 3 in his calculation. 

Thus, in sununary, the sea salt nuclei concentration in the marine 

atmosphere increases with wind force and decreases with respect to 

altitude, with an annual production rate about 10 10 metric tons over 

the world ocean. 

B. Origin of sea salt particles 

The source of the sea salt particles is, of course, the ocean 

surface. Blanchard (1963) and Junge (1963) reviewed the basic 

production processes of sea salt particles. It is known that the 

primary production mechanism is the bursting of air bubbles on the sea 

surface. Droplet production by bubble bursting has been well studied 

in the laboratory (Stuhlman, 1932; Woodcock, et al., 1953; Knelman, et 

al., 1954; Mason, 1954; Moore and Mason, 1954; Kientzler, et al., 1954; 

Blanchard, 1963; Day, 1964, 1967; Day and Lease, 1968; Paterson and 

Spillane, 1969). There are two physical processes in droplet 
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production by bubbles. Some droplets can come from an unstable water 

jet formed when the bubble breaks and are called jet droplets. Other 

droplets can come from rupture of the bubble film and are called film 

droplets. 

The production of jet droplets by bursting bubbles was first shown 

by Stuhlman (1932). Stuhlman stated that as many as seven droplets were 

observed from bursting bubbles less than 1,200 µ diameter in water at 

21°C. A maximum ejection height of 14 cm for the generated droplets was 

found. Bubbles having diameters less than 1,200 µ ejected droplets to 

heights which were proportional to the three-halves power of the radius. 

Bubbles having diameters greater than 1,200 µ projected larger droplets 

to lesser heights. 

The distribution of droplets as described by Stuhlman was confirmed 

by Kientzler, et al. (1954) by a high speed photographic study of 

breaking bubbles. The photographs indicate the manner in which small 

air borne droplets evolve from the vertical jet which forms upon 

collapse of the bubble cavity. The ejection heights of jet droplets 
'· 

and their size vary with bubble diameter as shown in Fig. 1 (Blanchard 

and Woodcock, 1957). It can be seen that the ejection heights of all 

droplets (from top to fourth drop) increased to a maximum and then 

decreased as the bubble diameter increased. The mass of all jet 

droplets (from top to fourth drop) from the same bursting bubble are 

approximately equal, and the mass of the jet droplets increased as the 

bubble diameter increased. The mass of salt in the jet droplet from a 

200 µ diameter bubble is about lo-lO g and for a 700 µ diameter bubble 

about 10- 8 . g. 
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According to Blanchard (1963), the main source of energy responsible 

for the droplet ejection is the surface free.energy of the bubble. As 

the diameter of the bubble increases, the protruding bubble surface also 

increases and consequently there is more available energy to eject the 

droplets upward. However, the mass of the droplets also increases as 

the bubble diameter increases and the gravitational pull on the droplets 

would counteract the upward motion of the droplets. This results in the 

ejection height maxima for the jet droplets as found experimentally. 

The ejection speed of the top jet droplets from a 1,000 µ diameter 

bubble is about 1,000 cm/sec (Blanchard, 1963). Jet droplet production 

experiments had been made earlier by Knelman, et al. (1954) and by 

Mason (1954). Mason suggested the mean diameter of the droplet 

produced by a breaking water jet was roughly 15% (compared to 10% 

suggested by Kientzler, et al., 1954) of the diameter of the parent 

bubble. 

Knelman, et al. (1954) pointed out that droplets much smaller than 

the jet droplets were also observed when bubbles burst. They 

demo~strated photographically that the protruding part of the bubble 

skin produced a cloud of fine droplets on collapsing. This collapse 

leaves -a large gap in the bubble envelope. The gas inside the bubble 

escapes through this rupture, rapidly dispersing the cloud of fine 

droplets produced by the bubble skin. These bubble skin or film 

droplets were studied by Mason (1954) using a cloud chamber. He 

suggested that all bubbles from 300 µ to 4,300 µ diameter would 

produce 100-200 nuclei with diameters from 0.4-1.0 µ by the break up of 

the bubble film into filaments in the manner suggested by Knelman, et 
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al. (1954). Mason (1957) revised the number of nuclei to 300 per bubble 

for a range of 250 µ to 2,500 µ diameters. 

Blanchard (1963) studied film droplet production visually and with 

a continuous diffusion cloud chamber. Distilled water, sea water, and 

NaCl solution were used. His results showed the production of film . 

droplets was a function of bubble size. Bubbles of less than 300 µ D 

did not appear to produce any film droplets, but a 2,000 µ D bubble 

produced a maximum of about 100 film droplets and a 6,000 µ D bubble a 

maximum of 1,000 film droplets. The number of film droplets observed 

was proportional to the. radius of the film cap. The droplet production 

from a given bubble size was not constant but varied over a large 

range. There was apparently no significant difference among the three 

types of water used. The size of bubbles in the studies by Mason (1957) 

and Blanchard (1963) are very large compared to the sizes (about 200 µ 

D) of the majority of bubbles in sea water. 

Blanchard's results were later confirmed by Day (1964). Day's 

results are consistent with Blanchard's maximum limit. Day considered 
~ 

that bubbles with diameter of 100 µ or less (compared to 300 µ by 

Blanchard) produced no film droplets. Day found the mean number of film 

droplets generated by film rupture is proportional to the one-half 

power of the bubb1e cap area as pointed out by Blanchard (1963). By 

using a time exposure technique, Day (1967) showed that bubble film 

droplets seem to rise, and then fall back to the water surface along 

regular parabolic trajectories. Day and Lease (1968) again emphasized 

the relationship between film droplets and bubble diameter and film cap 

area. They demonstrated that a mushroom shaped cluster of film 
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droplets was formed. The number of film droplets increased rapidly 

whereas the ejection heights of the droplets increased slowly with 

increasing bubble diameter. 

The thickness of the bubble film before it breaks was studied by 

Allen, et al. (1961). They used bubbles of 550 µ and 570 µ diameter to 

investigate the thickness of liquid films on nitrogen bubbles at the 

surface of aqueous glycerol solutions and polyglycol oils. The rate of 

film thinning was found to increase with decreasing film viscosity. The 

rupture of the intervening liquid film occurred over a range of film 

thickness in any given system from approximately 1 µ to 3 µ. The effect 

of an added surfactant was to decrease the rate of film thinning at 

comparable thicknesses, increase the mean rest time, and lead to thinner 

film rupture. 

Blanchard (1963) mentioned the very important role of organic 

surface active films on the sea surface in film droplet production. A 

surface active film that was applied to the water surface by touching a 

finger or a small drop of oleic acid to the surface completely 

eliminated the film droplets. However, bubble clusters were little •, 

influenced by the presence of sea surface films. A cluster of (10 to 15) 

1,400 µ diameter bubbles could produce 15 to 20 film droplets per 

bursting bubble. 

Garrett (1968) investigated the influence of monomolecular surface 

films on the production of condensation nuclei from bubbled sea water. 

His investigation dealt primarily with bubble bursting in clusters at a 

rate that can generate surface foam.5. It was found that addition of 

pure and mixed insoluble monomolecular films to a sea water surface 
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increased the concentration of salt nuclei. The increase in the number 

of sea salt particles was attributed to the . alteration of the mechanics 

of the bubble bursting process. The insoluble film decreased the degree 

of foaming at the sea water surf ace and enhanced the immediate breaking 

of small bubbles. This lead to a greater rate of surface fragmentation 

of the air water interface. 

On the other hand, Paterson and Spillane (1969) found the number 

of particles produced by the bursting of a single bubble in sea water 

decreased with increase of film pressure for naturally occurring 

surface active material adsorbed on the surface. Paterson and Spillane 

also observed in the laboratory that a cluster of bubbles on bursting 

gives many times more fragments with a compressed film present than 

does an equivalent number of single bubbles. They suggested that this 

phenomenon might be due to the very fast creation of a new (and clean) 

water/air surface when the cluster of bubbles was produced. The 

bubbles were then bursting on relatively clean water. The foam would 

hold more liquid water at equilibrium than single bubbles of an equal 

fil~ cap area. 

The production of jet droplets and film droplets from a 500 µ D 

bubble bursting is illustrated in Fig. 2. The top jet droplet reaches 

a height about 5 cm above the water -surface. It has a diameter of ~ 50 

µ and the walt in it weighs ~ 2 x 10-9 g. The second drop has a 4.5 cm 

ejection height. Usually there are about five jet drops produced for 

each bursting bubble. The top and subsequent jet droplets have 

approximately equal mass. The film d_roplets are smaller in size, 

ranging from less than 1 to 10 µ diameter.· The number generated from a 
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500 µ bubble ranges from 15 to 20. They are produced by the break up of 

the bubble film cap and are projected approximately 3 mm above the water 

surface. This droplet production is for an ideal single bubble bursting. 

Natural bubble formation in the ocean was investigated by Blanchard 

and Woodcock (1957). Four possible bubble production mechanisms were 

discussed--white cap wave action, melting snow, falling raindrops, and 

air solubility change in the sea due to temperature change. The bubble 

production rates were estimated to be 34 cm- 2sec- 1 for raindrops. No 

evidence of bubble production by air supersaturation during spring 

warming was observed. Since precipitation is mainly of local 

importance, bubble formation over the ocean on a global basis is 

believed to be primarily by breaking waves. They found that the 

majority of the bubbles formed by breaking waves have a diamter less 

than 200 µ. In general, bursting bubbles produce approximately five 

jet droplets per bubble whose diameter is about 10-15% of the parent 

bubble. There were no film droplets produced by bubbles < ~ 200 µ D. 

The number of film droplets produced increased with bubble diameter 

~ 

> 200 µ. The number of film droplets produced varied from 10 for a 

300 µ diameter bubble up to 400 for a 4,200 µ diameter bubble (Day, 

1967). · Thus, the atmospheric sea salt particle population is related 

to bubble number and size in the ocean. 

The film droplets evaporate very rapidly in the free air because 

of their small size and become sea salt particles. Smaller bubbles 

(300 µ) produce only jet droplets. These droplets are relatively large 

compared to film droplets. They take longer to . evaporate after 

becoming air borne. The observed mechanisms of droplet production and 
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natural bubble formation indicate that jet droplets make up the major 

portion of the mass of atmospheric sea salt particles. The contribution 

of film droplets from large bubbles or from bubble clusters depends on 

the number of large bubbles and the frequency of bubble cluster 

occurrence. Blanchard and Woodcock (1957) indicated that only a small 

number of large bubbles were observed in the sea. However, Blanchard 

(1969) mentioned that the number of large bubbles might have been 

underestimated previously. If there were more large bubbles on the open 

sea than reported by Blanchard and Woodcock (1957), the film droplets 

would provide a substantial number of smaller sea salt particles in the 

air. The bubbte clusters indicated by Blanchard (1963) can also 

produce a large number of film droplets. 

C. Physical-chemical composition of particles in marine air 

Although sea salt nuclei are derived from sea water through bubble 

bursting, the chemical composition of these aerosols is different from 

the bulk sea water. Let us define En such that: 

En = [M/Na] 8 /[M/Na]s (1) 

where: a represents the sea salt particles 

s represents sea water 

En is the ratio of the element or the chemical species M to sodium in 

the particles compared to the same ratio in bulk sea water. 

Komabayasi (1962) compiled data on the chemical composition of 

marine sea salt particles from the available literature and calculated 

the factor (En) for a variety of chemical constituents. He found that 
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the En of a number of species increased as a logarithmic function of 

their "atomic" weights. This means that the increased En factor of a 

chemical species is proportional to its weight. Sodium, Mg, K, Ca, 

C03, Sr, and I were found to follow this trend, whereas sulfate and 

chloride did not. Duce, et al. (1963) pointed out that Br also did not 

follow this relation. 

Komabayasi (1964) studied the possible enrichment of alkaline 

earth metals in the laboratory. He generated particles by bubbling in 

an artificial sea water solution using spherical fritted glass filters 

as bubblers. One bubbl_er produced a bubble size spectrum with average 

diameter of 3,000 µ. Particles produced when these bubbles burst were 

collected by a six stage impactor. The size of particles collected 

ranged from 0.4 µ radius to 7 µ radius. He found no enrichment of the 

alkaline earth metals (Mg, Ca, Sr, Ba) with droplets larger than 0.4 µ 

radius. For the spray droplets of 0.4 µ radius, the enrichment of 

those metals varies from about 1.4 to 2.0. 

Iodine and chlorine in marine aerosols have been studied by Duce, 
•. 

et al. (1963, 1965, 1967). In the 1967 work, sea salt particles were 

collected in trade wind air by a six stage cascade impactor mounted on 

top of a tower 14 meters above the windward shoreline near Hilo, 

Hawaii. The particles were collected in six different groups according 

to their sizes. The smallest size particles collected had radii of 

about 0.3 µ. The iodine and chlorine in the samples collected were 

analyzed by neutron activation. The I/Cl showed a regular increase by 

a factor of 50 to 100 from the largest to the smallest particles, as 

shown in Fig. 3. When the I/Ci of the particles were compared with sea 



t 
f 

13 

water, I enrichment values ranged from about 30 for the larger particles 

to about 700 for the smallest particles. 

In addition to the inorganic salts, atmospheric sea salt particles 

contain organic material. Blanchard (1963) demonstrated that surface 

active organic film material could be carried away from water' surfaces 

by bubbling. The jet droplets served to transfer the film from the 

water surface. However, only jet droplets from bubbles with diameters 

larger than 1,000 µ were effective. The top jet droplets from smaller 

bubbles were not observed to carry an organic film. 

Baylor, et al. (19.62) and Macintyre (1965) stated that organic 

materials in sea water could adsorb on a bubble surface as the bubble 

was rising through the bulk solution. When the bubble reached the 

surface and burst, small droplets were produced. These droplets 

contained some organic materials which were originally in the bulk 

solution. 

The exact mechanism on the transport of organic materials from 

sea to air by bubble bursting is not understood. However, organic 

surf ace film on the water surface can be transferred into the air by 

bubble bursting as demonstrated by Blanchard (1963) and organic 

material in bulk solution can be transferred into the air as 

demonstrated by Baylor, et al. (1962) and Macintyre (1965). Blanchard 

(1964) collected sea salt particles on platinum wire in the surf zone 

along the windward coast of Hawaii near Hilo. The amount of sea salt 

and surface active organic material was determined, and it was clearly 

shown that organic surface film was being carried by. the sea salt 

particles. An estimation of the surface area of the film material and 
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the surf ace area of the sea salt particles revealed that the film area 

was from 4 to 11 times the total surface area of the droplets that 

carried the material. This indicated that the sea salt particles 

carried a highly compressed organic film. 

Continuing this type of study of sea salt particles originating on 

the open sea, Blanchard (1968) collected samples from the top of a 

tower about 23 meters above sea surface in Hawaii. The collection from 

the tower top avoided local spray from breaking surf. Again, organic 

surface active material and amount of salt were measured. From 0.3 to 

0.7 µg of film material was associated with each µg of sea salt. 

Goetz (1965) reported the presence of organic aerocolloids over the 

ocean as ' far as 70 miles away from Southern California. Goetz measured 

the sizes of the aerocolloids and found the majority of the aerocolloids 

had diameters of approximately 0.3-0.4 µ. Goetz speculated that these 

particles might be closely related to marine biologica'i processes and 

that the source might be the so-called "slick patches" in the open sea. 

Since Blanchard (1963) pointed out that only top jet droplets from 

bubbles larger than 1,000 µ diameter carried organic film from water 

surfaces, the presence of organic material on the sub-micron size 

particles might result from the film droplet production either from 

large bubbles or bubble clusters. This is possible because film 

droplets come from the bubble skin which merges with the organic 

surface layer before the bubble bursts. Paterson and Spillane (1969) 

pointed out that the rate of film droplet production was reduced with 

an increase of film pressure but was not totally inhibited. Thus, all 

the sea salt particles from the smallest to the largest might carry 



some organic film material when they are formed by breaking bubbles 

(Baylor, et al., 1962; Blanchard, 1964; Macintyre, 1965). It is also 

possible that a significant amount of organic material found to be 

present on sea salt particles might be acquired by coagulation of 

sub-micron film carrying particles as pointed out by Blanchard (1968). 

D. Possible explanations of chemical enrichment 

There have been several theories to explain the phenomena of ion 

enrichment observed in sea salt particles and precipitation. Some of 

these theories are discussed in the following: 

15 

Fractional Crystallization: This mechanism, suggested by 

Sugawara, et al. (1949), depended upon the different solubilities of 

inorganic compounds in the sea salt particles. According to this 

theory, the less soluble compounds, e.g., CaC03, CaS04, and MgC03, 

were separated out from the sea salt particles during suspension in the 

air during evaporation. This idea seemed to gain support from the work 

by Twomey and M~Master (1955) who showed that a large number of sea 

salt particles were produced from a large droplet during crystallization. 

However, Lodge and Baer (1954) could find no such nuclei formation 

during sea salt crystallization. 

Junge (1963) and Blanchard (1963) both dispute the possibility of 

such fractional crystallization production because they too could not 

repeat the results of Twomey and McMaster. · Moreover, Junge maintained 

that the small quantities of very hygroscopic salts (e.g., MgS04) in 

sea water tend to form a thin film of concentrated solution around the 

particle after most of the salt, e.g., NaCl, has crystallized. This 

film makes disintegration practically impossible and observations of 



the phase transition of salt droplets under a microscope confirm this 

conclusion. 
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Synfractionation: This mechanism was suggested by Sugawara (1959). 

After a violent bubbling experiment in the laboratory, he presented 

some results indicating that the droplets formed from the bubbling had 

a different chemical co.mposition than the mother sea water, The 

fallowing explanation is taken from his paper: "A concept 1 syn-bubble

burs ting fractionation' of sea salt is presented. The term points to 

the fact that when a small droplet is formed through collapse of a 

bubble of sea foam and emitted into the air, the salt composition of 

the spray differs from that of original sea water." 

Ludwig-Soret Effect: This is a thermal diffusion process 

suggested by Komabayasi (1962). It is known theoretically and 

experimentally that heavier molecules are concentrated in the cool end 

and lighter ones in the warm end of liquid mixtures and electrolyte 

solutions. At the air-sea interface, there may often be a steep 

vertical temperature gradient due to loss of heat by evaporation at the 

surface. Under normal meteorological conditions, the very surface 

water temperature is cooler than the sea water below due to evaporation, 

so that the cool side of the interface is outside facing the air and 

the inner part is warmer. This temperature gradient is important 

within the first 20 µ of water because ·this depth absorbs most of the 

short wave radiation energy. If the heavier ions are proportionately 

enriched at the cool end and the separation is sufficiently quick and 

strong, the observed enrichment of ions in sea salt aerosols might be 

explained. 
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Biological Matter and Gases: Komabayasi (1962) suggested that 

certain ions are complexed or entrained by biological matter, and he 

also suggested that there may be selected adsorption of divalent cations 

to the biological products. In addition, the escape from the sea 

surface of gaseous components of certain elements such as Cl, Br, and I 

may be important. 

E. Possible explanations of atmospheric iodine enrichment 

The enrichment of the iodine on sea salt particles (or rain drops) 

could be due to a relative loss of chlorine or addition of iodine. A 

study of the Na/Cl in Hawaiian trade wind showers with respect to 

altitude and distance inland showed that the Na/Cl was rather constant 

(Seto, et al., 1969). Since sodium is a conservative quantity, it was 

concluded that no significant amount of chlorine was lost by raindrops 

(or sea salt particles which served as nuclei for raindrops formation). 

Thus, the enrichment of the iodine on the sea salt particles is due to 

the gain of iodine rather than the loss of chlorine. This enrichment 

has been explained by two mechanisms. These are gaseous iodine 

formation and organic surface active material (organic iodine). It is 

pertin~nt to discuss these two mechanisms in more detail with respect 

to the enrichment of the iodine on sea salt particles. 

1. Gaseous iodine enrichment mechanism: 

Evaporation of iodine from sea water was studied in the 

laboratory by Miyake and Tsunogai (1963). Air with a temperature of 

20° to 35°C was cleaned by passing through silica gel and was then 

passed slowly over the surf ace of 10 to 15 liters of saline or sea 
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water of the same temperature. The air was then passed through bottles 

containing absorbing alkaline solutions and then through a reflux 

condenser or concentrated sulphuric acid to absorb iodine and to trap 

water vapor. The iodine content in the absorber and in the condensed 

water was determined either by spectrophotometry or a radiometric 

method with I-131 as the tracer. In the spectrophotometric method, 

they added 0.4 and 4 g/1 of iodine to facilitate chemical determination 

since sea water contains only about 50 µg/l of iodine. No iodine was 

found in the evaporate when iodide or iodate was present alone in 

saline water. However, when iodide and iodate coexisted, escape of 

iodine was observed for a solution containing 4 g/l of total iodine, 

The release of I 2 was attributed tb the following reaction: 

(2) 

Miyake and Tsunogai considered this reaction very unfavorable for 

iodine production in natural sea water because it involved the product 

of the 5th power of iodide and the 6th power of hydrogen ion 

concentration. 

In order to study the iodine evaporation with a solution more 

comparable to sea water, radioactive I-131 was used as a tracer. 

Experiments run in the dark showed no escape of iodine with iodide and 

iodate together or separately. However, wh.en this experiment was 

carried out under ultraviolet irradiation, iodine escaped from the 

solution when iodide was present. The production of iodine was 

independent of iodate. The release of iodine was ascribed to: 

(3) 



Using the iodine escape rate found in the laboratory and the known 

solar radiation incident on the ocean surface, Miyake and Tsunogai 

estimated that 4 x 10 11 g of iodine escaped from the ocean surface 

annually by the photochemical oxidation of iodide to iodine. 
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The presence of gaseous iodine in the marine atmosphere was 

estimated roughly by Duce, et al. (1965). The concentration was 

estimated to be slightly higher than the particulate iodine on the sea 

salt particles (roughly 1 ng/m3). Using a much better collection 

method, Moyers (1970) found that gaseous iodine over the marine 

atmosphere was about 4 to 5 times the particulate iodine concentration. 

Duce, et al. (1965) postulated that the enrichment of iodine on the sea 

salt particles might be due to the gaseous adsorption of iodine on the 

particles. If such adsorption occurred, the smaller particles would 

have a higher I/Cl than the larger particles. With quite a few 

assumptions, they estimated that the I/Cl of sea salt ·particles could 

increase and that the increase might be particle size dependent. Later, 

Duce, et al. (1967) confirmed this iodine enrichment and the I/Cl was 

shown to increase with decreasing sea salt particle sizes. 

2. Organic iodine enrichment mechanism: 

The gaseous iodine adsorption mechanism may be very important in 

the iodine enrichment on sea salt particles. However, the organic 

iodine mechanism is equally plausible. In order to understand how 

organic surface active and biological material in sea water can link up 

with the iodine enrichment on atmospheric aerosols, it is necessary to 

discuss the chemistry of iodine and organic material in· sea water. 



20 

The chemical state and the general chemistry of iodine in sea water 

has been reviewed by Moyers (1970). It is fairly certain that the 

chemical state of iodine in sea water is predominantly iodide and 

iodate. The total iodine content is around 50-60 µg/l. The iodide 

portion may be from 30 to 65% in surface water and its percentage 

sometimes decreases with depth, The decrease of iodide with depth is 

compensated by an increase of iodate. This combination results in a 

rather constant amount of total iodine with depth. From thermodynamic 

equilibrium calculations, the ratio of 103/r- should be 10 13 • 5 under the 

sea water condition. Thus iodide is thermodynamically unstable and its 

quantity in sea water should be negligible compared to iodate. However, 

as seen above, iodide exists in sea water in amounts comparable to 

iodate, 

Sugawara and Terada (1957) considered river water run-off provided 

a source of iodide, although the amount seemed very small compared to 

the total iodine in the ocean. They discussed the possible conversion 

of iodate to iodide through marine organisms, No conclusion was made 

on how important this process might be because the chemical form of 

iodine assimilated and liberated by marine organisms was not known, 

Tsunogai (1966) and Tsunogai and Sase (1969) maintained that the 

iodide depletion by photochemical oxidation on the sea surface can be 

compensated for by biological activity, that is, marine organisms 

convert iodate to iodide. They concluded that the ratio of iodide to 

iodate in the ocean was controlled by the biological productivity. 

Thus, the total iodine in sea water might contain a small portion of 

organically bound iodine because of growth and decay of marine 
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organisms. 

The organic material in sea water has dissolved and particulate 

components. The total concentration is about 1 mg/l with one fifth 

being particulate (Sutcliffe, et al., 1963). Riley (1963), Riley, et 

al. (1964, 1965), Hobson (1967), and Sheldon, et al. (1967) reported 

the occurrence of non- living particulate organic aggregates in locations 

from the Pacific to the Atlantic. These aggregates had size ranges 

from a few microns to several millimeters. The mechanism of organic 

aggregate formation was investigated in the laboratory by Baylor, et al. 

(1962) and Sutcliffe, et al. (1963). They suggested that the formation 

was due to the adsorption of filterable organic material on bubbles. 

This mechanism has also been studied by Riley (1963), Riley, et al. 

(1964), Menzel (1966), Barber (1966), and Batoosingh, et al. (1969). 

From the reported information, it seems the whole process of aggregate 

formation is not clearly understood. 

Numerous studies of the organic chemistry of sub-surface and deep 

water sea water have been made, but the organic matter at the air-sea 

interface has received little attention until the last few years. 

Surf ace active organic films play an important role in studies of 

sea-air interchange. The sea surface acts as a source or sink for 

transfer of organic and inorganic matter, and gases. The most 

important portion of the sea surface for chemical exchange is probably 

the top few microns. Available techniques do not allow sampling of the 

top few microns of sea water surface. However, the top 60 µ to 150 µ 

of the sea surface have been investigated. The chemical composition of 

this sea water "skin" is very much different from the bulk sea water 
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just 10 cm below the sea surface. 

Harvey (1966) constructed a rotating drum device to collect a thin 

layer approximately 60 µ thick from the sea surface. This thin layer 

sample contained a larger amount of organic material than the water from 

a depth of 10 cm. The organic material included living nannoplankton 

organisms, structural components of disintegrated organisms, surface 

active substances, chlorophyll, and carotenoid pigments. The mean 

number of bacteria/ml in the upper 250 µ of the sea surf ace in the 

Pacific was 2,400 as compared to 8 organism/ml at 1 m depth (Sieburth, 

1965), The high bacteria population on the top thin layer might be due 

to the rich organic content compared to deep water. 

Williams (1967) used the screen technique developed by Garrett 

(1965) to collect surface film samples of the top 150 µ layer of sea 

water off Peru and California. It was found, as reported by Harvey 

(1966), that there was a high concentration of organic material when 

the concentration of the upper 150 µ surface was compared to deeper 

samples. Concentration factors for dissolved organic carbon, dissolved 

organic nitrogen, and dissolved organic phosphorus in the surface film 

relative to water 15-20 cm deep were about 2 to 5. Concentration 

factors for particulate organic carbon and particulate organic nitrogen 

off Peru were about 3 to 49. If the surface was taken as monomolecular 
0 

with a thickness about 20 A instead of the 150 µ thickness, then the 

above concentration factor would be raised by a factor of 104 - 10 5 • 

Adsorption of surface active material at the air sea interface was 

studied by Jarvis (1967). He measured surface tension change and 

surface potential change to detect the amount of surface active 
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material at the air-sea interface. Usually, the change of surface 

potential is more sensitive than surface tension to any adsorbed surface 

active material. Several hours were usually required to observe a 
1. 

significant surface tension change with an undisturbed sea water sample. 

However, the rate of adsorption increased markedly when the water was 

bubbled or vigorously stirred. Jarvis also reported that in the Bay of 

Panama, the concentration of readily adsorbed surface active material 

was rather constant with depth from the first few cm at the surface to 

at least 20 m. Only the thin layer of water at the interface showed a 

significantly greater concentration. 

Garrett (1967A) collected surface films from a wide area of the 

Atlantic and Pacific. The surface active material was extracted with 

chloroform. The isolated organic components were analyzed by gas 

chromatography. The surface active materials were shown to be long 

chain fatty acids, esters and some alcohols. These chemical components 

were rather general to all areas sampled whether the sea was 
/ 

biologically rich or relatively sterile. The more vioactive regions 

yielded the greatest quantities, but inactive waters also contained 

some organic matter. · Garrett speculated that the surface active 

material might be adsorbed along with inorganic and biological matter 

in organic aggregates (Sutcliffe, et al., · 1963; Riley, 1963; Riley, 

et al., 1964). When these aggregates reach.ed the sea surface, the 

surface active constituents spread into a molecular film on the 

surface. Since the higher molecular weight and less water soluble 

fatty acids and alcohols are the most surface active, they are more 

likely to adsorb at the surface than the more soluble compounds. The 
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more water soluble or less surface active entities are forced out of the 

surface by the fatty material when competitive processes for adsorption 

sites at the surface occurred. 

In summary, organic surface active film and organic aggregates 

are present in surface and sub-surface water. The top few microns of 

the surface is highly concentrated with such organic matter. Below the 

surface, the amount decreases slowly to a depth of about 250 m and then 

levels off to a rather constant concentration beyond 250 m (Riley, et 

al., 1965; Hobson, 1967; Sheldon, et al., 1967). The source of these 

orgamic components may be from the decomposition of or excretion from 

marine phytoplankton and zooplankton. Since these marine organisms 

are known to concentrate iodine from sea water (Vinogradov, 1953), 

these surface active organic films and organic aggregates might also be 

enriched with iodine. The extent of iodine enrichment in these organic 

materials might not be the same as in the living organisms because the 

living organisms would decompose into portions with different chemical 

properties. 

When bubbles burst .at the sea surface, the surface active organic 

film can be carried along with the sea salt particles (Blanchard, 1964). 

The organic aggregates might also be ejected into the air by bubbling 

action and be included in the sea salt particles. Such ejection is 

possible since a diatom species was found to be ejected by bursting 

bubbles and incorporated in the spray droplets in the laboratory 

studies by Sutcliffe, et al. (1963). Stevenson and Collier (1962) have 

observed air borne marine phytoplankton. They considered small size 

plankters could be easily carried into the air when winds were strong 



enough. Moreover, they suggested that plankton are probably in the 

marine atmosphere at all times as relics from previous turbulent 

conditions. 
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Dean (1963) found that about 40% of the iodine in rainwater samples 

from Taita was organically bound. He suggested that most of the iodine 

in New Zealand rain was derived from disintegrated algae and plankton in 

sea spray. If the surface active film or organic aggregates 

incorporated with sea salt particles are enriched with iodine, then the 

I/Cl of the sea salt particles would naturally be enriched when compared 

to sea water. 
., 

F. Statement of the problem 

The objective of this investigation is the evaluation of the 

relative importance of the gaseous iodine mechanism and the organic 

iodine mechanism in accounting for the enrichment of iodine observed on 

atmospheric sea salt particles. A model for the ocean-atmosphere 

system was built. This laboratory model was designed to provide an 

environment similar to the natural ocean-atmosphere environment. 

Vessels made from a beaker and a large glass jar containing sea water 

served as miniature oceans. A fritted disc bubbler was used to 

generate bubbles to simulate the bubble production by breaking waves. 

Since the sea salt particle sizes depend on the relative humidity of 

their environment, the relative humidity inside the model was 

controlled. A large chamber with a volume of approximately 250 liters 

was used to simulate the natural atmosphere. The sea salt particles 

were aged in the chamber before they were sampled. An ultraviolet 

lamp was used to simulate the sun. This lamp provided radiation 
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energy to study the possible photochemical formation of gaseous iodine. 

The sea salt particles were collected by a six stage cascade impactor. 

Thus, it was possible to study the I/Cl in particles of different sizes 

with and without exposure to ultraviolet light. 

Experimentally, this study consisted of t wo phases. The first 

phase utilized radioactive tracers, Na-22 and I-131 were used as 

tracers. The volume of the miniature ocean in this phase was about 80 

ml. This small volume of sea water was used to minimize the necessary 

tracer activities. The second phase used untreated sea water. The 

mini-ocean in this case was a large jar containing about 19 liters of 

fresh sea water. The samples collected were analyzed by neutron 

activation for the halogens. Iodine studies with sea water instead of 

I-131 tracer should be more representative of the actual behavior of 

iodine in the real ocean. 

It is realized that the laboratory model can only simulate the 

real ocean-atmosphere. The natural environment undoubtedly is far more 

complicated than the model can imitate. However, results from studies 

in a model may shed some light on the natural ocean-atmosphere process 

concerning the iodine enrichment on sea salt particles. 



II. EXPERIHENTAL METHODS 

A. Tracer experiments 

1. Model ocean-atmosphere: 

A closed model ocean-atmosphere was constructed of plywood. It was 

painted with white Lucite Enamel manufactured by Dupont. The front view 

of the closed model is shown in Fig. 4. 0 is the mini-ocean made from 

a 600 ml beaker. F is a fritted disc which, when air is passed through 

it, produced a large number of bubbles in approximately the same size 

range as those produced in the sea. The bubbles generated rose to the 

water surf ace and their diameters were observed visually under a 

microscope. The bubble size spectrum ranged from about 50 to 1,000 µ 

diameter. The majority of the bubbles were in the range from 100 to 

300 µ in diameter. It is certain that both jet droplets and film 

droplets were produced. The larger sea salt particles produced were 

sampled by Dr. A. H. Woodcock. When observed under a microscope, their 

size range was found to be similar to those sampled in the marine 

atmosphere in Hawaii. A detailed view of 0 and F is shown in Fig. S(A). 

When organic iodine tracer was used, a combination of the mini-ocean 0 

and fritted disc F was employed to minimize the solution volume even 

further, as shown in Fig. S(B). The configuration in Fig. S(A) is 

better than that in Fig. S(B) because the latter allowed the solution 

to permeate through the glass frit and drip along the connecting 

tubing when air was not passed through the frit·to generate bubbles. 

The advantage of the latter is that a smaller volume of solution is 

needed. The flow rate of air through the disc was measured by a 

flowme~er, and was approximately _45 ml per minute. 



When bubbles break on the surface of the sea water in the mini

ocean O, the sea salt particles generated are carried over to the 

chamber D (representing the atmosphere) by a slow air stream entering 
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at A. This air stream has a flow velocity of 2.8 cm/sec when it passes 

over the mini-ocean O. Since the fritted bubbler F is about 7.5 cm from 

the edge of the chamber D, it takes about 2. 7 seconds for the sea salt 

particles to be carried by the air stream into the chamber D after they 

are generated. The maximum possible ejection height of the particles 

is 5 cm above the surface of the sea water before they hit the plexiglas 

T, as shown in Fig. 4. In order to be carried into chamber D, the 

particles must remain air borne long enough to traverse the 7.5 cm 

horizontal distance between the site of particle generation and the 

edge of the chamber D. This means the particles must not fall more than 

5 cm within 2.7 seconds, corresponding to a free fall velocity of 1.8 

cm sec- 1 • The terminal free fall velocity of particles with diameters 

up to 30 µ according to Stoke's law is shown in Fig. 6. To calculate 

the free fall velocity shown in Fig. 6, the density of the particles 

was assumed to be 1 g/ml. For sea salt particles with ambient relative 

humidities between 70 and 80%, the densities vary between about 1.3 to 

1.2 g/ml (see Appendix A). So, the actual free fall velocity of the 

particles inside the atmospheric chamber D may be 20 to 30% higher than 

that shown in Fig. 6. From this figure, it can be seen that a terminal 

free fall velocity of 1.8 cm sec- 1 corresponds to particle size of 24 µ 

diameter. Therefore, no sea salt particles larger than approximately 

24 µ can get into the chamber D~ 
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The inlet air is purified and its relative humidity is controlled 

as shown in Fig. 7. Air from the laboratory air line is passed through 

a "liqui-jector" (manufactured by Selas) which filters out submicron 

size particles and droplets if present in the air. The clean air then 

passed through an activated charcoal column, which removed any gaseous 

iodine in the air, if present. The air then passed through a bubbler 

containing distilled-demineralized water where it is humidified to a 

relative humidity of about 65%. Next, the air stream divided into two 

paths through a Y and went into a special volumetric flask bubbler 

either through A or B. · The portion of air via B is further humidified 

by bubbling through clean distilled demineralized water and that through 

A just passed over the water surface. By adjusting the flow rates at 

A and B, the outcoming air at C can attain a relative humidity from 

approximately 70% to 80%. The air leaving at C goes through a 0.5 µ 

Millipore (type EA) in-line filter to remove any further aerosols which 

might be present. Thus, the air from the laboratory air line can be 

cleaned and humidified to the desired relative humidity before it enters 

the closed ocean atmosphere model. The number of small particles in 

this cleaned air was measured by a condensation nucleus detector (Small 

Particle Detector, Type CN, manufactured by Gardner Associates, Inc., 

Schenectady, N. Y.). The number of particles found was below the limit 

of detection, i.e., less than about 100 condensation nuclei per ml of 

air. This compares to ten thousand to hundred thousand of particles/ml 

of air in the laboratory. 

The dimensions of the atmospheric chamber D are approximately 44 cm 

x 46 cm x 106 . cm. The chamber D has a volume of about 215 liters. The 



horizontal cross-sectional area is about 2,000 cm2 • The flow rate 

through the impactor is 12.5 l/min. Thus the air in the chamber D was 

moving down at 0.1 cm/sec. From Fig. 6, the terminal velocity is 0.3 

cm/sec for 10 µ diameter particles, 0.1 cm/sec for 5.5 µ particles and 

0.003 cm/sec for 1 µ particles. Thus the residence time in the closed 

model is about 18 min. for 1 µ particles (it takes 18 min. for the air 
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to move from top to bottom of the chamber.D), 9 min. for 5.5 µparticles 

and 4.5 min. for 10 µ particles. The air borne particles were aged for 

varying lengths of time according to their sizes as they slowly moved 

down to the bottom of the chamber, where they event~ally entered the 

cascade impactor C. 

This cascade impactor is connected to the chamber as shown in Fig. 

4. The sea salt particles deposit on the six stages of the impactor 

according to their sizes when they are drawn through the impactor by a 

vacuum pump. A detailed discussion of the impactor is given in Appendix 

A. CH is a charcoal trap which collects gaseous iodine, if present, or 

particles too small (below ~ 0.1 µ radius) to be captured by the impactor 

slides. 

L is the UV light source which is directed upon the water surface 

where bubbles break or the aging chamber D whenever desired. A Hanovia 

Utility Model Quartz Lamp was used. This· lamp is fitted with a pyrex 

0 

filter to cut off radiation below 2900 A which is the short wave length 

limit of solar radiation reaching the sea surface. Thus, this lamp 

· does not give off UV energy with wave length shorter than the actual 
0 

sea surface receives. About 2900 A in the UV region the lamp provides 

an intensity of about 440 microwatts/cm2 at a distance of 51 cm from 
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the UV source. The pyrex filter is about 90% transmittant and the UVT 

transmittant plexiglas T is also about 90% transmittant. Thus the 

intensity of the UV light at the sea water surf ace is approximately 360 

microwatts/cm2 • 
0 

The solar radiation near 3100 A is about 100 micro-

watts/cm2 at sea level (Ellis, et al., 1941). Thus, the UV lamp provides 

radiation similar to the natural solar radiation at the sea surface. 

M is a U-tube manometer. The pressure inside the chamber is 

maintained at approximately one atmosphere by adjusting the air flow at 

A. RH is an electric contact hygrometer (Lambrecl1t Hygrometer No. 885) 

which monitors the relative humidity of the chamber. V is an air vent 

outlet for flushing the chamber D with purified air before starting an 

experiment, The temperature and the relative humidity inside the 

chamber were measured continuously for 24 hours, using a Hygrothermograph 

manufactured by Wilh. Lambrecht, Type 252 Ua. The hygrothermograph was 

placed inside the chamber D and hear the impactor connection. The 

temperature was practically constant and was equal to the air-

conditioned room temperature of 25°C. The relative humidity varied by 

less than 5%. Thus, no thermometer was subsequently installed inside 

the chamber and the relative humidity was satisfactorily controlled. 

2. Analytical techniques: 

In order to derive the I/Cl of the sea salt particles collected in 

the impactor and the I/Cl of sea water in the mini-ocean O, 1-131 and 

Cl-36 tracers were used in the early experiments. However, it was 

later found that Geiger counting of the weak S-activity of Cl-36 

involved possible errors from such factors as backscattering, self-

absorption and counting geometry. 



32 

Since the Na/Cl in rain drops (sea salt particles serve as nuclei 

for rain drop formation) is rather constant (Seto, et al., 1969), the 

I/Na can be utilized to replace the I/Cl to study the iodine 

enrichment. Thus, Na-22 was used in place of Cl-36. I-131 and Na-22 

both emit gamma rays. 1-131 has important gammas of 0.36 Mev. (90.4%), 

0.64 Mev. (6.9%) and 0.73 Mev. (1.6%) and Na-22 is a positron emitter 

and thus shows an annihilation gamma ray at 0.51 Mev. Their gamma ray 

spectra are shown in Fig. 8. The spectrum was obtained by using a l" 

sodium iodide well detector and single channal analyzer (Versa Matic II 

Spectrometer SC-81, Tracerlab, Inc,), 

On the basis of the spectra, the I-131 activity was counted bet~veen 

0.310 and 0.430 Mev., and the Na-22 activity was counted from 0.470 to 

1.42 Mev. These energy intervals were selected to obtain high counts 

for both Na-22 and I-131 with least interference for each other. An 

analytical calculation of the I-131 activity and Na-22 activity is as 

follows: 

where: 

A310 = Ar + c1 ANa 

A470 = ANa + c2 Ar 

A310 =total activity between 0.310 and 0.430 Mev. 

Ar = activity due to I-131 

ANa = activity due to Na-22 

A470 total activity between 0.470 and 1.42 Mev. 

cl constant 

c2 = constant 

(4) 

(5) 



Solving equations (4) and (S), 

and 

ANa = (A470 - c2 A31o)/(l - cl c2) 

Ar= (A310 - cl A470)/(l - cl c2) 

Using known amounts of I-131 and Na-22, cl and c2 were empirically 

determined to be 0.13 and 0.16 respectively. Thus, 

ANa = 1-. 0 A470 - 0 .16 A310 

Ar = 1.0 A310 - 0.13 A470 

Therefore, by counting the activity of a sample between 0.31 and 0.42 

Mev and between 0.47 and 1.42 Mev, it is possible to calculate the 

amounts of Na-22 and I-131 in the sample. The standards and samples 

were all counted in 1-dram vials containing 2 ml of solution in each 

case. 

3. Sample collection techniques: 

Experiments were run with I-131 (as Nal in 0.1 N NaOH) and Na-22 

(as NaCl in 0.1 N NaOH) tracers placed in about 80 ml of filtered sea 

water. A typical run consisted of the following steps. 
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a. Approximately 14 µc I-131 and 15 µc Na-22 were mixed with 80 ml 

of filtered sea water in the vessel O. 

b. The various parts of the entire closed system were assembled. 

c. Bubbling in the vessel 0 was started, the vacuum pump was 

turned on, and the volume of pumped air entering at A was adjusted to 

maintain the system close to one atmosphere pressure. 

d. After an interval of about six hours, the bubbling and the 

pump were turned off. 
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e. The slides inside the cascade impactor were taken out. 

The sea salt particles collected on the slides were removed by washing 

each slide with 2 ml of distilled water in three portions. The solution 

was placed into a 1-dram glass vial for Na-22 and I-131 counting. A 

few drops (10 or 20) of the sea water in the vessel 0 was taken and made 

up to a volume of 2 ml. The Na-22 and I-131 activity of this sample was 

also counted. 

f. The activities of I-131 and Na-22 were calculated and the I/Na 

ratios in the different sized sea salt particles and the original sea 

water were compared. 

Experiments of this type were carried out with no UV light (the 

closed model was in darkness), with UV light shining upon the mini-ocean 

and above the chamber D. Triplicates were run for each type of experiment. 

This group of experiments was to study photochemical effects on iodine 

enrichment. 

The next group of experiments were concerned with the organic 

enrichment mechanism. In order to obtain organic material labelled 

with I-131 and with similar properties to the surface active organic 

films in the ocean, a diatom species known as phaeodactylum 

tricornutum was grown in the laboratory. This species was used because 

it is common in Hawaiian waters and a continuous culture of this species 

was available from the Marine Laboratory of the University of Hawaii at 

Coconut Island, Kaneohe, Hawaii. The instructions given at the Marine 

Laboratory for cultivating this species were as follows ·: 



1. Fill flask with 2.8 1 of filtered sea water. 

2. For best results use water aged in dark for one month. 

3. Add 0.56 cc chemistrep/2.8 1 H20 (antibiotics). 

4. Add 1 cc/liter Nutrient A and 1 cc/liter Nutrient B (2.8 cc/ 

2.8 liters of each). 

5. Recipe for nutrient A and nutrient B in Advances in Marine 

Biology, Vol. I, Lossanoff and Davis, 1963. Ferric sequestrene in 6.4 

gm disodiumtetraacetate (Na2EDTA)(A) and 3,6 gm ferric chloride 

(FeCl3)(B). 

6. Start culture with 5 cc of P, tricornutum from old culture. 
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Filter through 44 µ sieve first to remove sedimented ol_d algae. Can 

start new culture with more if a denser culture is wanted quickly, but 

the small amount leads to less contamination with bacteria and ciliates. 

Sedimentation indicates a heavy ciliate contamination. Throw away and 

start new culture. 

7. Be sure temperature is kept at l9°C ± l°C and fluorescent 

lights are on constantly. 

The instructions for growing the diatom culture were followed and 

I-131 (~l me) as sodium iodide was added to each liter of the finished 

culture solution. It was hoped that the diatom would consume the iodide 

as a nutrient and convert the iodide into organic iodine as a secretion 

or decomposition product of the dead diatoms later on. 

The culture solution became turbid about five days after the 

culture had been prepared--the growth seemed to peak in about ten days. 

After two weeks, the culture w~s filtered through a 47 mm 1 µ Type HA 

Millipore filter. The filtrate _was extracted with carbon tetrachloride, 
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chloroform, ethyl acetate and ether. The 1-131 activities extracted 

into the organic layers were negligible compared to the bulk sea water 

filtrate. It appeared that the 1-131 still existed as iodide and would 

not extract into the organic phases. However, the residue retained on 

the filter had a high I-131 activity. This residue was mainly the 

bodies of the diatoms, with possibly some other minor contaminating 

organisms. The high 1-131 activity probably meant that 1-131 either 

adsorbed strongly on the diatoms as iodide or the 1-131 was incorporated 

into the diatoms as organic iodine. A mass spectrum was run on this 

residue using a Hitachi-Perkin-Elmer RMU-6E mass spectrometer and the 

spectrum is shown in Fig. 9. The mass numbers of interest are the two 

pairs at 129-256 and 271-398. The mass number difference between each 

of these two pairs is exactly 127, the mass number of iodine. Should 

iodine just adsorb as iodide on the diatoms, the iodine peak would come 

out at 127, and a small peak is observed there. From the spectrum, it 

seems possible that some iodine was organically bound to some fragments 

of the diatom with mass number of 129 and 271 to give the peaks at 256 

and 398. However, this is not definite proof that iodine was 

organically bound, even though the possibility is high. 

The residue from the filter containing the possible organic 1-131 

was then treated several ways in an attempt to isolate some organic 

1-131. The residue was placed in a centrifuge tube and agitated with 

about 3 ml filtered sea water in an ultrasonic cleaner. The solution 

was then centrifuged. After centrifuging, there was a clear yellowish 

solution on top. A dark greenish particulate layer was below the clear 

solution and a grey particulate lay.er was at the bottom of the 
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centrifuge tube. All three sections--the clear yellowish solution 

(Solution A) and the two layers of particulate matter (Residue B)--had 

I-131 activity. Solution A contained approximately 10% of the total 

activity. Solution A was pipetted out and used to run experiments. The 

experiments performed using this solution are called sea water extract 

runs. The mass spectrum of Solution A was essentially the same as that 

of the residue (Fig. 9). Other portions of Solution A were further 

extracted with carbon tetrachloride . The carbon tetrachloride was 

evaporated, the residue from this evaporation (Residue A) was ground up 

and mixed with filtered sea water for experimentation. 

Residue B was used by mixing directly with filtered sea water. 

Other portions of Residue B were washed with ethanol. · Ethanol dissolved 

most of the green chlorophyll in the diatom. The portion of Residue B 

remaining was then extracted with filtered sea water and centrifuged. 

The supernatant, Solution B, was used for experiments. Iodine in these 

solutions may be similar to the organic iodine in sea water because the 

world ocean supports a large biomass whose life cycle might be similar 

to the diatom used in these experiments. 

An attempt was made to prepare some labelled 1-Iodooctodecane. 

This compound was used because organic surface active materials in sea 

water contained some long chain hydrocarbons (Garrett, 196 7 A). The 

method used was the following. About 1 mg .1-Iodooctadecane was 

dissolved in 5 ml acetone. Approximately 200 µc of I-131 as Nal was 

dissolved in 2 ml acetone. The two solutions were mixed together and 

were allowed to stand for a week. The solution was then extracted with 

carbon tetrachloride to obtain any labelled 1-Iodooctadecane formed by 
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exchange of organic iodine with radioactive I-131. 

An attempt was also made to attach some I-131 to serum protein. 

Ten ml of calf serum solution was mixed with about 200 µc I-131 as NaI. 

The serum was used because it contains numerous proteins and sea surface 

water is known to contain some proteinaceous materials (Garrett, 1967A). 

The solution was buffered at a pH about 4 with acetic acid and stood for 

a week. It was then extracted with carbon tetrachloride to obtain some 

organic I-131. After such treatments the material containing I-131 was 

mixed with roughly an equal activity of Na-22 in approximately 40 ml of 

NaCl solution (2.92 g NaCl/100 ml) to run the experiments. The NaCl 

solution might contain less organic material than sea water. 

One related experiment was done with I-131 tracer. An attempt was 

made to duplicate the results of Miyake (1963) concerning the 

evaporation of I-131 as I2 from sea water. The experimental set-up is 

shown in Fig. 10. Approximately 0 . 1 me of I-131 was added to 200 ml of 

sea water under red light only. Air was drawn over this solution in 

darkness for approximately 3 hours and the amount of I-131 activity 

trapped on the charcoal was counted, Similar runs were done with the 

UV lamp. There was no bubbling of the sea water in these experiments. 

A summary of all the radiotracer experiments is shown in Table II. 

B. Sea water and other experiments 

1. Model ocean-atmosphere and sample collection techniques: 

A larger closed ocean-atmosphere model for sea water and related 

solution experiments was built, The front view of this closed system 

is shown in Fig. 11. It is very similar to the system shown in Fig. 4 

for tracer experiments except the volume for the mini-ocean is much 
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larger. The vessel (O) for the mini-ocean is a Pyrex glass jar 30 cm in 

diameter and 30 cm high. It can hold approximately 19 liters of sea 

water. The sea water utilized for experiments was collected from 

Hawaiian waters, usually 3-10 miles off the coast of the island of Oahu, 

Experiments were run as soon as the sea water samples arrived at the 

laboratory. The sea water samples were fresh and should be 

representative of natural sea water with respect to the chemical state 

of iodine and biological activity. This large volume of sea water should 

provide us with a relatively unlimited amount of surface active organic 

film, which is removed from the water by bubbling. It was hoped that 

the large volume of sea water might also provide sufficient gaseous 

iodine to adsorb on sea salt particles. The volume of the chamber (D) 

is about 283 liters. This closed model was painted with white Lucite 

Enamel and coated with teflon spray (Fluoro-Glide manufactured by 

Chemplast, Inc.). The symbols in Fig. 11 have the same meaning as in 

Fig. 4 and have been explained previously. 

The experimental procedure was similar to that used for the tracer 

experiments. The duration of each run was approximately 10 to 12 hours. 

With this set-up, the cleaned and humidified laboratory air was sampled 

at intervals for 10 to 12 hours (this was done before runs 12, 16, 24, 

31, and 36): Experiments were run with sea water; filtered sea water; 

artificial sea water with iodide, with iodate, and with iodide and iodate; 

sea water with different iodoorganic compounds ~Tetraiodofluorescein, 

3,5-Diiodo-L-tyrosine, and Iodosobenzene). These organic compounds 

were used because they were surface active materials and might be 

similar to the organic materials found in sea water. In addition, 
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3,5-Diiodo-L-tyrosine has been found to be present in some marine 

microorganisms. Sea water with "diatom extract"; and filtered sea water 

with "diatom extract" was also used. The preparation of the "diatom 

extract" was discussed in the preparation of organic I-131 tracer 

previously. 

In order to determine whether natural iodine escapes from sea 

water under UV irradiation without involving artificial radioactive 

I-131 tracer, several experiments were performed with no bubbling in the 

ocean. The UV lamp was used over the sea water. No sea salt particles 

were collected on the impactor slides. The cha.rcoal in the charcoal 

trap (CH) was analyzed for gaseous iodine by neutron activation. 

Experiments were also run using the apparatus as shown in Fig. 10 for 

I-131 volatilization from unfiltered sea water. The volume of the 

unfiltered sea water was 200 ml. These experiments were done so that 

the results from the I-131 volatilization from sea water in the tracer 

experiments could be compared directly with iodine volatilization from 

sea water. The activated charcoal used and its preparation is discussed 

in Appendix B. A summary of the experiments analyzed by neutron 

activation is shown in Table XIII. 

Artificial sea water was prepared according to the formula given 

by Kester, et al. (1967). Reagent grade chemicals were used. The 

water used to make up the artificial sea water was relatively organic 

free. It was prepared by passing distilled wat~r through an organic 

removal Barnstead Cartridge twice. The samples collected in this group 

of experiments were analyzed by neutron activation for iodine and 

chlorine. 



The techniques used for sample handing and packaging are 

essentially the same as reported by Moyers (i970). All samples and 

standards were prepared and packaged in Honolulu and stored in a 

freezer until they were taken to the Rhode Island Nuclear Science 
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Center, Narragansett, Rhode Island, for analysis. For the charcoal 

samples, approximately 1.5 g of pre-cleaned charcoal were taken from 

the vacuum dessicator and were placed in the charcoal trap. After 

completion of sample collection, the charcoal was transferred to and 

heat sealed in a 2 dram polyethylene vial which had been previously 

cleaned in HN03 and distilled demineralized water. This vial, along 

with two chloride standards (flux monitors), was placed in a clean 4 

dram polyethylene vial, which was heat sealed and then stored in a 

freezer. Charcoal blanks were prepared periodically for the charcoal. 

The blanks were treated in exactly the same manner as were the samples. 

For the cascade impactor samples circular glass slides were used 

as impaction stages. The slides were cleaned in hot HN03 and washed 

with distilled demineralized H20 before use. The slides were loaded in 

the impactor in the laboratory. After the experiment the slides were 

removed and the samples on each slide were removed with 0.1 ml-0.2 ml 

of distilled demineralized H20. The solution was transferred to and 

heat sealed in a small clean polyethylene vial (made from 0.4 cm i.d. 

polyethylene tubing) which was then heat sealed along with two chloride 

standards in a clean 4 dram polyethylene vial and stored in a freezer. 

Chloride and iodide standards were prepared by dissolving an 

appropriate weight of dried potassium salt in distilled demineralized 

water to give solutions for Cl- and I- of 1,000 ppm and 200 ppm, 



respectively. Small polyethylene vials made from 0.4 cm i.d. 

polyethylene tubing were cleaned with HN03, distilled demineralized 

water, and rinsed with the standard which was to be packaged. One 

hundred to 200 µl of standard solution were heat sealed in each small 
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vial. ' 

2. Analytical techniques: 

All halogen samples were analyzed by thermal neutron activation 

analysis using the reactor facilities at the Rhode Island Nuclear 

Science Center, Narragansett, R.I. Neutron activation analysis is an 

extremely sensitive technique for the quantitative determination of 

chlorine . and iodine. The sensitivities of these elements are given by: 

w 

where 

w weight of halogen (grams) 

M = atomic weight of halogen 

D disintegration rate of radioactive species (dps) 

~ = thermal neutron flux (n cm-2 sec-1) 

a = halogen cross section for thermal neutron capture (cm2 ) 

A= Avogadro's number 

(6) 

F fractional abundance of halogen species undergoing neutron 

capture 

A = decay constant (min- 1) 

t irradiation time (min) 

The R.I.N.S.C. reactor has a thermal flux of approximately 

6 x 10 12 n cm..:. 2 s- 1 • The irradiation time for this work was 20 minutes, 
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and if it is assumed that the minimum activity which can be measured is 

10 dps, then the halogen sensitivities for this work, according to 

equation (6) are: 

Cl-38 23 x lo- 10 g (S, y, t 1; 2 = 37.3 minutes) 

I-128 = 1.3 x lo-IO g (S, y, t 1; 2 = 25 minutes) 

(Also listed above are the radioactive isotopes produced, the modes of 

decay and half-lives.) 

For the liquid samples (i.e., cascade impactor samples) the 

procedure used was that reported by Duce and Winchester (1965). The 

irradiation vial was opened immediately after irradiation and Cl and I 

were separated by using selective oxidizing and reduci.ng agents, 

solvent extraction, and precipitation as the silver salts. The purified 

halogens were then counted along with a chloride standard (or flux 

monitor) for gross beta activity on a low background, anticoincidence, 

gas flow proportional counter in conjunction with an automatic sample 

changer. 

For the charcoal samples, the procedure reported by Moyers (1970) 

was used. Immediately after irradiation the vial containing the 

charcoal was cut open and the charcoal was transferred to a hot solution 

of 5 ml 1 M NaOH containing 103 carrier (~gl equivalent of 50.00 mg) 

and one or two drops of 5% NaClO. The solution was allowed to digest 

I 
for 1 to 2 minutes on a hot plate; distilled H20 was added periodically 

to prevent the solution from boiling too vigorously. The flask was 

then removed from the hot plate and allowed to cool for 1-2 minutes. 

The solution was acidified to phenolpthalein with 16 M HN03, and while 



. 44 

still in the presence of the charcoal, the iodate was reduced to iodide 

with the dropwise addition of 0. 5 M Na2S205. · The solution was then 

filtered through a 24 nun Millipore Filter (Type HA) and made basic to 

phenolpthalein with 12 M NaOH. It is important to filter the solution 

while acidic. If the solution is basic, the Millipore Filter (Type HA) 

is saponified and, under these conditions the solution is filtered 

extremely slowly. The pH was then adjusted to 4 with the addition of 

approximately 2 ml of acetic acid and the solution was transferred to a 

separatory funnel containing 20 ml of CCl4, From this point, the 

procedure followed is similar to that described by Duce and Winchester 

(1965). 

The concentrations of halogens reported in this work generally 

have uncertainties of about ± 10%, The concentration uncertainties are 

the result of three separate uncertainties which are encountered in the 

course of collecting and analyzing the samples. These uncertainties 

are: 

1. Analytical error which includes transferring, pipetting~ and 

filtering of samples during sample analysis. 

2. Counting statistics error, which is equal to the square root 

of the .number of counts obtained for each sample. 

3. Blank correction error, which is the uncertainty of the blank 

correction which has to be made for each sample. 

Duce and Winchester (1965) reported that the analytical error in 

the procedure used for sample analysis for this work was about ± 4%. 

Some of the cascade impactor samples had lower counting rates and for 

these samples the counting uncertainty could be as high as 6-7%. 



Blank correction errors were variable (depending on the amount of 

sample collected), but generally were approximately 5%. 
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III. RESULTS 

A. Tracer experimertts 

The reproducibility of the scintillation counter is shown in Table 

I. N is the average of elemen 1-minute counts. Standard deviation of 

the distribution, ox, is given together with percentage uncertainty for 

each value of N. The range is from approximately 1% for a few 

thousand cpm to 20% for less than 100 cpm. The standard deviation of 

the counting rate of an individual sample is given by the following: 

o = ± IN 

where N is the number of observed counts for a sample and o is the 

standard deviation. The uncertainty of each individual counting 

decreases with increasing counting rate, being 10% for 100 cpm and 1% 

for 10,000 cpm. If we compare the reproducibility of .the scintillation 

counter given in Table I (let us use the I-131 counting rate) and the 

uncertainty of each individual sample counting based on o = ± IN , it 

can be seen that at high counting rate (e.g., 6,000 cpm) the uncertainty 

of the reproducibility of the scintillation counter is lower than the 

uncertainty of the sample counting rate (1.0% compared to 2.2%). On 

the other hand, the uncertainty of the reproducibility of the 

scintillation counter is higher at low counting rate (e.g., 131 cpm) 

than the uncertainty of the individual sample counting rate (12% 

compared to 8.8%). Thus, the uncertainties higher than 5% in the 

tracer experiments were calculated according to the uncertainties 

given in Table I. 
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A summary of the radiotracer experiments is given in Table II. 

The results of these experiments are given in Table III through Table 

XII. Unless stated otherwise, the uncertainties of all the data are: 

I-131 ±5% 

Na-22 ±5% 

I/Na ±7% 

En ±10% 

In Tables III to XI, A, B, C, D, E, and F refer to the six glass 

slides on which particles were deposited inside the impactor. Each 

slide (except A) collected particles with radii about half the radii of 

the particles collected by the preceding slide. Thus, slide B collected 

particles with 100% efficiency with radii of approximately 5 µ, slide C, 

about 2.5 µ, and so on until the last slide, F, which collected 

particles with radii about 0.3 µ. Slide A collected particles with 

radii 10 µ and above with 100% efficiency. T is the total activity for 

particulate I-131 or Na-22 on all the six glass slides. OB refers to 

the activity in the mini-ocean before the experiment and OA refers to 

the activity in the mini-ocean after the experiment. All the OA and OB 

values .were averages of duplicate samples. They contained either 10 to 

20 drops of the ocean solution. CH refers to iodine collected on the 

charcoal trap connected to the outlet of the impactor. En is the 

enrichment factor, define as the I/Na of the sea salt particles 

collected on a slide to the I/Na in the bulk mini-ocean solution. The 

I/Na for the bulk mini-ocean solution is the average of OB and OA. The 

Na-22 value in OA is often higher than OB. This is probably caused by 



evaporation since the volume of solution is small. 

Tables III to V are experiments run with I-131 as iodide with and 

without ultraviolet (UV) light. The results in these three Tables are 

very similar. Table VI to Table XI are primarily experiments run with 

organic I-131 with occasional UV light. 
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Table III shows the results of the triplicate trials for 

experiments run in the dark. It can be seen that both Na-22 and I-131 

follow the same general trend. Their activities increased from slide A 

to a maximum near slides C and D and then fall off on slides E and F. 

There is no enrichment from slide A to slide D, with only a slight 

enrichment for slides E and F. Moreover, a deficiency of iodine is 

found for slides A to D on all these three samples. The deficiency is 

also evident in the total activities of all the slides, i.e., the total 

I/Na is less than the sea water value, The gaseous I-131 collected on 

the charcoal, CH, does not cover this deficiency. This implies that 

either some gaseous I-131 (about 30%) is lost, possibly by adsorption 

somewhere inside the closed model, or the sea salt particles were 

already deficient in I-131 when they were ejected into the air. This 

is also true in sample set 2 in Table IV and sample set 3 in Table V 

below. 

Table IV shows the results from a si~ilar set of triplicate trials 

with the.UV lamp over the mini-ocean. The enrichments on the various 

slides are very similar to the runs in the dark above. The total 

activity of I-131 indicates about a 50% deficiency. The activity of 

I-131 on the charcoal in the charcoal trap, however, is higher than 

experiments run in darkness. 



Table V shows the results from trials with the UV lamp shining 

over the atmosphere chamber D. They are very similar to the trials 

with the UV lamp over the mini-ocean. There is also an overall 

deficiency of I-131 for these samples. 
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Table VI shows the results of nine trials with sea water extracted 

organic I-131 from diatoms (solution A). For runs 4-1 to 4-7, there is 

always some iodine enrichment. The I/Na for OB is higher than OA in 

each run. This means I-131 was transferred from the ocean solution into 

the atmosphere more efficiently than Na-22. This is reasonable since 

the enrichment factor, En, is greater than 1 for all trials. Generally, 

En values for slide A to slide E range from about 5 to 80 (4-1, 4-2, 

4-3); 3 to 35 (4-4, 4-5); and 1 to 10 (4-6, 4-7). The reason for these 

differences may be two fold. First, the specific activity of the 

organic compound containing I-131 is important. If a limited amount of 

organic material is associated with a fixed amount of atmospheric sea 

salt, the enrichment factor En would have a higher value for organic 

material with higher specific activity of I-131. The amount of organic 

material added each time in the various experiments is not known. It 

should be proportional to the fertility of the diatom culture. Second, 

the amount of I-131 as iodide in the ocean solution was not known. 

Since iodide tends to lower the enrichment factor En, the lower values 

for En might be due to the presence of larger amount of I-131 as 

iodide. Runs 4-2A and 4.-2B were made to find out how the enrichment 

factor behaves on decreasing the amount of organic I-131 in the ocean 

solution. The ocean solution in run 4-2A was the remaining solution 

from run 4-2, and the ocean solution in run 4-2B was that remaining 
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from run 4-2A. The enrichment factor En dropped from 5-85 for run 4-2 

to 1-5 for run 4-2A to essentially no enrichment for run 4-2B. This 

pattern would be expected if the organic I-131 was carried away in major 

part by bubbling in run 4-2 causing the high enrichment. The I-131 in 

run 4-2B was probably predominantly iodide and hence there was little or 

no enrichment. However, gaseous I-131 collected on the charcoal CH 

from all nine trials was very low. Runs 4-2 and 4-2A were done with UV 

light on, but the gaseous I-131 activity on the charcoal was not higher 

than the other similar experiments run in darkness. Thus, the 

enrichment factor En appeared to depend directly on the amount of 

organic I-131. There is also a consistent trend for smaller particles 

to have higher En values. While the En values are somewhat lower, this 

follows the same pattern as actual atmospheric samples collected over 

the ocean in Hawaii (Duce, et al., 1967). 

Table VII shows the results of experiments using ·carbon 

tetrachloride extracted I-131 from solution (A). The carbon 

tetrachloride was evaporated, the residue from this evaporation (residue 

A) was ground up and mixed with filtered sea water for experimentation. 

The enrichment factor, En, from these runs ranges from about 2 to 40 

for slide A to slide E. 

Table VIII shows the results of experiments with I-131 extracted 

by filtered sea water from dead diatoms which were washed with ethanol 

to remove the green chlorophyll in the diatom (solution B). The 

enrichment factor for these runs ranges from 3 to 30 for slides A to E, 

Table IX shows the results of experiments with 1-Iodooctadecane 

and calf serum treated with I-131 as iodide. Run 7-1 was the run with 



1-Iodooctadecane. This organic compound was rather insoluble and did 

not mix with sea water. The solution was shaken up . in an ultrasonic 

cleaner and was very turbid. The solution became rather clear after 

bubbling the surface active organic material undoubtedly being carried 

away by bubbling. En is about 3 for slide B to 20 for slide D. Run 

7-2 was with calf serum. This run had a great number of large bubble 

clusters on the mini-ocean surface. Again, the enrichment is about 3 

for slide B to about 6 for slide D, 

Table X shows the results from the particulate I-131 (residue B) 

and unfiltered diatom culture solution. Run 8 is an experiment with 

the particulate diatom residue (residue B) shaken up with filtered sea 

water. From the I/Na values of OB and OA, the particulate diatoms are 

apparently carried. away efficiently, but enrichments are rather low, 

These low values may be due to the very fast removal of the organic 

io.<line followed by addition of more hon-enriched sea salt particles, 

This addition of Na-22 would lower the En values, Run 9 was simply 

unfiltered diatom culture. This culture solution contained a large 

amount of 1-131 as iodide as mentioned under the Experimental section, 

The results were similar to runs with plain .I-131 as iodide in sea 

water. · 

For essentially all the runs made with organically bound iodine 

present in the sea water, the enrichment factor either remains 

relatively constant or decreases from slide A to slide B and then 

increases with decreasing particle size, The significance of this 

will be discussed later. 
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Table XI shows the results of experiments in which the ocean 

contained both I-131 as iodide and some organic diatom solution 

containing non-radioactive organic iodine. The purpose of these runs 

was to find out whether the iodide I-131 could be removed from the 

mother solution along with organic material. The organic material 

carried off from the ocean solution was not labelled with I-131 and 

thus would not show any enrichment of I-131 iodJne. All the En values 
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in these experiments were less than one, indicating that large quantities 

of 1-131 were not removed from the ocean surface with the organic 

iodine. 

Table XII shows the results of studies of volatilization of I-131 

from sea water. It can be seen that if I-131 is present as iodide in 

sea water, gaseous iodine can escape from the solution, especially if 

the solution is irradiated with UV light. The escaped iodine shows an 

average activity of 7,550 cpm/3 hr under darkness. The escape rate 

increased to 19,048 cpm/3 hr under UV light. 

B. Sea water and other experiments 

A summary of the laboratory experiments in which the collected 

samples were analyzed by neutron activation analysis is given in Table 

XIII. The blanks for distilled demineralized water used to remove the 

sea salt particles from the glass slides and the charcoal blanks are 

shown in Table XIV. The distilled demineralized water has an average 

of 2.2 ± 0.6 ng I/ml and 220 ± 120 ng Cl/ml. The charcoal has an 

average of 4.2 ± 1.8 ng I/g charcoal. The iodine content of the 

cleaned and humidified laboratory inlet air is shown in Table XV. 

Except for run 36A, the average iodine content of inlet air is 



0.38 ± 0,4 ng/hr (about 0,5 ng/m3). For a sampling period of 10 to 12 

hours, the gaseous iodine contribution from the inlet air would be 
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about the same as the charcoal blank (about 5 ng). All values given for 

CH in the subsequent tables have been corrected for the air and charcoal 

contributions, Runs 36A had 4.7 ng I/hr and is a contaminated sample 

which will be discussed later. The results of the experiments in this 

· section are given in Tables XVI to XXV. Unless stated otherwise, the 

overall uncertainties (error estimation was discussed in the 

Experimental Section) of all the data (except OB and OA of the mini

ocean solution and the runs with artificial sea water shown in Table 

XXIII) are: 

I 

Cl 

I/Cl 

±10% 

±10% 

±14% 

±25% 

The overall uncertainties of the number for the mini-ocean solution 

(sea water and other solutions) are higher than the samples. This is 

because the sea water contained a large amount of Cl and a small amount 

of I (I/Cl= 3xlo-6). The large amount of Cl caused the separation and 

isolation of I to be more susceptible to contamination, In addition, a 

dilution of the samples for the Cl analysis is necessary in the neutron 

activation method increasing the uncertainty further. The overall 

uncertainties of the data for the mitroocean solutions are: 



•• 

I 

Cl 

I/Cl 

±15% 

±15% 

±21% 
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The overall uncertainty of the data for runs with artificial sea water 

is high because the iodine concentration is low. The uncertainties are: 

I 

Cl 

I/Cl 

±20% 

±10% 

±22% 

±30% 

Table XVI presents the results of the experiments with unfiltered 

sea water in the dark. The enrichment factor decreases from slide A to 

slide B and then increases from slide B to slide F as the particle size 

decreases. The total enrichment is 14 in run 10 and 7.3 in run 14. 

The gaseous iodine collected on the charcoal is higher than the total 

particulate iodine, being about 2.5 times higher in run 10 and about 

4.5 times higher in run 14. This gaseous iodine must come from either 

the 19 liters of sea water or from the sea salt particles generated by 

the breaking bubbles. 

Table XVII shows the results of the experiments with unfiltered 

sea water under UV light. The enrichments follow the same pattern as 

those in Table XVI. The total enrichment is about 4 and is lower than 

runs in darkness. The gaseous iodine on the charcoal is about 10-12 

times the particulate iodine, at least double the gaseous to 

particulate iodine ratio found in the dark (Table XVI). 
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Table XVIII shows the results from experiments with unfiltered sea 

water and non-radioactive diatom extract as discussed under the 

Experimental Section. Equal volume (20 ml) of diatom solution was added 

to both run 18 and run 19. Run 18 was in darkness and run 19 was done 

under UV. In both runs, the enrichment is very similar, decreasing from 

slide A to slide C, and then increasing to slide F. The gaseous iodine 

is about 8 times the total particulate iodine in run 18 in the dark and 

about 16 times the particulate iodine in run 19 when the experiment was 

run with UV light. 

Table XIX shows the results of experiments with filtered sea water 

and diatom extract. Run 21 was made with no UV and run 23 was under UV 

light. The results are similar to the unfiltered sea water and diatom 

extract experiments. En decreases from slide A to slide C and then 

increases to slide F. The gaseous iodine is about 9 times higher than 

the total particulate iodine in run 21 and is about 20 times higher in 

run 23 when the UV lamp was on, 

Table XX shows the results from experiments using only filtered 

sea water and no UV light. The results are similar to those found 

when using unfiltered sea water. The enrichment drops from slide A to 

B and then increases slowly from slide B to slide F. The total 

enrichment is approximately 11 and the gaseous iodine is about 3 times 

higher than the total particulate iodine. 

Table XXI shows the results from filtered ~ea water runs under UV 

light. The same general enrichment pattern is observed. The gaseous 

iodine is about 14 times the total particulate iodine in run 15 and is 

5.5 times in run 22. Again, the gaseous iodine collected on the 



charcoal is higher when the UV light is on than in similar experiments 

with no UV light. 
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Table XXII shows the results of experiments with sea water and 

iodoorganic compounds and no UV light, Run 33 contained 1.6 mg 

Tetraiodofluorescein; run 34 contained 2.9 mg 3,5-Diiodo-L-tyrosine; 

and run 35 contained 2.9 mg Iodosobenzene. In run 33, the enrichment 

factor drops from 61 for slide A to 10 for slide C and then increases 

to 32 for slide F. The overall enrichment is 17. The gaseous iodine 

is about 2.5 times the total particulate iodine. In run 34, the 

enrichment drops from 33 for slide A to 3.6 for slide C and then 

increased to 23 for slide F. The total enrichment is 7. The gaseous 

iodine is about 6 times the total particulate iodine. · In run 35, the 

enrichment factor drops from 70 for slide A to 8 for slide C and then 

increases to 52 for slide F. The total enrichment is 16. The gaseous 

iodine is about 2,000 times higher than the total particulate iodine. 

It appeared that the iodosobenzene decomposed either in sea water or in 

the air resulting in the large quantity of gaseous iodine collected on 

the charcoal. Run 36 A was a sample of inlet air and was run after 

run 35. It contained 4.7 ng I/hr (compared to previous average 0.38 

ng I/hr) as shown in Table XV. Thus, it is certain that the closed 

model was contaminated by gaseous iodine from run 35 on, 

Table XXIII shows the results of the experiments with runs with 

approximately 19 liters of artificial sea water. Run 36 contained 

1 mg KI with no UV and run 37 contained 1 mg KI with UV. Run 38 

contained 1.3 mg NaI03 with no UV and run 39 contained 1.3 mg NaI03 

with UV. Run 40 contained 1 mg KI and 1 mg NaI03 with no UV and run 



41 contained 1 mg KI and 1 mg NaI03 with UV. The particulate iodine 

concentrations on practically all the samples are very low. All the 

gaseous iodine measurements were contaminated due to run 35. The 

enrichments are quite low compared to previous experiments. Moreover, 

the uncertainty of these samples is high because of the low iodine 

concentration. 
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!able XXIV and Table XXV present the results of the studies on the 

volatilization of iodine from sea water without bubbling. In Table 

XXIV, the results of four trials using model ocean-atmosphere show that 

a small amount (about 10 ng) of iodine comes off in a period of 10 to 

13 hours from 19 liters of sea water. Since sea water contains about 

60 µg I/i total iodine with about half being iodide (Barkley and 

Thompson, 1960), the sea water should contain approximately 570 µg 

iodine as iodide. The presence or absence of UV light does not appear 

to affect such volatilization at all, The gaseoui iodine apparently 

volatilizes at a comparable rate whether under darkness or with the UV 

lamp shining on the sea water. In Table XXV, the results of three 

trials using the apparatus shown in Fig. 10 .for I-131 volatilization 

study indicate again that very small amount of gaseous iodine (less 

than 1-2 ng/3 hr) volatilizes both in darkness and under UV light. 

The gaseous iodine collected per unit time (CH/Time) in the 

experiments are shown in Tables XVI to XXII and in Table XXIV. From 

the results in Table XVI to XXI, the amount of gaseous iodine collected 

per unit time is higher by a factor of 1.5 to 2 for experiments with 

UV light. This can be seen by comparing the (CH/Time) values in Table 

XVI to Table XVII, run 18 to run 19 in Table XVIII, run 21 to run 23 



in Table XIX, and Table XX to Table XXI. Table XXII shows the results 

of experiments with iodoorganic compounds, No UV light was used in 

these experiments. Run 35 produced a large (CH/Time) value, This is 

most likely from the decomposition of iodosobenz ene as mentioned 

previously. As mentioned above and as seen in Table XXIV, when there 

is no bubbling in unfiltered sea water, the (CH/Time) values do not 

seem to be affected by UV light at all. 
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The results from Table XVI to Table XXII also show that sea salt 

particles are generally enriched when they are ejected into the air by 

bursting bubbles. The overall enrichment of the sea salt particles 

seem to have an inverse relationship with the gaseous iodine component 

collected on charcoal. When the UV light was on, the gaseous component 

was higher and the overall enrichment on the sea salt particles was 

lower by about a factor of 2 than similar experiments run without UV 

light. This observation indicates that gaseous iodine comes off the 

sea salt particles. This escape is accelerated in the presence of UV 

light, 

Experiments with sea water containing diatom solution or 

iodoorganic compounds give a similar particulate iodine enrichment 

pattern. The enrichment values drop from slide A to slide C and then 

increase from slide C to slide F. There is always a minimum on slide 

C. This can be seen clearly in Tables XVIII, XIX, and XXII. The 

solutions in the mini-ocean in these experiment~ contained a 

relatively large amount of organic iodine compared to other 

experiments, Other regular unfiltered and filtered sea water 

experiments show a similar enrichment pattern with a minimum in most 



of thes~ cases at slide B. In general, En drops from ~lide A to slide 

B and then increases from slide B to slide f. This can be seen in 

Tables XVI, XVII, XX, and XX!. As mentioned previously, a similar 

pattern of enrichment factor change with particle size was observed in 

the tracer experiments utilizing organic iodine. 
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The appearance of ·the minimum enrichment perhaps can be explained 

in the following manner. The production of jet droplets and the 

production of film droplets by bursting bubbles were discussed in 

detail in the Introduction. As mentioned previously, the largest sea 

salt particles are generally the jet droplets and the smaller particles 

may be the film droplets. Mason (1954) indicated that film droplets 

are organic rich particles because they originate from the bubble film 

which may be covered by a monolayer of organic surface active material. 

Blanchard (1963) showed that the removal or organic surf ace film 

by jet droplets was a function of bubble size. The top jet droplets 

from bubbles less than about 1,000 µ diameter did not carry any 

measurable organic film from a water surface covered with organic film. 

The top droplet from a 1,300 µ bubble, however, was found to carry film 

material. The amount of film carried by this droplet was 5% of the 

droplet surface area. As the bubble diameter increases, the amount of 

film material carried by the jet droplet increases rapidly. The film 

carried by the jet .droplet reached 200% of the droplet area at a bubble 

diameter of 3,000 µ, Blanchard (1963) interpreted the 200% to mean the 

surface film was able to concentrate itself on the top droplet to the 

point of being wrapped twice around the droplet. 
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The surface area per unit volume of sea salt particles (or per 

unit mass of sea salt particles if density is assumed to be constant) 

increases as the radii of the sea salt particles decrease. The diameter 

of a jet droplet is about 10% of the diameter of the bubble which 

produces the jet droplet (Blanchard and Woodcock, 1957). The diameters 

of the top jet droplets from bubbles of 3,000 µ and 1,300 µ diameters 

are 300 µ and 130 µ respectively. The surface area of a 300 µ diameter 

droplet per unit volume is smaller than the surface area of a 130 µ 

diameter droplet per unit volume by a factor of 2.3 (300/130). However, 

the surface area percent of organic material carried by the 300 µ 

diameter droplet (from the 3,000 µ diameter bubble) is greater than the 

surface area percent of organic material carried by the 130 µ diameter 

droplet (from the 1,300 µdiameter bubble) by a factor of 40 (200%/5%). 

Therefore, the amount of organic material carried by the 300 µ diameter 

particle per unit volume is higher than the amount of organic material 

carried by the 130 µ particle per unit volume by a factor of 17 

(40/2.3). In other words, the amount of organic material per unit 

volume carried by the largest jet droplets apparently decreases as the 

radii of the jet droplets decrease. Blanchard (1963) showed this 

relation only for jet droplets from bubbles with diameters between 

1,300 and 3,000 µ. However, the same relationship may be true for jet 

droplets from bubbles with diameters less than 1,300 µ. The smaller 

jet droplets from the smaller bubbles might have carried too small an 

amount of organic material for Blanchard to detect visually. In any 

event, there is evidence that the top jet droplets carried more and 

more organic surface film per unit volume as their radii increase. 
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On the other hand, the organic rich film droplets mentioned 

previously may carry an increasing amount of organic material per unit 

volume as their radii decrease, This will occur if the film droplets 

are covered with a monolayer of organic material because the surface 

area per unit volume of the particles increases as their radii decrease, 

Thus, for a mixed population of jet droplets and film droplets, the 

amount of organic material per unit volume on the large end of the 

droplet size spectrum should decrease as the droplet radii decrease 

since the large droplets are predominantly jet droplets. This decrease 

of organic material per unit volume should reach a minimum at some 

particle size and then increase as the droplet radii continue to 

decrease to the small end of the droplet size spectrum since the 

smaller droplets are primarily film droplets. 

The sea salt particles studied in this laboratory model consisted 

of both jet droplets and film droplets because the bubbles generated 

ranged from about 50-1,000 µdiameter (see Experimental), Therefore, 

the amount of organic material per unit volume carried by these sea 

salt particles should decrease to a minimum at some particle size and 

then increase, If the organic material is enriched in iodine, the I/Cl 

on the sea salt particles should be increased, The iodine enrichment 

would then be -expected to show a minimum corresponding to the minimum 

amount of organic material per unit volume • . The I/Cl on sea salt 

particles from the laboratory model experiments shows a minimum either 

at slide B or slide C as mentioned previously. 

For the tracer experiments, the activities of I-131 and Na-22 

increase from slide A to slide C or slide D and then drop off from 
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slide C or slide D to slide F. The I-131/Na-22 values generally 

decrease from slide A to slide B and then increase from slide B to 

slide F for those experiments when enrichments of the I/Cl were 

observed. Similar results were obtained for experiments with sea water 

or other solutions analyzed by neutron activation. Fig. 12 compares 

the results of a tracer experiment (run 4-1), sea water experiment (run 

17), and the analysis of a representative marine atmospheric sample from 

Hawaii (Sample C2 from Moyers, 1970), In Fig. 12, (1) refers to the 

atmospheric sample, (2) refers to the tracer experiment, and (3) refers 

to the sea water experiment. It can be seen that the general shape of 

the mass vs particle size curves for iodine and chlorine (or cpm vs 

particle size curves for I-131 and Na-22) are very similar to the 

concentration vs particle size curves for the atmospheric sample. Fig. 

13 presents the I/Cl (or I-131/Na-22) for the results shown in Fig. 12, 

In Fig. 13, (lR) is the I/Cl for (1), (2R) is the I-131/Na-22 for (2), 

and (3R) is the I/Cl for (3). It can be seen that the I/Cl (or 1-131/ 

Na-22) vs particle size curves in the laboratory experiments and the 

actual atmospheric sample have similar shapes, The I/Cl drops from 

slide A to a minimum on slide B (or C) and then increases to slide F. 

The similarities in the shapes of the laboratory experiment curves and 

the actual atmospheric sample curves shown in Figures 12 and 13 indicate 

that the laboratory model is duplicating the environment rather well. 



TABLE I. 

I-131 

N O"x 

8920 ±86 

5972 ±60 

2683 ±63 

894 ±29 

504 ±18 

218 ±14 

131 ±16 

49 ±9.7 

- -

REPRODUCIBILITY OF THE GAMMA SCINTILLATION 
COUNTER FOR I-131 AND Na-22 SAMPLES 

Na-22 

% N crx -
±1.0 5422 ±75 

±1.0 3602 ±96 

±2.2 1846 ±56 

±3.3 852 ±31 

±3.6 502 ±22 

±6.6 286 ±23 

±12 142 ±22 

±20 69 ±16 

% . 

±1.4 

±2.7 

±3.1 

±3.6 

±4.4 

±8.3 

±15 

±22 
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TABLE II • . SUMMARY OF RADIOTRACER EXPERIMENTS 

R.H. Time 
Run No. Nature of ocean solution UV over ocean (%) interval 

(hr) 

-1-1 Filtered sea water + Na-22 + I-131 as I no "u 7 4 6 
1-2 Filtered sea water + Na-22 + I-131 as I- no rv73 6 
1-3 Filtered sea water + Na-22 + I-131 as I- no rv75 6 

2-1 Filtered sea water + Na-22 + I-131 as r- yes "u 74 6 
2-2 Filtered sea water + Na-22 + I-131 as r- yes rv76 6 
2-3 Filtered sea water + Na-22 + I-131 as I- yes rv75 6 

3-1 Filtered sea water + Na-22 + I-131 as I- yes (over atmosphere) · rv73 6 
3-2 Filtered sea water + Na-22 + I-131 as r- yes (over atmosphere) rv74 6 
3-3 Filtered sea water + Na-22 + I-131 as r- yes (over atmosphere) "u 74 6 

4-1 Filtered sea water + Na-22 + organic I-131 (Solution A) no rv74 3 
4-2 Filtered sea water + Na-22 + organic I-131 (Solution A) ye_s "u 74 3 
4-2A Remaining solution from 4-2 + filtered sea water yes "u 7 5 3 
4-2B Remaining solution from 4-2A + filtered sea water no rv73 3 
4-3 Filtered sea water + Na-22 + organic I-131 (Solution A) no "u 7 4 3 
4-4 Filtered sea water + Na-22 + organic I-131 (Solution A) no "u 75 1.5 
4-5 Filtered sea water + Na-22 + organic I-131 (Solution A) no rv73 4 
4-6 Filtered sea water + Na-22 + organic I-131 (Solution A) no "u 74 3 
4-7 Filtered sea water + Na-22 + organic I-131 (Solution A) no rv75 4 

5-1 Filtered sea water + Na-22 + organic I-131 (Residue A) no "u 7 4 6 
5-2 Filtered sea water + Na-22 + organic I-131 (Residue A) no "u 75 3 
5-3 Filtered sea water + Na-22 + organic I-131 (Residue A) no rv73 2 

6-1 Filtered sea water + Na-22 + organic I-131 (Solution B) no "u 7 4 4.5 
6-2 Filtered sea water + Na-22 + organic I-131 (Solution B) no "u 73 7.5 

°' .p. 



TABLE II. (Continued) SUMMARY OF RADIOTRACER EXPERIMENTS 

Run No. Nature of ocean solution UV over ocean 

7-1 Filtered sea water + Na-22 + organic I-131 (1-Iodooctadecane) no 
7-2 NaCl solution (3%) + Na-22 + organic I-131 (Calf serum) no 

8 Filtered sea water + Na-22 + organic I-131 (Residue B) ·no 
9 Filtered sea water + Na-22 + I-131 (Unfiltered diatom culture) yes 

10-1 Filtered sea water + Na-22 + I-131 as I- + 1 ml diatom solution no 
10-2 Filtered sea water + Na-22 + I-131 as r- + 1 ml diatom solution no 
10-3. Filtered sea water + Na-22 + I-131 as r- + 2 ml diatom solution no . 
11-1 Volatilization of I-131 from sea water -
11-2 Volatilization of I-131 from sea water -
11-3 Volatilization of I-131 from sea water -

R.H. 
(%) 

74 
74 

75 
74 

75 
74 
75 

-
-
-

Time 
interval 

(hr) 

5 
4 

6 
10 

2 
2.5 
4 

3 
3 
3 

°' \J1 
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TABLE III. RUNS CONTAINING Na-22 AND I-131 MIXTURES 

Nature of Solution: 80 ml filtered sea water 
I . + Na-22 + I-131 as r-

Time Interval: 6 hr 

Slide No. and Run No. I-131 Na-22 I/Na En 
related guantity (cpm) (cpm) 

Run 1-1 
A 167±17 359±18 • 46 ±. 05 .60±.07 
B 1011 2500 .40 .52 
c 5821 15143 .38 .49 
D 5159 10590 .49 .64 
E 1135 1022 1.1 1.4 
F 106 ±15 40 ±10 2.6±.7 3.4±1.0 
T 13399 29654 .45 .59 
OB 9078 11700 .78 
OA 9041 11900 .76 
CH 1339 

Run 1-2 
A 175±18 332±17 .53±.06 • 72±.09 
B 1220 2710 .45 .61 
c 5891 17902 • 33 .45 
D 5436 10408 .52 • 70 
E 1245 1273 • 97 1. 3 
F 116±16 48±12 2.4±.66 3.2±.90 
T 14083 32673 .43 .58 
OB 9641 12947 • 75 
OA 9432 12800 .74 
CH 1096 

Run 1-3 
A 115±16 256±20 .45±.07 .63±.10 
B 950 2212 • 43 .60 
c 6021 16738 • 36 .51 
D 5314 9005 .59 .82 
E 1420 1975 • 72 1.0 
F 98±16 32±10 3.1±1.0 4. 3±1. 5 
T 13913 30218 .46 .64 
OB 10660 14620 .73 
OA 10540 15060 • 70 
CH 1247 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as follows: 

1-131 ±5% 
Na-22 ±5% 
I/Na ±7% 
En -±10% 



67 

TABLE IV. RUNS CONTAINING Na-22 AND I-131 HIXTURES WITH UV OVER THE OCEAN 

Nature of Solution: 80 ml filtered sea water 
+ Na-22 + I-131 as I-

a Time Interval: 6 hr 

Slide No. and Run No. I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

Run 2-1 
A 94±13 305±15 .31±.05 .46±.07 
B 530 2534 .21 .31 
c .3044 11823 .26 .38 
D 2245 7077 .32 .47 
E 328 682 .48 • 71 
F 225±15 150±22 1.5±.24 2.2±.37 
T 6466 22571 .29 • 42 
OB 12368 17715 • 70 
OA 12600 18388 .67 
CH 3640 

Run 2-2 
A 94±13 2 74±23 • 34±. 06 .56±.10 
B 572 2877 .20 • 32 
c 2876 11636 .25 .40 
D 2824 7854 • 36 .58 
E 562 674 • 83 1. 3 
F 22±5.5 11±3.3 2.0±.78 3.2±1.2 
T 6950 23326 • 30 .49 
OB 12420 20055 .62 
OA 12655 21030 .60 
CH 5870 

Run 2-3 
A 90±13 301±16 • 30±.04 .50±.08 
B 582 2903 .20 • 33 
c 4497 17889 .25 .42 
D 4152 11417 • 36 .60 
E 708 838 • 85 1.4 
F 34±8.5 20±6.0 1. 7±.66 2.8±1.l 
T 10063 33368 .30 .50 
OB 14489 23841 .61 
OA 13487 23238 .59 
CH 4801 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as follows: 

I-131 ±5% 
Na-22 ±5% 
I/Na ±7% 
En ±10% 

/ 



~ 68 

TABLE V. RUNS CONTAINING Na-22 Al'l'D I-131 MIXTURES WITH 
UV OVER ATMOSPHERE CHAMBER 

Nature of Solution: 80 ml filtered sea water 

• + Na-22 + I-131 as I-
Time Interval: 6 hr 

Slide No. and Run No. I-131 Na-22 I/Na En 
Related Quantity (cpm) (cpm) 

, . Run 3-1 
A 142±17 489±22 .29±.04 .46±.06 
B 534 3562 .15 .24 
c 2567 1~683 .22 .34 
D 2143 6489 • 33 .51 
E 26 7±15 580±23 • 46±. 03 • 72±.06 
F 21±5 13±4 1.6±.62 2.5±.98 
T 5674 28490 .17 .26 
OB 13562 20850 .65 
OA 13721 22095 .62 
CH 4785 

Run 3-2 
A 148±18 475±21 .32±.04 .50±.07 
B 698 3492 .20 • 32 
c 2672 9879 .27 .43 
D 1972 6574 • 30 .47 
E 285±16 496±22 .57±.04 .91±.08 
F 27±7 22±7 1. 2±. 46 1.9±.75 
T 5802 20938 .28 .44 
OB 14065 21975 .64 
OA 13692 22098 .62 
CH 4502 

Run 3-3 
A 99±14 398±20 .25±.04 .40±.06 
B 370 3162 .18 .29 
c 2862 12980 .22 • 35 
D 2041 5513 .37 .60 
E 268±16 526±21 .51±.03 • 82±.07 
F 25±6 12±4 2.0±.78 3.2±1.3 
T 2665 22591 .25 .40 
OB 13604 21978 .62 
OA 13408 22064 .61 
CH 4008 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as follows: 

I-131 ±5% 
. Na-22 .. ±5% 
I/Na ±7% 
En ±10% 
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TABLE VI. RUNS CONTAINING Na-22 AND SEA WATER EXTRACTED 
ORGANIC I""."131 (SOLUTION A) 

Run 4-1 
Nature of Solution: rv35 ml filtered sea water + Na-22 + organic 

I-131 (Solution A) 
Time Interval: 3 hr 

Slide No, and I-131 Na-22 I/Na En , related quantity (cpm) (cpm) 

A 19.9±20 38±11 5.2±1.6 8.4±2.7 
B 847±28 228±20 3.7±.35 6,0±.64 
c 3200 477 6.7 11 
D 3353 158±24 21±3. 2 34±5. 4 
E 522±19 10±3 52±16 84±26 
F 
T 8121 912 8.9 14 
OB 5319 6726 • 79 
OA 4206 9263 • 46 
CH 57±12 

Run 4-2 
Nature of Solution: 'V35 ml filtered sea water + Na-22 + organic 

I-131 (Solution A) UV 
Time Interval: 3 hr 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

A 280±17 87±16 3.2±.6 4.7±.92 
B 1476 415 3.6 5,2 
c 4712 777 6.1 8.8 
D 4258±43 287±24 15±1. 2 22±5.9 
E 610±21 10±3 61±18 88±27 
F 
T 11336 1576 7.2 10 
OB 4712 5336 .88 
OA 3844 7652 .so 
CH 55±11 



, 

. 70 

TABLE VI. (Continued) RUNS CONTAINING Na-22 AND SEA WATER 
EXTRACTED ORGAN IC I-131 (SOLUTION A) 

Run 4-2A 
Nature of Solution: Remaining solution from 4-2 + 5 ml filtered 

sea water, IV 
Time Interval: 3 hr 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

A 114±15 209 ±21 .54±.09 1.2±.20 
B 407 752 • Sl1 1.2 
c 1136 1355 • 84 1.9 
D 697 557 1.2 2.8 
E 88±14 37±9 2.4±.71 5. 3±1.6 
F 
T 2442 2910 • 84 1.9 
OB 2891 6026 .48 
OA 2414 5805 • 42 
CH 49 ±10 

Run 4-2B 
Nature of Solutio.n: Remaining solution from 4-2A + 8 ml filtered 

sea water 
Time Interval: 3 hr 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cprn) (cpm) 

A 32±8 100±16 .32±.09 .78±.23 
B 162±11 403±20 • 40±. 03 • 98±.10 
c 347 829 .42 1.0 
D 156±16 318±25 .49±.06 1.2±.16 
E 11±3 10±3 1.1±.47 2.7±1.2 
F 
T 708 1660 .43 1.0 
OB 2248 5436 .41 
OA 2850 6904 .41 
CH 48±10 



TABLE VI. (Continued) RUNS CONTAINING Na-22 AND SEA WATER 
EXTRACTED ORGANIC I-131 (SOLUTION A) 

Run 4-3 
Nature of Solution: r\,35 ml filtered sea water + Na-22 + organic 

I-131 (Solution A) 
Time Interval: 3 hr 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

A 79±13 91±14 • 87±.19 3.1±. 72 
B 443 631 • 70 2.5 
c 1531 1764 .87 3.1 
D 1391 641 2.2 7.8 
E 208±14 10±3 21±6. 4 74±23 
F 
T 3652 3137 1. 2 4.2 
OB 1705 4708 • 36 
OA 1214 5640 .21 
CH 53±11 

Run 4-4 
Nature of Solution: "-'40 ml filtered sea water + Na-22 + organic 

I-131 (Solution A) 
Time Interval: 2.5 hr 

Slide No. and I-131 Na-22 I/Na En 
related guantity (cpm) (cpm) 

A 52±10 11±3 4. 7±1. 7 10±3. 6 
B 168±17 119±22 1.4±.31 3.1±. 71 
c 497±18 174±24 2.9±.42 6.2±.95 
D 411±16 67±15 6 .1±1. 4 13±3. 0 
E 87±14 5±2 17±7.3 38±16 
F 
T 1215 376 3.2 7.0 
OB 3314 6966 .48 
OA 2778 6184 • 44 
CH 49±10 
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TABLE VI. (Continued) RUNS CONTAI NING Na-22 AND SEA WATER 
EX.TRACTED ORGANIC I-131 (SOLUTION A) 

Run 4-5 
Nature of Solution: ~36 ml filtered sea water + Na-22 + organic 

I-131 (Solution A) 
Time Interval: 4 hr 

Slide No. and I-131 Na-22 I/Na En 
related guantity ( ci~m) (q~m) 

A 162±16 177±25 .92±.16 2.6±.46 
B 1335 1013 1.3 3.8 
c 6276 2254 2.8 7.9 
D 7200 1469 4.9 14 
E 947±28 78±16 12±2.4 35±7.3 
F 
T 15920 4991 3.2 8.9 
OB 4173 9258 • 45 
OA 2946 11526 .26 
CH 34±8 

Run 4-6 
Nature of Solution: ~38 ml filtered sea water + Na-22 + organic 

I-131 (Solution· A) 
Time Interval: 3 hr 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

A 32±8 68±15 .47±.16 1.1±.37 
B 361±18 327±26 1.1±.10 2.4±.25 
c 1124 852 1.3 2.9 
D 826±27 317±25 2.6±.22 5 •. 8±1. 6 
E 101±13 17±5 5.9±1.9 14±4.6 
F 
T 2444 1581 1.6 3.5 
OB 1692 3234 .52 
OA 1083 2879 .38 
CH 31±8 
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TABLE VI. (Continued) RUNS CONTAINING Na-22 AND SEA WATER 
EXTRACTED ORGANIC I-131 (SOLUTION A) 

Run 4-7 
Nature of Solution: ~38 ml filtered sea water + Na-22 + organic 

I-131 (Solution A) 
Time Interval: 4 hr 

Slide No. and I-131 Na-22 I/Na 
related quantity (cpm) (cpm) 

A 87±14 80±16 1.1±.28 
B 421±19 340±27 1.2±.11 
c 1701 796 2.1 
D 1788 492 2.6 
E 248±15 34±10 7.3±2.2 
F 
T 4245 1742 2.4 
OB 3442 4522 • 76 
OA 2534 5207 .68 
CH 35±8 

Unless indicated otherwise in the Table, the analytical 
uncertainties are as follows: 

I-131 ±5% 
Na-22 ±5% 
I/Na ±7% 
EN ±10% 

En 

1.5±.39 
1. 7±.18 
3.0 
5.0 

10±3.1 · 

3.4 
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TABLE VII. RUNS CONTAINING Na-22 AND . CARBON TETRACHLORIDE 
EXTRACTED ORGANIC I-131 FROM AQUEOUS SOLUTION (RESIDUE A) 

Nature of Solution: ~35 ml filtered sea water 
+ Na-22 + organic I-131 from cc14 
extracted (Residue A) 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

Run 5-1 
Time Interval: 6 hr 

A . 166 ±17 94±17 1. 8±. 37 2.1±.44 
B 1464 568 2.6 3.0 
c 6233 909 6.9 8.1 
D 4189 ±42 305±24 14±1.1 16±1. 5 
E 249±15 12±4 21±6. 4 24±7.4 
F 
T 12301 1888 6.5 7.6 
OB 4592 3153 1.5 
OA 839 3440 .24 
CH 70±13 

Run 5-2 
Time Interval: 3 hr 

A 92±13 93±17 .99±.22 4~1±.96 

B 673 529 1. 3 5.3 
c 2677 1094 2.4 10 
D 1928 559 3.4 14 
E 199±13 13±4 15±4.6 64±20 
F 
T 5569 2288 2.4 10 
OB 1972 5020 • 39 
OA 328 3980 .08 
CH 38±8 



TABLE VII. (Continued ) RUNS CONTAINING Na-22 AND CARBON 
TETRACHLORIDE EXTRACTED ORGANI C I-131 FROM 

AQUEOUS SOLUTION (RESIDUE A) 
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Nature of Solution: 'V35 ml filtered sea water 
+ Na-22 + organic I-131 from CCl4 
extracted (Residue A) 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

Run 5-3 
Time Interval: 2 hr 

A 2±1 30±10 .07±.04 .54±.31 
B 113±16 332±26 .34±.05 2.6±.44 
c 517 823 .63 4.8 
D 742±26 387±23 1. 9±.13 15±1. 3 
E 115±15 23±5.9 5.0±1.5 38±16 
F 
T 1489 1595 .93 7.2 
OB 1047 5004 .20 

· OA 268 4816 .055 
CH 64±12 

Unless indicated otherwise in the Table, the a~alytical uncertainties 
are as follows: 

I-131 ±5% 
Na-22 ±5% 
I/Na ±7% 
En ±10% 
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TABLE VIII. RUNS CONTAINING Na-22 AND SEA WATER EXTRACTED 
ORGANIC I-131 FROM THE DIATOM RESIDUE WASHED 

WITH ETHANOL (SOLUTION B) 

Nature of Solution: ~38 ml filtered sea water 
+ Na-22 + organic I-131 (Solution B) 

Slide No. and I-131 Na-22 I/Na 
related quantity (cpm) (cpm) 

Run 6-1 
Time Interval: 4.5 hr 

A 151±12 125±20 1.2±.21 
B 926 505 1. 8 
c 3229 1166 2.8 
D 4234 677 6.2 
E 678±24 57±14 12±3 
F 
T 9218 2530 3.6 
OB 2872 8288 .34 
OA . 1915 8140 .24 
CH 40±9 

Run 6-2 
Time Interval: 7.5 hr 

A 144±17 153±23 .94±.18 
B 761 643 1.2 
c 2390 1362 1. 8 
D 2753 710 3.9 
E 446±18 63±14 7 .1±1.6 
F 
T 6494 2931 2.2 
OB 2330 4678 .so 
OA 1764 4578 • 38 
CH 34±8 

Unless indicated otherwise in the Table; the analytical 
undertainties are as follows: 

I-131 .±5% 
Na-22 ±5% 
I/Na ±7% 
En ±10% 

En 

4.2±.78 
6.3 
9.6 

22 
41±10 

13 

2.1±. 41 
2.7 
4.0 
8.8 

16±3.7 

5.0 



TABLE I X. RUNS CONTAIN.ING Na-22 AND 1-IODOOCTADECANE 
AND· CALF SERUM TREATED WITH I-131 IODIDE 

Run 7-1 
Nature of Solution: ~35 ml filtered sea water + Na-22 + organic 

I-131 (1-Iodooctadecane treated with I-131 
iodide) 

Time Interval: 5 hr 

Slide No. and 
related quantity 

Run 7-2 

A 
B 
c 
D 
E 
F 
T 
OB 
OA 
CH 

I-131 
(cpm) 

41±8 
168±17 

1546 
1094±33 

55±11 
.... 

2904 
472 

55±11 

Na-22 I/Na En 
(cpm) 

66±14 .62±.18 4.2±1.3 
391±24 .43±.05 2.9±.37 
961 1.6 11 
365±22 3.0±.2 20±1.9 
16±5 3.4±1.2 24±8.7 . 

1799 1.6 11 
3205 .15 

Nature of Solution: ~38 ml NaCl solution (2.92 g/100 ml water) 

Time Interval: 

Slide No. and 
related quantity 

A 
B 
c 
D 
E 
F 
T 
OB 
OA 
CH 

+ Na-22 + organic I-131 
with I-131 iodide) 

4 hr 

I-131 Na-22 
(cpm) · (cpm) 

33±8 20±6 
251±15 161±24 
616±22 198±17 
102±14 31±10 

1034 413 
4323 7383 
4178 7708 

67±12 

(calf serum 

I/Na 

1. 6±. 62 
1. 6±. 26 
3.1±.28 
3.3±1.l 

2.5 
.58 
.54 

Unless indicated otherwise in the Table, the analytical 
uncertainties are as follows: 

I-131 
Na-22 

±5% 
±5% 

I/Na ±7% 
En ±10% 

treated 

En 

3.0±1.8 
2.8±.47 
5.6±.58 
5.9±2.0 

4.5 

77 
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TABLE X. RUNS CONTAINING Na-22 AND PARTICULATE I-131 
(RESIDUE B) AND UNFILTERED DIATOM SOLUTION 

Run 8 
Nature of Solution: -v38 ml filtered sea water + Na-22 + organic I-131 

[particulate diatom residue (res idue B) shaken 
up with filtered sea water] 

Time interval: 6 hr 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

A 314 1352 .23 1. 7 
B 1746 6604 .26 1.9 
c 3996 12553 • 32 2.3 
D 1538 3875 .40 2.9 
E 93±14 169 ±25 .55±.16 4.0±1.2 
F 10±3 18±6 .56±.24 .40±.17 
T 7697 24571 • 31 2.3 
OB 9372 43668 .21 
OA 2972 49586 .06 
CH 60±11 

Run 9 
Nature of Solution: -v38 ml filtered sea water + Na-22 + unfiltered 

diatom culture solution (probably contains a 
large amount of I-131 as iodide), UV 

Time interval: 10 hr 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

A 128±15 1169±41 .11±.01 .34±.04 
B 1537 7686 .20 .62 
c 2224 13954 .16 .so 
D 482 3340 .14 .43 
E 19±6 153±23 .12±.04 .38±.13 
F 
T 4390 26302 .17 .52 
OB 8227 . 25407 • 32 
OA 11225 34328 • 32 
CH 1484 

Unless indicated otherwise in the Table, the· analytical 
uncertainties are as follows: 

I-131 ±5% 
Na-22 ±5% 
I/Na ±7% 
En ±10% 
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TABLE XI. RUNS CONTAINING Na-22 AND NON-RADIOACTIVE 
ORGANIC IODINE AND I-131 AS IODIDE 

Nature of Solution: -v40 ml filtered sea water 
+ Na-22 + I-131 + 1 ml diatom solution 
(except Run 8-3 which contains 2 ml 
diatom solution) 

Slide No. and I-131 Na-22 I/Na En 
related quantity (cpm) (cpm) 

Run 10-1 
Time Interval: 2 hr 

A 41±9 99±18 .41±.12 .65±.19 
B 387 665 .58 • 92 
c . 784 1709 .46 .73 
D 307±17 761±30 .40±.03 .63±.05 
E 
F 
T 1525 3253 .47 • 74 
OB 11079 17876 .62 
OA 12188 19275 .64 
CH 254±15 

Run 10-2 
Time Interval: 2.5 hr 

A 46±9 87±17 .53±.15 .82±.23 
B 349±19 693±28 .50±.03 • 77±.06 
c 825 1775 • 46 • 71 
D 325±18 635±25 .51±.03 .78±.06 
E 12±4 22±7 .54±.22 .83±.35 
F 
T 1557 3212 .48 .75 
OB 8976 13491 .66 
OA 11004 17122 .64 
CH 532 
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TABLE XI. (Continued) RUNS CONTAINING Na-22 AND 
NON-RADIOACTIVE ORGANIC IODINE AND 

Slide No. and 
related quantity 

Run 10-3 
Time Interval: 4 hr 

A 
B 
c 
D 
E 
F 
T 
OB 
OA 
CH 

I-131 AS IODIDE 

Nature of Solution: ~40 ml filtered sea water 
+ Na-22 + I-131 + 1 ml diatom solution 
(except Run 8-3 which contains 2 ml 
diatom solution) 

1-131 Na-22 I/Na En 
(cpm) (cpm) 

111±16 193±27 .58±.11 .91±.18 
527 1003 .52 • 81 
792 1760 .45 • 70 
206±14 486±21 .42±.03 .66±.06 
15±4 42±10 .36±.14 .50±.20 

1651 3484 .47 • 74 
10521 16436 .64 
12640 19432 .65 

540 

Unless indicated otherwise in the Table, the analytical 
uncertainties are as follows: 

I-131 ±5% 
Na-22 ±5% 
I/Na ±7% 
En ±10% 



TABLE XII. VOLATILIZATION OF I-131 FROM 
UNFILTERED SEA WATER 

Total I-131 Activity in 
200 ml Sea Water (cpm) 

rv2x10 7 

1-131 Uncertainty ±5% 

Run No. 

11-1 

11-2 

11-3 

Average 

I-131 Activity in 
Charcoal Trap 

In dark 
cpm/3 hr 

7543 

7040 

8068 

7550 

Uv light 
cpm/3 hr 

18366 

21146 

17631 

19048 

81 
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Run No. 

36 
37 
38 
39 
40 
41 

42-1 
42-2 
42-3 

12A · 
16A 
24A 
31A 
36A 

- ..---

TABLE XIII. (Continued) Sln-fMARY OF EXPERIMENTS USING NEUTRON ACTIVATION ANALYSIS 

Nature of ocean solution UV R.H. Time Interval 
%) hr 

Artificial sea water + 1 mg KI no "v72 12 
Artificial sea water + 1 mg KI yes rv72 12 
Artificial sea water + 1.3 mg NaI03 no "v72 12 
Artificial sea water + 1.3 mg NaI03 yes "v72 12 
Artificial sea water + 1 mg KI + 1 mg NaI03 no "v72 12 
Artificial sea water + 1 mg KI + 1 mg NaI03 yes "v72 12 

Unfiltered sea water (200 ml) - - 3 
Unfiltered sea water (200 ml) - - 3 
Unfiltered sea water (200 ml) - - 3 

Empty no "v72 10 
Empty no "v72 10 
Empty no "v72 10 
Empty no rv72 12 
Empty no "v72 12 

00 
VJ 



84 

TABLE XIV. DISTILLED DEMINERALIZED WATER 
AND CHARCOAL BLANKS 

Distilled Demineralized Water Charcoal 

Blank No. I Cl Blank No. I 
(ng/ml) (ng/ml) (ng/g charcoal) 

1 3.0 360 1 3.3 

2 1. 7 120 2 3.2 

3 2.6 150 3 7.0 

4 2.8 130 4 6.1 

5 2.3 160 5 4.4 

6 1.2 380 6 3.0 

7 2.2 

Average 2.2±.6 220±120 Average 4.2±1.8 
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TABLE XV. IODINE CONTENT OF INLET AIR 

Run No. UV CH (ng) Time Interval CH/Time 
(hr) (ng/hr) 

12A no 3.9 10 • 39 

16A no 3.2 10 • 32 

24A no 4.1 10 .41 

31A no 4.5 12 .38 

36A no 56 12 4.7 

Average without 36A .38±.04 

The uncertainty for CH in this Table is ±50% 
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TABLE XVI. RUNS CONTAINING UNFILTERED .SEA WATER WITH NO UV 

Slide No. and Cl (µg) I (ng) I/c1.l0 3 En 
related quantity 

Run 12 

A 9.82 • 81 .082 24 
B 82.2 1.02 .012 4.0 
c 299 10.4 .035 12 
D 85.5 7.51 .088 29 
E 11. 4 .62 .054 18 
F 1. 30±.13 .20±.03 .15±. 03 51±14 
T 489 20.6 .042 14 
OB/ml 19200 52 .003 
OA/ml 20400 58 .003 
CH 50,6 
CH/Time 5.1 

Run 16 

A 5. 72±.57 .26±.04 .045±.008 15±4.2 
B 12.1 .29 .024 8.0 
c 152 2.31 .015 5.0 
D 134 3.42 .026 8.6 
E 17.6 .81 .046 15 
F 1.29±.13 .10±.02 .078±.017 26±8.0 
T 323 7.19 .022 7.3 
OB/ml 19700 54 .003 
OA/ml 18800 61 .003 
CH 32.8 
CH/Time 3.3 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as · follows: 

OB and OA 

I ±10% I ±15% 
Cl ±10% Cl ±15% 
I/Cl ±14% I/Cl ±21% 
En ±25% 
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TABLE XVII. RUNS CONTAINING UNFILTERED SEA WATER WITH UV 

Slide No. and Cl(µg) I (ng) I/Cl·l0 3 En 
related quantity 

Run 13 

A 6.40 .29 .045 15 
B 68. 9 .43 .006 2.0 
c 288 2.61 .009 3,0 · 
D 119 1.82 .015 5.0 
E 14.1 • 76 .054 18 
F 1.34±,13 • 23±. 03 .172±.03 57±16 
T 498 6.14 .012 4.0 
OB/ml 18900 59 .003 
OA/ml 19700 54 ,003 
CH 63.6 
CH/Time 6.4 

Run 17 

A 6.18±.62 .19±.04 .030±,007 10±3,l 
B 76.4 1.02 .013 4.3 
c 299 2,43 .008 2.6 
D 152 1. 74 .011 3.6 
E 13, 7 .43 .031 10 
F .92±,09 .19±.04 .206±,046 69±21 
T 548 6.00 .011 3.6 
OB/ml 21000 55 .003 
OA/ml 19200 51 .003 
CH 75.0 
CH/Time 7.5 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as · follows: 

OB and OA 

I ±10% I ±15% 
Cl ±10% Cl ±15% 
I/Cl ±14¢ I/Cl ±21% 
En ±25% 
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TABLE XVI II. RUNS CONTAINING UNFILTERED SEA WATER AND DIATOM 
SOLUTION (RUN 18 WITH NO UV AND . RUN 19 WITH UV) 

Slide No. and Cl (µg) I(ng) I/Cl.10 3 En 
related quantity 

Run 18 

A ·4. 05 • 34 .084 21 
B 45.3 • 96 .021 5.2 
c 218 1. 87 .008 2.0 
D 138 4.14 .030 7.5 
E 18.7 .78 .042 10 
F 1.70±.17 .28±.04 .165±.029 41±11 
T 426 8.37 .020 5.0 
OB/ml 20200 83 .004 
OA/ml 19800 88 .004 
CH 64.8 
CH/Time 6.5 

Run 19 

A 6.09 .42 .069 17 
B 63.2 .90 .014 3.5 
c 369 2.93 .008 2.0 
D 155 3.12 .020 5.0 
E 10.l .46 .046. 12 
F .99±.10 .16±.03 .162±.036 40±12 
T 604 7.99 .013 3.2 
OB/ml 19500 82 .004 
OA/ml 20100 89 .004 
CH 128 
CH/Time 13 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as follows: 

OB and OA 

I ±10% I ±15% 
Cl ±10% Cl ±15% 
I/Cl ±14% I/Cl ±21% 
En ±25% 



89 

TABLE XIX. RUNS CONTAINING FILTERED SEA WATER AND DIATOM 
SOLUTION (RUN 21 WITH NO UV AND RUN 23 WITH UV) 

Slide No. and Cl(µg) I9ng) I/Cl.10 3 En 
related quantity 

Run 21 

A 2.44±.24 .22±.03. .090±.016 22±6.1 
B 24.0 .53 .022 5.5 
c 126 • 85 .007 1.8 
D 73.2 1. 98, .027 6.7 
E 4.98±.50 .16±.03 .032±.007 8.0±2.4 
F .78±.08 .12±.02 .154±.034 38±12 
T 231 3.85 .017 4.2 
OB/ml . 19400 79 .004 
OA/ml 20300 83 .004 
CH 36 
CH/Time 3.6 

Run 23 

A 1. 27±.13 .13±.03 .102±.022 26±8 
B 11.5 .45 .039 9.7 
c 69.9 .59 .008 2.0 
D 27.4 .87 .032 8.0 
E 2.81±.28 .19±.04 .068±.015 17±5.2 
F .46±.09 .11±.02 • 239±. 053 60±18 
T 113 2.34 .020 5.0 
OB/ml 19900 83 .004 
OA/ml 19200 86 .004 
CH 46.8 
CH/Time 4.7 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as follows: 

OB and OA 

I ±10% I ±15% 
Cl ±10% Cl ±15% 
I/Cl ±14% I/Cl ±21% 
En ±25% 
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TABLE XX. RUNS CONTAINING FILTERED SEA WATER WITH NO UV 

Slide No. and Cl(µg) I (ng) I/Cl·l0 3 · En 
related quantity 

Run 14 

A 6.37 .31 .049 16 
B 57.2 .68 .012 4.0 · 
c 315 7.82 .025 8.3 
D 167 7 .13 .044 15 
E 15.1 .57 .038 13 
F 1.00±.10 .13±.03 .130±.029 43±13 
T 556 16.6 .030 10 
OB/ml 20200 61 .003 
OA/ml 19000 57 .003 
CH 43.8 
CH/Time 4.4 

Run 20 

A 4.18±.42 .21±.03 .050±.009 17±4.7 
B 41. 9 .62 .015 5.0 
c 219 5.41 .025 8.3 
D 90.8 6.21 .068 23 
E 8.04 • 38 .047 16 
F • 81±.08 .12±.02 .148±.033 49±15 
T 365 13.0 .037 12 
OB/ml 19600 58 .003 
OA/ml 18800 54 .003 
CH 39.2 
CH/Time 3.9 

Unless.indicated otherwise in the Table, the analytical uncertainties 
are as follows: 

OB and OA 

I ±10% I ±15% 
Cl ±10% Cl ±15% 
I/Cl ±14% I/Cl ±21% 
En ±25% 
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TABLE XXI. RUNS CONTAINING FILTERED SEA WATER WITH UV 

Slide No. and Cl (µg) I (ng) I/Cl•l0 3 En 
related quantity 

Run 15 

A 2.13±.21 .25±.04 .117±.021 39±11 
B 26.7 • 32 . • 012 4.0 
c 218 1.54 .007 2.3 
D 112 2.43 .022 7.3 · 
E 10.9 .52 .048 16 
F .83±.08 .13±.03 .157±. 034 52±16 
T 371 5.19 .014 4.6 
OB/ml 18500 52 .003 
OA/ml 20100 56 .003 
CH 72. 8 
CH/Time 7.3 

Run 22 

· A 1.82±.18 .15±. 03 .082±.018 27±8.3 
B 25.7 • 33 .013 4.3 
c 124 3.34 .027 9.0 
D 113 4.56 .040 13 
E 11. 7 • 46 .039 13 
F • 76±.08 .12±.02 .158±. 035 53±16 
T 277 8.96 .032 11 
OB/ml 20700 60 .003 
OA/ml 18500 57 .003 
CH 49. 4 
CH/Time 4.9 

Unless indicated otherwise in the Table, the analytical uncertainties 
are as follows: 

I 
Cl 
I/Cl 
En 

±10% 
±10% 
±14% 
±25% 

OB and OA 

I 
Cl 
I/Cl 

±15% 
±15% 
±21% 
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TABLE XXII. RUNS CONTAINING UNFILTERED SEA WATER AND 
IODOORGANIC COMPOUNDS WITH NO UV 

Run 33, 1.6 mg Tetraiodofluorescein 
Run 34, 2.9 mg 3,5-Diiodo-L-tyrosine 
Run 35' 2.9 mg Iodosobenzene 

Slide No. and Cl (µg) I (ng) I/Cl•l0 3 En 
related quantity 

Run 33 

A 1. 34 .65 • 485 61 
B 2. 98 .41 • 138 17 . 
c 32.8 2.65 .080 10 
D 41. 8 6.34 .152 19 
E 8.43 1. 84 .218 27 
F . 1. 78 • 46 .258 32 
T 89.1 12.3 .138 17 
OB/ml 20300 165 .008 

· OA/ml 19600 162 .008 
CH 20.3 
CH/Time 1. 7 

Run 34 

A 2.03 .54 .266 33 
B 6. 36 • 39 .061 7.6 
c 47.7 1.41 .029 3.6 
D 44.9 2.58 .057 7.1 
E 8.60 • 83 .096 12 
F 1. 82 .33 .181 23 
T 111 6.08 .055 7.0 
OB/ml 20500 159 .008 
OA/ml 18900 162 .008 
CH 35.5 
CR/Time 3.0 



TABLE XXII. (Continued) RUNS CONTAINING UNFILTERED SEA WATER 
AND IODOORGANIC COMPOUNDS WITH NO UV 

Slide No. and 
related quantity 

Run 35 

A 
B 
c 
D 
E 
F 
T 
OB/ml 
OA/ml 
CH 
CH/Time 

Run 33, 1.6 mg Tetraiodofluorescein 
Run 34, 2.9 mg 3,5-Diiodo- L-tyrosine 
Run 35, 2.9 mg Iodosobenzene 

Cl (µg) I(ng) r/c1.10 3 

1.09 .38 • 349 
2. 30 • 35 .152 

25.6 1.06 .041 
24.6 1.89 .077 
6.36 • 82 .129 
1.66 .43 .259 

61.6 4. 93 .080 
19800 128 .006 
18700 86 .004 

9500 
790 

The analytical uncertainties in this Table are: 

OB and OA 

I ±10% I ±15% 
Cl ±10% Cl ±15% 
I/Cl ±14% I/Cl ±21% 
En ±25% 
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En 

70 
30 

8 
17 
26 
52 
16 



94 

TABLE XXIII. RUNS CONTAINING ARTIFICIAL SEA WATER 

Slide No. and Cl(µg) I(ng) I/Cl•l0 3 En 
related guantity 

Run 36, I-
No UV 

A 1.12 >.06 >.054 >14 " 
B 17.9 .11 .006 1.5 
c 92.8 .42 .004 1.0 
D ;L7.6 .12 .007 1. 7 
E 5. 45 .10 .018 4~5 
F .67 >.06 >.089 >22 
T 136 -.87 .006 1.5 
OB/ml 20300 87 .004 
OA/ml 19300 84 .004 
CH (62. 8) 

Run 37, r-
UV 

A .73 >.06 >.082 >20 
B 4.02 -.10 .025 6.2 
c 53.6 .29 .005 1.2 
D 38.2 .16 .004 1.0 
E 8.73 .14 .016 4.0 
F • 87 >.06 >.069 >17 
T 106 -.81 -.008 2.0 
OB/ml 19300 84 .004 
OA/ml 19100 82 .004 
CH (60. 4) 

Run 38, 103 -
No UV 

A 1.46 >.06 >.041 >8.2 
B 17.1 .13 .008 -1.6 
c 98.2 .51 .005 1.4 
D 45.2 .33 .007 2.8 
E 7. 03 .10 .014 >8. 2 
F 1.46 >.06 >.041 -1.4 
T 170 I.19 .007 
OB/ml 19700 104 .005 
OA/ml 19000 98 .005 
CH (61. 7) 



95 

TABLE XXII I. (Continued) RUNS CONTAINING ARTIFICIAL SEA WATER 

Slide No. and Cl(µg) I (ng) I/Cl 0 10 3 En 
related quantity 

Run 39' 103-
UV 

A 1.15 >.06 >.052 >10 
B 12.2 -.10 .008 1.6 
c 54.3 • 31 . . .006. 1.2 
D 24.1 .19 .008 1.6 
E 8. 89 .11 .012 2.4 
F 1. 54 >.06 >.039 >7.8 
T 102 -.83 .008 -1.6 
OB/ml 19000 98 .005 
OA/ml 18500 100 .005 
CH (47.9) 

Run 40, r- and 103-
No UV 

A 1.22 >.06 > .049 > 7 .o 
B 13. 8 -.11 - .. 008 -1.1 
c 60.5. • 40 .007 1.0 
D 28.8 .28 .010 1.4 
E 5.22 .10 .019 2.7 
F 1.57 >.06 >.038 >5.4 
T 111 1.01 .009 1.3 
OB/ml 18500 136 .007 
OA/ml 20500 143 .007 
CH (41. 3) 

Run 41, r and 103-
UV 

A .97 >.06 >.062 >9.0 
B 14. 7 -.12 .008 -1.1 
c 70.1 .45 .006 .90 
b 32.5 • 30 .009 1.3 
E 5.35 .16 .030 4.3 
F 1. 72 >.06 >.035 >5.0 
T 125 1.15 .009 -1.3 
OB/ml 20500 143 .007 
OA/ml 18900 129 .007 
CH (43. 2) 

The anaiytical uncertainties in this Table are: 
OB and OA 

I ±20% I ±15% 
Cl ±10% Cl ±15% 
I/Cl ±22% En ±30% I/Cl ±21% 



Run No. 

24 
25 
26 

27 
28 

29 
30 

31 
32 

.- ~ ----.: -

TABLE XXIV. RUNS STUDYING THE VOLATILIZATION OF IODINE FROM UNFILTERED SEA WATER 
WITH NO BUBBLING (MODEL OCEAN-ATMOSPHERE) 

Nature of Ocean Solution UV CH Time Interval 
(n ) (hr) 

Unfiltered sea water no 8.3 12 
Unfiltered sea water from 24 yes 9.6 11 
Unfiltered sea water from 25 yes 7.2 11 

Unfiltered sea water no 5.3 10 
Unfiltered sea water from 27 yes 4.8 11 

Unfiltered sea water no 12.7 10 
Unfiltered sea water from 29 yes 13.3 11 

Unfiltered sea water no 5.2 9 
Unfiltered sea water from 31 yes 7.6 13 

The uncertainty for CH in this Table is ±50% 

CH/Time 
(n /hr) 

.69 
• 87 
.65 

.53 

.44 

1.3 
1.2 

.58 

.59 

\0 

°' 



TABLE XXV, VOLATILIZATION OF IODINE FROM UNFILTERED SEA 
WATER USING THE APPARATUS FOR I-131 VOLATILIZATION STUDY 

Volume of Run No, Amount of Iodine 
.Unfiltered Sea Water in Charcoal Trap 

200 ml In dark UV light 
(6 µg I-) ng/3 hr ng/3 hr 

42-1 <1 <1 

42-2 <2 <2 

42-3 <2 <2 

Iodine uncertainty ±100% 
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IV, DISCUSSION 

The results of the laboratory studies using radio-tracers and 

neutron activation in a closed model ocean-atmosphere show some iodine 

enrichment on sea salt particles. In the tracer studies with I-131 as 

iodide in the mini-ocean solution, no enrichment was observed. In fact, 

the En value in these experiments was generally less than one, This 

deficiency rather than enrichment of iodine agrees with the recent work 

by Martens and Harriss (1970). Experiments with organic I-131 in the 

mini-ocean solution showed that the I/Cl on sea salt particles could be 

increased a certain extent by organically bound iodine. In the sea 

water experiments using neutron activation analysis, sea salt particles 

generated from sea water were generally enriched in iodine. Sea salt 

particles from nearly all the experiments (the artificial sea water 

experiments are uncertain) show a minimum I/Cl at slide B (about 5 µ 

radius) or C (about 2,5 µradius). It appears that iodide iodine in 

sea water does not contribute to the iodine enrichment observed on 

atmospheric sea salt particles, On the other hand, organic iodine in 

sea water apparently can contribute significantly to this iodine 

enrichment on the particles. 

In spite of the iodine enrichment on sea salt particles found in 

most of these laboratory experiments, the amount of the enrichment is 

always more than an order of magnitude lower than the enrichment values 

•. 
observed on sea salt particles in the marine atmosphere. The 

laboratory studies indicate that the organic iodine mechanism is more 

i mportant than the gaseous iodine mechanism for sea salt particle 

iodine enrichment. However, the organic iodine mechanism by itself 
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cannot account for the high iodine enrichment of natural sea salt 

particles. Thus, it is pertinent to discuss .gaseous and organic iodine 

transfer from the sea into the atmosphere. With some assumptions, we 

can estimate roughly the annual gaseous iodine formation through 

photochemical oxidation of iodide to iodine and the annual production 

of organic iodine associated with organic surface active material. 

A. Photochemical oxidation of iodide to iodine 

Photochemical reactions involve the absorption of quanta of light 

energy by the reacting substances. Oxidation of iodide in aqueous 

l 
solution involves the conversion of iodide ions to iodine when iodide 

ions absorb incident light. Since the first iodide absorption peak is 
0 0 

' 
at 2,750 A with an absorption edge near 3,100-3,300 A (Ellis, et al., 

1941), incident light with a wavelength longer than the 3,100-3,300 A 
region is not sufficiently energetic to oxidize iodide to iodine 

photochemically. The proposed mechanism for the photochemical formation 

of iodine from aqueous iodide solution has been modified several times 

• as new data were obtained (Farkas and Farkas, 1938; Rigg and Weiss, 
I 

I 
1952; Grossweiner and Matheson, 1597; Edgecombe and Norrish, 1959). 

The most satisfactory mechanism may be the following, suggested by Rigg 

and Weiss (1952): 

(r' H20) + hv = (r-, H20)* (7) 

er-, H20)* = I + H + OH- (8) 

I + H = HI (9) 

H + H+ = ~ (10) 

H+ + r 2 = H2 + I (11) 

21 = 12 (12) 
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Thus, a hydrated iodide ion is activated upon absorbing light energy. 

An electron is transferred from the iodide ion to a solvent water 

molecule. An iodine atom is produced and the water molecule with the 

extra electron splits up to give a Hand OH-. Rigg and Weiss (1952) 

measured the quantum yield of the oxidation of iodide ions in aqueous 

solution with respect to pH and iodide concentration by irradiation at 

2,000-2,400 A. It was found that the quantum yield depended markedly 

on pH and iodide concentration. For (I-) = 2.0 M, the iodine quantum 

yield was about 0.20 at pH = 0 and quantum yield was about 0.01 at 

pH = 3.0. For (I-) = 4xlo-3 M, the quantum yield was about 0.02 at 

pH = 0.5 and it approached 0 as the pH approached 3.0. The dependence 

of the quantum yield of iodine on iodide concentration was investigated 

in the range 0.004-3.0 M. The pH was held constant at 0.3 with a 

constant light intensity and constant time of irradiation. When the 

iodide concentration increased, the quantum yield ( I ) showed a rapid 

increase at comparatively low concentrations of iodide ( !£. = 0.01 at 

(r-) = 0.05 M; l = 0.12 at (I-) = 0.5 M), followed by a relatively slow 

increase between 0.5 and 3.0 M ( l = 0.16 at (I-) = 3.0 M). The 

observed dependence of quantum yield on pH and iodide concentration was 

account~d for by (10) which showed the effect of hydrogen ion 

concentration, and by (7) which showed the effect of iodide 

concentration. The slower quantum yield increase at higher iodide 

concentration was explained as due to a back reaction, 

I2 + H = HI + I (13) 

Edgecomb and Norrish (1959), using flash photolysis, observed that 
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0.1 M iodide solutions at a pH between 6 and 7 could produce very small 

amounts of hydrogen and possibly iodine. Thus, iodide ions in aqueous 

solution can be photochemically oxidized to iodine when exposed to 

incident light in the range 2,000-2,400 A. Radiation in this range has 

higher energy than the lowest energy absorption peak of iodide at 2,750 

A. 

Let us consider the chemical environment for the photochemical 

liberation of iodine from iodide in sea water. Sea water contains 

approximately 60 µg/l total iodine. The iodide iodine apparently 

varies from 1/3 to 2/3 of the total iodine. The major remaining iodine 

species in sea water is apparently iodate with probably a small amount 

of organic iodine. Thus, the iodide concentration in sea water is 

approximately 2xlo- 7 M. The pH of sea water is about 8.2. The lower 
0 

limit of solar radiation reaching the ocean surface is about 2,900 A. 

The average total solar ultraviolet energy in the regfon of 3,100 A is 

about 100 microwatts per square centimeter at sea level (Ellis, et al., 

1941). When these conditions are compared with some of the experiments 

by Rigg and Weiss (1952), natural sea water has much lower iodide 

concentration (2xlo- 7 M compared to 4x10- 3 M), higher pH 98.2 compared 

0 

to 3.0) and lower energy of the incident quanta (2,900 A and above 

0 

compared to 2,000-2,400 A). Since high iodide concentration, low pH 

and short wavelength incident ultraviolet light all favor higher quantum 

yields for iodine, the natural sea surface conditions should be far less 

favorable for photochemical oxidation of aqueous iodide to iodine than 

the conditions just mentioned in the experiments of Rigg and Weiss. 

However, the quantum yield is already approaching zero for a solution 
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with (I-) = 4xl0- 3 M, pH = 3 and incident light range 2,000-2,400 A. 

It is reasonable to surmise that the quantum yield for the photochemical 

oxidation of iodide in sea water under natural solar radiation should 

be extremely small. 

We can estimate the amount of iodine photochemically oxidized per 

year by estimating the quantum yield, the annual solar ultraviolet 

energy reaching the sea surface, and the percentage of this energy 

absorbed by the iodide ions. According to the rather complicated 

kinetic derivation of Rigg and Weiss (1952), the initial quantum yield 

is simplified by them to: 

(14) 

where y is the initial quantum yield, K is a constant and n is some 

number depending on the iodide concentration (O_::_n.:_0.66). 

n = 0.52 and 

when (I-) = 2.0 M, n = 0.40. 

From Fig. 1 of Rigg and Weiss (1952), y = 0.0075 when the pH= 1 and 

(I-) = 4xl0- 3 M. K has a value of about 2.5xl0- 2 • For sea water, 

(I""") 2xlo- 7 M and n can be assumed to be 0.66, its maximum value at 

very low iodide concentrations. In this ~ase the quantum yield for a 

pH of 8.2 is equal to lo-6 •9• The average solar intensity at the sea 

surface as mentioned above, is about 100 microwatts/cm2 • This 

corresponds to 3.15xl0 1 0 erg/cm2-yr. Since the total ocean surface 

area is 3.6xl0 1 8 cm2 (Krauskopf) 1967), the total solar energy below 

3,100 A at sea level would be l.13xl0 29 erg/yr. The fraction of this 
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energy absorbed by iodide ions in sea water is not known. However, 

Ogura and Hanga (1966) investigated the absorption of ultraviolet light 

by sea water. They concluded that absorption of ultraviolet light 

0 

between .2,100-2,300 A (the range of UV light they used) by sea water 

could be attributed almost entirely to organic matter, nitrate and 

bromide, The bromide absorbed about 20% of the light, Even if we assume 

that on an ion to ion basis the maximum UV energy iodide can absorb is 

approximately 5 times higher than bromide ' (equivalent to 100% bromide 

absorption), the percentage of natural UV energy absorbed by iodide 

would be roughly 0.1% since the bromide concentration in sea water is 

about 1,000 times higher than iodide, For iodide, hv is equal to 

approximately 7.2xlo- 12 erg (2,750 A). With an UV energy of l,13xl0 29 

erg/yr, a percent absorption of 0,1%, and a quantum yield of 10-6 • 9 , the 

yearly production of gaseous iodine through photochemical oxidation at 

the sea surface is approximately 8.4xl0 8 g/yr. 

For this estimation, one of the most important factors is the 

quantum yield, The quantum yield used is very low. It was estimated 

from (14), as discussed previously. The numerical value of n depends 

on the iodide concentration. Even if we assume the iodide 

concentration at the sea surface is as concentrated as in the 

experimental work of Rigg and Weiss (1952), 4xlo- 3 M (compared to bulk 

sea water 2xlo-7 M), the value of n is then 0.52 still very close to 

0.66 used in the calculation. With n = 0.52, the quantum yield would 

be lo-s •. 9 when pH is 8.2. This would provide a yearly iodine 

production of 8,4xl09 /yr. If we keep n as 0.66 and assume the sea 

surface layer to have a pH= 6, then the quantum yield would be 10- 5 • 6 • 



117 

The yearly iodine production rate would then be 1. 7xlolO g/yr. If we 

~ 
I 

use both the high iodine concentration and the low pH, the quantum yield 

would be 10-4 • 8 and the yearly iodine production rate would be l.lxl0 11 

g/yr. The assumption that sea surface layer has a pH of 6 and the 

iodide concentration is 4xlo- 3 M is certainly unrealistic. It would be 

equally unrealistic to assign a much higher percentage absorption tha~ 

0.1% of the solar energy to the iodide, since iodide is such a minor 

constituent of sea water. Thus, it would appear that the volatilization 

of iodine from sea water through photochemical oxidation of iodide is in 

the neighborhood of 109 g/yr. 

Sea salt particles are ejected into the air through bubble 

breaking as discussed previously. These sea water droplets evaporate 

to establish equilibrium with the prevailing relative humidity of the 

air. The evaporation causes the sea salt particles to shrink to 

approximately 12% of their original volume at a relative humidity of 

80%. Thus, the iodide concentration in the sea salt particles is about 

9 times higher than the sea water iodide concentration under these 

conditions. At the same time, the pH of the sea salt particle may be 

lowered to about 5-6 (Duce, 1969) due to evaporation and the influence 

of atmospheric gases such as C02, N02, and S02. Therefore, the 

conditions for photochemical oxidation of iodide to iodine are more 

favorable in the sea salt particles than in sea water because of the 

higher iodide concentration and lower pH on sea. salt particles as 

shown by the equation (15). 

2 I- + 1/2 02 + H20 + hv = I2 + 2 OH- (15) 
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However, the quantum yield under the chemical conditions present in the 

sea salt particles must also be extremely small. An estimation of 

iodine liberation from sea salt particles through photochemical 

oxidation similar to that for sea water can be made as follows. An 

average size and number distribution of sea salt particles in the marine 

atmosphere, taken from Junge (1963), gives a cross sectional sea salt 

surface area of l.Sxlo- 7 cm2 per cm3 of air. If this sea salt surface 

area per unit volume of air is used as the average value from the 

ocean surface to a height of 1,000 meters, the total cross sectional 

surface area of sea salt particles over the ocean to a height of 1,000 

meters is equal to 5.4xl0 16 cm2 • If we use K = 2.5xlo- 2 and n = 0.66 

(the sea · salt particle (I-) = 2xl0-6 M) as discussed previously and use 

a pH of 5.5 for sea salt particles, the quantum yield for gaseous 

iodine liberation would be 10- 5 • 2 according to equation (14). In this 

case the yearly gaseous iodine liberation from sea salt particles 

through photochemical oxidation is about 6.2xl0 8 g/yr. The annual 

atmospheric sea salt production is about 10 16 g/yr (Blanchard, 1963). 

This is equivalent to a chloride production of 6xl0 15 g/yr. If we 

assume the I/Cl ratio in the sea salt particles is the same as in sea 

water (I/Cl= 3xlo-6), the total iodine production is l.8xl010 g/yr. 

If half of the total iodine is iodide (Barkley and Thompson, 1960), the 

production of iodide is approximately 9xl0 9 g/yr, indicating that less 

than 10% of iodide is released from the sea salt particles. The yearly 

iodine liberation from sea salt particles photochemically is 

approximately the same as the estimated production f~om· sea water 

(8.4xl08 g/yr). These calculations are necessarily very approximate, 
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and are probably only accurate within a factor of 5-10. However, they 

do show volatilization of gaseous iodine by photochemical oxidation of 

iodide to iodine to be about 109 g/yr either from the sea water surface 

or from the surface of sea salt particles. 

Even though the sea water conditions for photochemical oxidation 

of iodide to iodine are apparently unfavorable, Miyake and Tsunogai 

(1963) found that I-131 iodine escaped from a sea water surface in thci 

laboratory. They added radioactive 1-131 as iodide to both 15 liters of 

sea water and 10 liters or saline water in a closed system. Air was 

drawn over the sea water or saline water. They found, using those 

1-131 experiments, that iodine escaped from the aqueous solution when 

the sea water was irradiated with ultraviolet light, but that no 

volatile radioactive iodine was observed in the dark. The photochemical 

0 0 

reaction was effective from 2,500 A to 5,600 A. The rate of iodine 

evaporation decreased as the wavelength of the ultraviolet source 

increased. The photochemical formation of free iodine was independent 

of the presence or absence of iodate and was believed to proceed 

according to equation (15). From their observed iodine escape rate 

with respect to wavelength, Miyake and Tsunogai estimated that a total 

of 4xl0 11 g gaseous iodine per year would escape from the sea surface. 

They deemed this amount close to their estimated total iodine deposited 

by precipitation on the earth (Sxl0 11 g/yr). 

However, the major portion of the iodine production (4xl0 11 g/yr) · 

estimated by Miyake and Tsunogai was shown in their paper to be 

photochemically produced by ultraviolet energy with wavelength longer 
0 

than 3,300 A. As mentioned previously, solar radiation with a waveleng~h 
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0 

between 3,300-5,600 A is not energetic enough to oxidize iodide to 

iodine photochemically. Nevertheless, I-131 in sea water irradiated 

0 

with incident light energy up to 5,600 A produced gaseous I-131 as 

reported by Miyake and Tsunogai (1963). Similar results were obtained 

in this investigation. The photochemistry of iodide ions does not seem 

to allow the iodide ions to be oxidized by radiation between 3,300-5,600 
0 

A, but experimentally, it was shown that if iodide as I-131 was added 

to sea water or saline solutions, iodine could escape as a gas under UV 

irradiation. The reason for this is unknown. 

The data in Table XII show that the escape of gaseous I-131 from 

still sea water under UV irradiation was about three times higher than 

in darkness. The ratios of the amount of volatile I-131 released under 

UV light and in darkness to the total iodide I-131 activity in 200 ml 

of sea water were approximately lxlo- 3 and 3.8x10- 4 respectively. On 

the basis of the above, the amount of volatile iodine which should have 

been released from 200 ml of fresh sea water (200 ml sea water should 

contain approximately 12 µg total iodine and 6 µg iodine as iodide as 

mentioned previously) under the same experimental conditions would be 

approximately 6 ng under UV light and 2 ng in darkness. However, as 

shown in Table XXV, the actual amount of volatile iodine produced was 

less than 1-2 ng, both in darkness and under UV .irradiation. This 

means the major portion of iodine in sea water does not behave like 

iodide I-131. This implies that the iodide iodine in sea water may be 

less than 8-17% of the total iodine; In addition, the present study 

revealed that iodine as it exists in sea water does not volatilize in 

any greater amount under UV irradiation than it does in darkness as 
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shown in Table XXIV, 

Moyers (1970) has recently made atmospheric gaseous iodine 

measurements. In his work, he estimated that the removal rate of gaseous 

iodine from the atmosphere was l,2-2,8xl0 12 g/yr. This is considerably 

more than the rate of production of gaseous iodine from the sea surface 

through photochemical oxidation of iodide to iodine estimated by Miyake 

and Tsunogai (1963) or by this investigator. This may indicate that 

the sea surface is not the primary source of gaseous iodine, 

The estimated gaseous iodine formation from sea salt particles by 

iodide oxidation is about the same as that from sea water indicating 

that this is not likely the major source either. The studies with sea 

water in this laboratory suggest that the I/Cl of sea salt particles 

is related in some way to the gaseous iodine concentration as 

mentioned previously. The enrichment of the particulate iodine 

decreased and the gaseous iodine increased when experiments were run 

under UV irradiation compared to similar experiments run without UV 

light, This relationship seemingly is just opposite to that found by 

Moyers (1970) in the marine atmosphere, He found that the atmospheric 

gaseous iodine concentration was directly proportional to the I/Cl 

increase on sea salt particles when he sampled gaseous iodine and sea 

salt particles simultaneously in Hawaii. Thus, gaseous iodine, 

particulate iodine, and the iodine .enrichment on sea salt particles are 

undoubtedly interrelated in a complicated manner. Further discussion 

of the gaseous iodine and the I/Cl on sea salt particles is deferred 

until the organic mechanism is evaluated, 
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B. Sea-to-air transport of organic surf ace active materials 

The second possible means for iodine to become enriched on the sea 

salt particles is via the organic surface active material. This 

material is present on large areas of the sea surf ace as a monomolecular 

or compressed film layer. These films cover the surface of droplets 

ejected into the air when bubbles burst at the sea surface (Blanchard, 

1964). It is known that certain marine microorganisms concentrate 

iodine (Vinogradov, 1953). The organic surface active material may 

originate from the marine biomass and be enriched in iodine as discussed 

previously. Consequently, the sea salt particles may also be enriched 

in iodine. In the following discussion some properties of insoluble 

and soluble monolayers at an air-water interface are briefly discussed. 

An attempt is made to estimate the total annual amount of organic 

surface active material being transferred from the sea surface to the 

atmosphere. From this estimation, we may obtain an idea of the 

importance of this organic mechanism on iodine enrichment. 

For pure liquids, the surface phase is of the same composition as 

the bulk phase. On the other hand, the composition of the surface 

phase of solutions need not be identical with that of the underlying 

solution. In general the addition of a solute to a solvent will affect 

the surface tension of the latter. The surface tension is a force with 

the dimension of dynes/cm that is a measure of the work required to 

increase the area of a surface by one cm2 • Since the energy of the 

system strives towards a minimum there will be a tendency, if the 

solute lowers the surface tension of the solvent, for the solute to 

accumulate at the surface. This phenomenon is called adsorption. If 
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the solute elevates the surface tension of the solvent, the reverse 

occurs and the surface phase will be poorer in solute than the bulk 

phase. This is called negative adsorption. A surface active agent may 

be defined as a substance that exhibits a marked tendency to adsorb at 

a surface or interface. This investigation is concerned with the organic 

surface active materials in sea water. Thes~ materials are mostly fatty 

esters, free fatty acids, fatty alcohols, and hydrocarbons (Garrett, 

1967). They are all non-ionic compounds and adsorb at the surface or 

interface. Consequently, negative adsorption and adsorption of ionic 

compounds will not be discussed. 

The quantity most interesting in adsorption studies is the surface 

excess. The surface excess \ is the difference between the 

concentration of solute in the surf ace region and in the interior of 

the solution. The surface excess \ for adsorbed non-ionic compounds 

can be determined by surface pressure (film pressure) or surf ace 

potential measurements. Surface pressure is the difference in surface 

tension between the pure solvent and the solution. The surface excess 

\ of the adsorbed monolayer can be obtained from the Gibbs adsorption 

isotherm (Osipow, 1963), 

(16) 

or 

\ = c da 
n dC 

(17) 

where: C molar concentration of the non-ionic substance 

F = surface pressure (film pressure) in dyne/cm 
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a = surface tension in dyne/cm 

R gas constant (joule °K-l) 

The activity coefficiency is assumed to be constant and is 

approximately equal to 1 for low concentration. Thus, measurements of 

surface tension changes of a solution with respect to concentration of 

the solute enable the calculation of surface excess to be made. 

Surface pressure versus area curves can also be construc,ted from the 

Gibbs equation for adsorbed monolayers, since \' a l/A and A is the 

area per molecule. 

The surface or film potential is the difference in electric 

potential over a clean water surface and over a surface covered with a 

monomolecular film, For a liquid monolayer of stearic acid, the change 

of potential is close to 400 mv. The surface potential difference ~V 

and the surface excess \'are related by the following (Osipow, 1963), 

~v (18) 

µ cos e (19) 

where: µ = dipole moment (debye) 

µn = vertical component of µ 

e = angle made by dipole with the surface normal 

D = dielectric constant (unity for air) 

Thus, measurements of surface potential changes.of a solution also 

allow the calculation of surface excess \' as in the case of surface 

pressure changes. Similarly, surface potential versus area curves can 

be constructed because \ a l/A. 
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The rate at which surface active material is transferred from the 

bulk solution to the surface can be divided into two classifications: 

a rapid surf ace- aging phenomena and a slow surf ace-aging phenomena 

(Moilliet, et al., 1961). In rapid surface-aging, the adsorption 

generally reaches equilibrium in less than a second and in a few 

seconds at most. In slow surface aging, the process may take several 

days to complete. Moilliet, et al. (1961) proposed that adsorption 

kinetics depend on the rate of diffusion of the surface active material 

in bulk solution and an activation energy barrier. The adsorption rate 

is faster for more soluble, short-chain (about 6 carbon) compounds and 

the adsorption rate is slower for less soluble, long-chain compounds. 

Organic surface active material in sea water has _been recently 

studied by Garrett (1967) and Jarvis, et al. (1967), as discussed 

previously. Jarvis, et al. (1967) collected the upper 150 µ of surface 

water by the screen technique of Garrett (1965). The film material 

collected from Atlantic Ocean, Pacific Ocean, and the Bay of Panama 

were surprisingly similar in their behavior, suggesting that the more 

strongly adsorbed, stable, film forming materials at the interface were 

chemically similar. These components were suggested to be primarily 

compounds with polar and non-polar groups such as long-chain saturated 

and unsaturated fatty acids and their esters. Their source is mainly 

biological activity. 

Jarvis, et al. (1967) measured the film pressure (surface pressure) 

and surface potential of these surface active materials with respect to 

the area occupied by the film. · Of the 17 samples collected, the area 

occupied by the film was approximately from 0.1 to 0.35 m2 /mg for film 
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pressures ranging from 0 to 1 dyne/cm. When the film was compressed to 

a film pressure of about 40 dyne/cm, all the samples showed a compacted 

area of about 0.05 m2 /mg. Similar characteristics for surface potential 

versus area curves were observed. In this case, the change of surface 

potential when the film was compressed· to a smaller area was not so · 

steep as observed during the change of film pressure. From the film 

pressure versus area . curves and the surface potential versus area 

curves, it was clear that the area occupied by the film has a range of 

approximately 0.1 to 0.3 m2/mg. In other words, 1 mg of organic 

surface active material occupies an average surface area of 0.2 m2 

when its film pressure is between 0 and 1 dyne/cm, or when its surface 

potential is between 50 and 200 mv. In other data reported by Jarvis, 

et al. (1967), film on a representative sea water sample approached an 

area of 0.2 m2/mg as the film pressure approached O. 

Garrett (1967) studied seven different monolayer forming organic 

2 
surface active compounds with a molecular area from about 50 A to 400 

,2 
a when the film pressure approached o. From the information that 1 mg 

of surface active material has an area of about 0.2 m2 and th~ molecular 

.2 
area in a monolayer is about 50 - 400 A , we can estimate in two 

separate ways how much surface active material is present on the sea 

surf ace per unit area. If we assume the average molecular area of 

2 
surface active material on the sea surface to be 250 A (taken from the 

.2 
range 50 - 400 A ) and the molecular weight to be 200 (carbon chains 

usually contained 12 - 18 carbon; Garrett, 1967) then the number of 

molecules per cm2 is 4xl0 13 giving a mass of 1.3xlo-S g/cm2 • 

Alternatively, if we sum up the total seven molecular areas and the 
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total molecular weights of the seven compounds in Garrett's work, this 

2 
gives an area of 1,376 A for a total of 2,999 atomic weight units or 

2 
2.2 atomic weight unit per A . This is equivalent to 3.7xlo-B g/cm2 • 

Thus, based on the data from Garrett's paper, estimation of the amount 

of organic surf ace active material present on the sea surface is about 

1.3 - 3.7 x 10-B g/cm2 • If we use the value of 1 mg/0.2 m2 provided by 

Jarvis, et al. (1967), this is equivalent to Sxlo- 7 g/cm2• The latter 

value is higher than the average of the first two estimations by a 

factor about 20. This is not surprising since Jarvis, et al. (1967) 

pointed out that there might be multiple layers on the films they 

measured, Thus, a reasonable estimate of the average weight of surface 

active material on the sea surface may be around 3xlo-B g/cm2 • 

The kinetics of the transfer of organic surface active materials 

from the bulk solution to the surface may be fast, in the order less 

than a second, or slow in the order of days as mentioned previously. 

These two phenomena may occur in natural sea water. Sea water may 

contain short chain more soluble "fast moving" and long chain less 

soluble "slow moving" components. The more soluble organic surface 

active material should move to the surface quickly and the more 

insoluble organic surface active material should move to the surface 

slowly. Besides this molecular diffusion· process, there are other 

mechanisms whereby the surface active material is transferred to the 

sea surface in the natural ocean. According to Garrett (1969) thermal 

circulation cells, rising bubbles, buoyant organisms, and particulate 

matter may be involved. He did not elaborate on these different 

mechanisms. However, he showed previously that air bubbles and thermal 
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convection could transport film materials from the bulk solution to the 

surface (Garrett, 1967), Moreover, the amount transported is 

proportional to the rate of bubbling, 

Jarvis (1967) studied film pressure and surface potential changes 

with time in the laboratory. The changes were due to the adsorption 

of surface active compounds ' at the interface from the bulk solution. 

For the samples collected at depths from 1.5 to 18 m, observable film 

pressure and surface potential changes occurred in about one minute, 

The effects of stirring and bubbling on the rate of adsorption of 

surface active material at the interface were also investigated. 

Generally, an increase in adsorption arising from stirring was 

observed only when the water was stirred rather vigorously. On the 

other hand, even a low rate of bubble formation caused significant 

increases in the rate of appearance of surface films, Thus, the 

surface of the open sea may be covered by an organic monolayer at all 

times. When the sea is calm, the monolayer may stay at the surface for 

a relatively long period of time. When the sea is turbulent and white 

caps occur, the surface film may be removed rather quickly from the 

surface into the atmosphere or into the underlying water. Since the 

turbulent conditions and violent bubbling are the most efficient ways 

to transport organic surface active materials from bulk sea water to 

the surface, the monolayer removed may be restored, from the bulk sea 

water within seconds, The whole process of bub?le rising and bursting 

results in a net continuous transport of organic surf ace active 

material from the bulk sea water to the atmosphere. 
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We can make a rough estimate of how much organic film material is 

transferred into the atmosphere per year after making a few 

assumptions. We assume that the weight of film material on the sea 

surface is 3xlo- 8 g/cm2 • About 3.5% of the world ocean surface is 

covered with white caps at all times (Blanchard, 1963). In the white 

cap areas, the rate of transfer of organic material into the atmosphere 

is not known. The exact mechanism by which the organic material is 

transferred from the sea into the air by bubble bursting is not 

understood. Garrett (1968) showed that 83 µg of oleic acid could be 

removed in about 25 minutes from the surface of 62 ml of sea water by 

bubbling with filtered air flow rate oe 200 ml/minute. The diameter of 

the container he used was 2.7 cm (Garrett, 1970). The surface area of 

the 62 ml of sea water was 5.7 cm2 • Thus, the removal rate of oleic 

acid by bubbling was approximately 9.7xlo- 9 g/cm2-sec. The diameters 

of the bubbles were about 1,000 - 2,000 µ (Garrett, 1970). If we use 

an average bubble diameter of 1,500 µ, the bubble production rate 

corresponding to a flow rate of 200 ml/min. is approximately 2,700/sec. 

In the white cap areas, the bubbles formed by breaking waves are 

generally much smaller than 1,500 µ diameter and the bubble formation 

rate is about 34/sec (Blanchard and Woodcock, 1957). If we adjust the 

removal rate of 9.7xlo-9 /cm2-sec. for oleic acid in the laboratory study 

by Garrett (1968) by taking the bubble production rate into 

consideration, the removal rate of oleic acid with a bubbling 

production rate of 34/sec. is approximately l.2xlo- 10 g/cm2-sec. 

If this removal rate applies to the film material on the open sea 

surface (3x10- 8 g/cm2), the percentage of the film material on the sea 
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surface being removed per second in white cap areas is then about 0.4%. 

To continue the estiniation, we must make an assumption of the rate of 

organic film transport from sea to air in the white cap areas, we will 

use a value of 0.5% per second ejected into the atmosphere/second. The 

world sea surface area is 3.6xl018 cm2 (Krauskopf, 1967). Thus, the 

production of organic material from the ocean surface to the atmosphere 

according to our preceding assumptions is approximately 6xl014 g per year. 

Blanchard (1963) estima ted the yearly sea salt production to be 

around 10 16 g. Blanchard (1968) also found that 0.3 to 0.7 µg of 

organic material was associat.ed with 1 µg of sea salt. This means there 

would be 3 - 7 x 1015 g of organic material iricorporated in 1016 g of 

sea salt particles. The very rough production estimate made above of 

6xl0 14 g/yr. of organic material is about 1 order below this range. 

From the production rate of organic film material, it is possible 

to estimate the amount of organic iodine transferred from the sea into 

the atmosphere. As mentioned previously, organic surface active 

compounds in the sea originate from biological activity. These film 

materials are mainly the end product of either excretion from or 

decomposition of marine microorganisms such as phytoplankton and 

zooplankton in the ocean. These organisms are known to concentrate 

iodine up to about 0.1% of the total weig~t (Vinogradov, 1953). 

However, the iodine content of the organic surface active films may be 

different from the original biomass. As the microorganisms die their 

bodies decompose into different portions. The heavy portions with 

densities greater than sea water simply sink to the bottom. The 

lighter portions may become surface active materials. 
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Thus, the organic surface active materials may have an iodine 

content higher than 0.1% by weight if the lighter decomposition products 

from the microorganism concentrated iodine. On the other hand, the 

iodine content might be less than 0.1% if the heavy sinking portions of 

the dead microorganisms contained most of the concentrated iodine. If 

we assume the iodine content in the film material is 0.1% and the 

production of organic material is~ 6xl0 14 g/yr., the total iodine 

transferred from the ocean into the air by the organic iodine mechanism 

is approximately 6xl0 11 g/yr. This amount is about 2.5 orders of 

magnitude higher than the estimated atmospheric iodine production by 

the photochemical gaseous iodine mechanism (about 109 g/yr.). 

If we assume the rate of transport of film material from the ocean 

surface to the air to be 0.05% per second (instead of 0.5% per second), 

. the amount of organic material transferred from sea to air is 6xl0 13 

g/yr. This is equivalent to a production of iodine of 6xlo 10 g/yr. 

Even if we assume the iodine content in the film material to be 0.05% 

(compared to 0.1% used above) and the rate of transport of film 

material from the ocean surface to the air to be 0.05% per second, 

the annual iodine production through organic iodine mechanism is still 

about 3xlo10 g/yr. This is still more than 1 order of magnitude 

higher than the estimation by the gaseous iodine mechanism (about 109 

g/yr). 

C. The I/Cl of sea salt particles 

From the discussion of gaseous iodine and organic iodine, it 

appears that the major portion of the iodine should be transferred 

from the sea into the atmosphere as particulate organic iodine. 
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However, Moyers (1970) has demonstrated the marine atmosphere contains 

about 8 ng/m 3 gaseous iodine and that this gaseous iodine concentration 

is approximately 2 to 4 times the particulate iodine concentration. 

When gaseous iodine and sea salt particles were sampled simultaneously, 

the gaseous iodine concentrations were found to be directly 

proportional to the particulate iodine concentrations and the I/Cl on 

the sea salt particles (co-relation coefficients are 0.89 and 0.90 

respectively). In this laboratory investigation, radio-tracer 

experiments show that possible gaseous iodine formation through 

photochemical oxidation of iodide to iodine did not cause iodine 

enrichment on sea salt particles where maximum residence time was about 

18 minutes. When organic I-1~1 was used instead of the inorganic 

iodide I-131, there was iodine enrichment on the sea salt particles. 

However, the enrichment factors observed never exceed 100. Similar sea 

water and other experiments analyzed by neutron activation .show that 

sea salt particles are generally enriched to a certain extent when they 

are ejected into the atmosphere from the sea water. Unfiltered and 

filtered sea water yielded similar results. Sea water with added 

iodoorganic compounds or diatom solution show slightly higher 

enrichments compared to untreated sea water, but all enrichment factors 

observed are lower by about one order of magnitude than actual 

atmospheric samples. Thus, it appears that the organic iodine mechanism 

by itself can not explain the iodine enrichment factors of up to 1,000 

found for actual atmospheric samples if the laboratory study reproduces 

the real environment. 



A set of experiments run with artificial sea water containing 

inorganic iodide, iodate, and a combination of iodide and iodate gave 

particulate samples with very low iodine concentrations and low 

enrichment, when enrichment occurred, Gaseous iodine was observed for 

all the experiments. With UV light shining on the surface of the 

·bubbled sea water, the gaseous iodine collected is higher and the total 

particulate iodine as well as the total I/Cl on sea salt particles are 

lower compared to similar experiments run without UV light, On the 

other hand, gaseous iodine volatilization from sea water with no 

bubbling was not affected by UV light at all. Very small, approximately 

equal quantities of iodine escaped whether there was UV light or not, 

Thus, the I/Cl in sea salt particles is related to organic iodine and 

gaseous iodine in some complicated manner. This laboratory study has 

not yielded definite explanations for the iodine enrichment on the 

atmospheric sea salt particles. However, it provides some hints which 

may aid in speculating on the cause or causes of the high iodine 

enrichments found in the marine atmosphere. 

It is very important to consider the possible source of the 

atmospheric gaseous iodine, As mentioned previously, Miyake and 

Tsunogai (1963) studied the volatilization of iodine from sea water 

under UV irradiation. They summarized the annual contributions from 

the possible sources of gaseous iodine in the atmosphere. These 

sources were volcanic activity, decay of land-source organic matter, 

combustion of fossil fuels, sea spray, and evaporation from the ocean. 

They considered that evaporation from the ocean contributed about 

Sxloll g/yr., whereas the other combined sources contributed only about 
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l,lxlo 10 g/yr. They concluded that the source of atmospheric gaseous 

iodine was mainly the photochemical oxidation of iodide to iodine at the 

sea surface. 

However, Moyers (1970) recently estimated the atmospheric removal 

rate of gaseous iodine to be 1.0 - 5.8 x 10 12 g/yr., 2 - 10 times higher 

than the estimation by Miyake and Tsunogai. The photochemical oxidation 

of iodide in sea water has been discussed , previously and the estimated 

annual production of gaseous iodine is around 109 g/yr. according to the 

present work. The estimation obtained by Miyake and Tsunogai was based 

on their tracer experiments. This current laboratory study with similar 

tracer experiments yielded results comparable to the results of Miyake 

and Tsunogai. However, an increase in the amount of gaseous iodine 

volatilization from sea water when irradiated with UV light was not 

observed. Since sea water experiments involved the study of iodine as 

it exists in the ocean, while the tracer experiments utilized artificial 

iodine only, it is rather doubtful whether the iodine volatilization 

rate from the sea surface through solar irradiation can reach 5xl0 11 

g/yr. Even if their gaseous production rate is accurate, there is 

still not sufficient gaseous iodine to account for the recent 

estimation of its removal rate by Moyers. It is thus necessary to look 

for some source for gaseous iodine other than the sea surface. 

In the laboratory study with sea water, the amount of gaseous 

iodine escaping from a still sea water surface in the model ocean-

. atmosphere was very small as shown in Table XXIV, averaging 7.6 ng/10 

hr. The gaseous iodine volatilization was not affected by the UV light 

at all. In experiments in which bubbling took place to generate sea 
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salt particles, the amount of gaseous iodine collected by the charcoal 

increased markedly as shown in Table XVI to .Table XXI averaging around 

50 ng for a collection period of 10 - 12 hours. Moreover, the amount 

of gaseous iodine produced during bubbling experiments under UV light 

is slightly higher than similar experiments with no UV light as discussed 

previously. These results imply that bubbling in sea water and the 

production of droplets promoted the release of iodine from sea water to 

the gaseous state. When equilibrium is attained with atmospheric water 

vapor and other gases, these droplets have a higher iodine concentration 

and a lower pH than sea water, 

It is probably that iodine escaped from these sea salt particles 

as discussed previously. The implication is that the atmospheric gaseous 

iodine might come from the sea salt particles. The yearly sea salt 

production rate is about 10 16 g/yr. (Blanchard, 1963). If the iodine 

content of the particles is predominantly inorganic iodide and iodate 

and is equal to the sea water value (I/Cl = 3xlo-6) then the maximum 

total iodine from this inorganic source is about l.8xlo10 g/yr. This 

production rate is about 2 orders of magnitude lower than the 

estimation (1.0 - 5,8 x 1012 g/yr.) of Moyers (1970). If the source of 

iodine is from the organic surface active material, the annual 

production of organic iodine could reach about 6xl0 1 ~ g/yr. as noted 

previously. If only 30% of the atmospheric organic material decomposed 

in the air either through photochemical oxidation or oxidation.by 

atmospheric oxygen, the production of gaseous iodine from the organic 

matter would be 1.8xl011 g/yr. If the production rate (3-7xl015 g/yr.) 

of organic material found by Blanchard .(1968) is used for the above 
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calculation, the production of gaseous iodine from the organic material 

would be 0.9 - 2.1 x 10 12 g/yr. Thus, the organic material may be a 

very important source of atmospheric gaseous iodine. 

The decomposition of organic material in the atmosphere is very 

likely since Armstrong, et al. (1966) showed that organic matter in sea 

water could be decomposed by ultraviolet radiation, Goetz (1968) 

reported that aerocolloidal particulate matter decomposed to gaseous 

end products under UV irradiation, and Green (1970) observed iodinized 

surface active materials lost up to 23% of their iodine under 

ultraviolet radiation. 

If the sea salt particles serve as a source of gaseous iodine and 

are enriched in iodine at the same time, it is possible that very large 

short-lived sea salt particles contain organic iodine which produces 

gaseous iodine. These very large sea salt particles fall back into the 

ocean after they release some of their organ1cally bound iodine as 

gaseous iodine in a period of hours or less. Thus these heavy short

lived sea salt droplets provide a continuous source of gaseous iodine, 

This gaseous iodine may subsequently diffuse to the smaller longer

lived particles which of course also lose some of their organically 

bound iodine in the same manner. However, since a very large short

lived particle has much greater mass than a small particle (the mass 

of a 20 µparticle is 1,000 times the mass of a 2 µparticle), a small 

percentage of iodine released from a large particle can be sufficient 

to cause a very high I/Cl value on a small particle. In other wrods, 

the smaller, longer-lived sea salt particles gain iodine to increase 

their I/Cl at the expense of larger, shorter-lived sea salt particles. 
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The hypothesis that gaseous iodine arises from organic material is 

consistent with the results of this laboratory study and with the 

results obtained by Moyers (1970) for atmospheric samples. In the 

laboratory, the results of experiments using unfiltered and filtered 

sea water with and without lN light are shown in Tables XVI, XVII, XX, 

and XXI. As has been mentioned, sea salt particles of all sizes are 

enriched in iodine to some extent. This enrichment is probably due to 

the presence of organic iodine. Experiments with lN light (Tables XVII 

and XXI) show larger amounts of gaseous iodine and lower total iodine 

enrichment on the sea salt particles. This can be explained by lN 

light accelerating the decomposition of the parent organic material 

containing iodine on the sea salt particles, as well as by photochemical 

oxidation of iodide under the more favorable chemical condition on the 

sea salt particles. This escape of iodine would naturally lower the 

total iodine enrichment on the sea salt particles and ·increase the 

gaseous iodine collected on the charcoal. Moyers (1970) found that the 

amount of gaseous iodine was proportional to the particulate iodine or 

to the I/Cl on the sea salt particles. This may be explained by the 

higher particulate iodine or the higher I/Cl on sea salt particles 

being associated with a larger amount of organic material in the 

different samples collected~ If there were more organic material in 

some samples to generate more gaseous iodine, then the gaseous iodine 

measured would also increase. 

The concept of sea salt particles as a source of gaseous iodine is 

apparently in contradiction with the I/Cl values observed on sea salt 

particles. It has been mentioned many .times previously that the iodine 



138 

in atmospheric sea salt particles is enriched, compared to the sea water 

value, up to 1,000 times on the smallest particle collected, Moyers 

(1970) explained both how sea salt particles could serve as a source 

and as a sink for gaseous iodine and how the observed I/Cl of the sea 

salt particles could be obtained, Since his explanation is very pertinent 

to this discussion, it is given below in essentially the original form. 

Moyers (1970) made the following assumptions: 

1. The average I2(g) concentrations in the marine atmosphere 

is 10~ 12 atm (10 ng/m3), 

2. The sea salt particles are liquid droplets. 

3, The pH of these droplets is approximately 5 - 6. 

Moyers then calculated the interaction of gaseous iodine with sea salt 

particles as follows: 

At an r 2 (g) concentration of lo- 12 atm the I2(aq) concentration on 

sea salt particles at equilibrium will be given by 

(20) 

/:,.G 0 = -0.79 Kcal 

. K = 100,51 

However, I2(aq) disproportionates according to the following equation: 

t:,.G 0 = 64.56 Kcal 

K = 10-47 • 6 

(21) 
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Such a disproportionation would result in [10)1 = [l-)/5. 

Using a pH= 5 and [I2 (aq)] = 3 x lo- 12 M, the resulting concentration 

of the two iodine species on sea salt particles would be 

[I-1 = 4 x 10-9 M 

and [10)1 = 8 x 10-10 M 

However, these two iodine species will not necessarily exist in this 

1:5 ratio since other reactions such as oxidation of I- and I2(aq) by 

o2 are taking place, The equilibria between I- and atmospheric oxygen 

is given by equation (2~): 

+ 21- + 1/2 02(g) + 2H + Iz(aq) + H20 (22) 

bG 0 -28,06 Kcal 

K = 1020,6 

At an Oz(g) concentration of 0,2 atmospheres, a pH of 5, and Iz(aq) 

3 x lo- 12 M, the concentration of r- at equilibrium would be 1.2 x 

l0- 11 M, If this concentration of r- is used in equation (21), the 

IO) concentration at equilibrium on sea salt particles would then be 

2,5 x 102 M. 

It is also possible to examine the equilibrium between Iz(aq), o2, 

and 103, which is given according to equation (23): 

lz(aq) + H20 + 5/2 o2 + 2103 + 2~ 

bG 0 = -11,18 

. (23) 
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Using the same concentrations for l2(aq), 02(g), and H+ which were used 

previously give an IO) concentration of 2.5 x 102 M which is in 

agreement with the previous value obtained. This is as it should be, 

since combining equations (22) and (23) results in equation (21). 

However, equation (23) is included to show that it is possible to build 

up 103 by two separate paths: 1) oxidation of · l- to r 2 (g) with the 

subsequent disproportionation of l2(aq) to 1/6 IO) and 5/6 1- (each r

will form 1/12 IOj), and _ 2) the oxidation of I?(aq) directly to 103 as 

shown in equation (23). Both of these mechanisms may be occurring on 

sea salt particles. At a pH of 6 the equilibrium concentrations of 

r-, 103, and 12(aq) according to equations (20)-(23) will be: 

1- = 1.2 x lo-lO M 

IO) = 2.5 x 10 3 M 

r 2(aq) = 3 x 10-12 M 

Calculations for the interhalogen complexes (i.e., 13, 1c1;, etc,) 

associated with sea salt particles show that these species will be 

unimportant in terms of the amount of species present. 

These calculations incidate that because of the extremely large 

equilibrium concentration of ro;, sea walt particles should act as a 

perfect sink for I2(g) in the atmosphere. There are other 

considerations, however, the most important being whether or not 

equilibrium is actually attained, In the Introduction it was 

indicated that equilibrium between I- and 02 is apparently not attained 

in sea water and this may be true in _ the atmosphere as well. It is 

obvious that total equilibrium between all iodine species and 02 is not · 
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attained since this would result in an iodine concentration (as 103) 

several times tha t of Cl- (in particles Cl- varies from 0.5 M to about 

S.O M). It may be that equilibrium between I-, IO), and I 2 , according 

to equations (20) and (21), is established rather rapidly, perhaps 

within a few hours. Duce, et al. (1965) has presented diffusion 

calculations which indicate that at a gaseous iodine concentration 

similar to that found in this study, the average time required for a 

molecule of gaseous I2 to interact with a sea salt particle is 

approximately 30 minutes, The attainment of equilibrium between 02 and 

1-_and/or I2(aq) according to equations (22) and/or (23) (which would 

act to increase I03 concentration if equilibrium according to equation 

(21) is maintained) may be the rate controlling step(s) which dictates 

the amount of iodine which will be associated with sea salt particles. 

It may be that the oxidation of I- by 02 is too slow to be of 

importance and the oxidation of I2(aq) by atmospheric o2 to form I03 

is the rate controlling step. Presumably this reaction between I- and 

02 (which is dependent on pH) will proceed more rapidly on the 

particles than in sea water since Ii+ concentration is probably about 

two to three orders of magnitude higher in sea salt particles than in 

sea water. In either case, the fact that the I/Cl ratio increases on 

particles of decreasing size may be a result of the slowness of the 

oxidation of I- and/or I 2 (aq) by 02, since smaller particles have a 

longer residence time in the air than larger sea salt particles. 

Moyers (1970) continued on to show that the average ratios of I 

to Cl of the sea salt particles were directly proportional to the 

residence times of the sea salt particles. He found a qualitative 



agreement between the I/Cl and the residence times of the sea salt 

particles calculated by Eriksson (1959) and Toba (1965). 
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One thing should be pointed out concerning the explanation given 

by Moyers (1970) for the iodine enrichment. Moyers (1970) stated that 

the total equilibrium between all iodine species and oxygen is not 

attained since that would result in an iodine concentration (as iodate) 

several times that of chloride. This would mean the building up of 

iodate is a slow process. This process may not be limited by the 

amount of gaseous iodine as there is a much higher gaseous iodine 

concentration than that. demanded by the equilibrium concentration 

according to equation (23). If the building up of the iodate is the 

cause for the iodine enrichment on the sea salt particles, then the 

I/Cl may not be correlated to the gaseous iodine concentration changes 

even if these changes are large, since the process is apparently so 

slow. However, Moyers (1970) found a good correlation (correlation 

coefficient g 0.9) between the gaseous iodine concentration and the 

total impactor particulate I/Cl. The gaseous iodine concentrations 

ranged from about 4 to 12 ng/m3 and the I/Cl ranged from about 3xl0-4 

to 12xl0~4 • This rather marked response of the I/Cl to the gaseous 

iodine concentration changes (about a factor of 3) may mean that the 

building up of iodate is not the main mechanism causing enrichment of 

iodine on the sea salt particles. 

Goetz (1965) investigated the sub-micron particles over the 

ocean by use of an aerosol spectrometer. This spectrometer applied a 

high centrifugal acceleration to the particles in a continuous laminar 
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air flow. The particles were deposited on a highly polished chrome 

surface which permitted microscopic inspection of particles with a 

diameter :5.. 0.08 µ without danger of causing their structural alteration. 

Samples were obtained as far as 70 miles off the coast of Southern 

California with all precaution being taken for avoiding any possible 

contamination from shore and sea traffic. The number of particles 

over the ocean was between 50 - 500/cm3 for particles in the size 

range 0.04 :5_. r :5_. 1.5 with a fiarly sharp maximum at r = 0.15 - 0.2 µ. 

The majority of these particles, which Goetz (1965) termed 

aerocolloidal particulates, were thermally unstable and they behaved 

like organic compounds with a low vapor pressure. The source of such 

organic material was thought to be related to marine-biological 

processes and sea slicks. These organic rich aerocolloidal particulates 

may be film droplets produced by breaking bubbles. 

Green (1970) calculated the molecular volume of a typical organic 

surface active material (stearic acid) on the bubble film of a 1,500 µ 

diameter bubble. Green estimated that complete aerosolization of this 

film would result in fragments which would be 2,500 times as massive 

as the droplets formed from an equivalent pure sea water film, which 

presumably contains no organic matter. Thus the majority of the mass 

of these particles would be organic material. Green also reported 

unsaturated fatty acids similar to surface active materials in the 

ocean could react with dissolved iodine as iodide under ideal conditions. 

These conditions were that the quantity of surface active agent used 

must exceed the amount required for monolayer formation on the 

available water surface and the quantity of iodine as iodide (41 mg/l) 
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used exceeded the reported total iodine concentration (60 µg/l, 

Barkley and Thompson, 1960) in sea water. Green found that 1,7-9.0 mg 

of iodine reacted per gram of various organic surfactants. 

From the discussion above and earlier in this dissertation, it is 

clear that organic rich particles exist over the ocean, The radius of 

the majority of these particles is about 0.15-0,20 µ, These particles 

have longer atmospheric residence time than the larger, relatively 

organic free particles because of their small size and perhaps their 

lower hygroscopicity. Since the organic materials on these particles 

may concentrate iodine, the iodine enrichment on these organic rich 

particles may be very high compared to the amounts in sea water. If 

the enrichment is as high as approximately 1,000, the increased I/Cl 

observed on atmospheric sea salt particles may be due to these small 

organic rich particles through an interaction somewhat like the 

following: 

Bursting bubbles or bubble clusters generate both jet and film 

droplets. The jet droplets contribute the major mass of atmospheric 

sea salt particles, Jet droplets undoubtedly coagulate to a certain 

extent with the film droplets, The smaller jet droplets have longer 

residence times than the larger ones, and these longer times should 

increase the degree of coagulation with film droplets, Moreover, 

Junge (1963) stated that the rate of coagulation in natural aerosols 

was very rapid for Aitken particles (.::_ 0.1 µ radius) and is very slow 

for particles larger than 0.1 µ radius, Thus, the coagulation 

frequency of film droplets with film droplets is higher· than that 

between film droplets and jet droplets; The latter is, in turn, 



' 

145 

higher than the probably negligible coagulation between jet droplets 

and jet droplets. The coagulation between film droplets and other film 

droplets produces droplets with a larger size but which may have 

approximately the same I/Cl as the initial film droplets. The 

coagulation of film droplets and jet droplets would increase the I/Cl 

of the jet droplets since the I/Cl on the film droplets is probably 

very high, as discussed above. Moreover, the increase of the I/Cl on 

the jet droplets by coagulation with film droplets is inversely 

proportional to the mass of the jet droplets. Thus, the increasing 

I/Cl on actual atmospheric sea salt particles with decreasing size may 

be explained by the coagulation of jet droplets and film droplets. 

The build-up of the I to Cl ratio by this route should be proportional 

to the residence time of the particles. It is apparent that the 

correspondence between the size of the particles and both the I/Cl 

of the particles and the residence time of the particles may be 

explained without involving the inorganic iodate mechanism suggested 

by Moyers (1970) but rather through the organic rich film droplets. 

It appears certain that gaseous iodine, organic iodine, and the 

I/Cl on the sea salt particles are all interrelated. The freshly 

ejected sea salt particle may lose some of its iodine through 

decomposition of part of its organic material and/or through oxidation 

of iodide to iodine when its pH lowers from the sea water value of 8.2 

to 5-6. The sea salt particles may coagulate to a certain extent with 

the organic rich particles. At the same time, gaseous iodine may 

diffuse to the surface of the sea salt particles. This gaseous iodine 

may dissolve and build up thermodynamically stable iodate as suggested 



by Moyers (1970). 

It was indicated early in the Introduction tha t the laboratory 

model could not reproduce all the complicated aspects of the natural 

marine environment. The results of the laboratory model experiments 

show the highest iodine enrichment on the sea salt particles to be 

about 1 order of magnitude lower than the enrichment on natural sea 

salt particles. Some of the reasons for the difference may be as 

follows. 
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The clean laboratory inlet air is different from actual atmospheric 

air, The clean laboratory air has no gaseous iodine and no organic 

particulate matter but there is gaseous iodine and there are organically 

rich. particles in the ambient atmosphere into which sea salt particles 

are ejected. Should any gaseous iodine or air-borne organic rich film 

droplets be formed through bubbling in the mini-ocean, they would be 

rapidly swept away from the atmospheric chamber by the continuous 

inflow of the clean filtered air. This continuous one way air flow 

allows a maximum residence time for air-borne particles of only about 

18 minutes (limited by the volume of the atmospheric chamber D) . • 

However, the presence of organic rich particles, gaseous iodine, and 

a size~dependent particle residence time may be essential to achieve 

both the higher values of the I/Cl which are observed on atmospheric 

sea salt particles and the marked dependence of this ratio on particle 

size. In spite of the inherent limitations of the laboratory model 

ocean-atmosphere, this investigation has yielded encouraging results, 

These results have served as a basis to further explore the mechanisms 

responsible for the iodine enr·ichment. 
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V. CONCLUSIONS 

(1) Laboratory studies utilizing a model ocean-atmosphere indicate 

that atmospheric sea salt pa~ticles created by bubbles bursting on the 

surface of sea water have a different I/Cl than the filtered sea water 

from which the sea salt particles originated. The I/Cl of the droplets 

may be higher or lower than the I/Cl of the filtered sea water 

depending on the chemical form of iodine in the mother solution. The 

I/Cl of droplets generated by bubbling filtered sea water containing 

iodine as iodide either in darkness or under ultraviolet light is up to 

a factor of 5 lower than the I/Cl of the bulk filtered sea water. On 

the other hand, the I/Cl of droplets generated by bubbling filtered sea 

water containing iodine as organic iodine either in darkness or under 

ultraviolet light is up to a factor of 100 higher than the I/Cl of the 

bulk sea water. 

It is clear that organic material in bulk sea water can be 

transferred into the air along with sea salt particles by bursting 

bubbles. Since the organic surface active materials in filtered sea 

water may be enriched in iodine, the I/Cl of the sea salt particles 

which carry the organic surface active materials should also be 

enriched with iodine. 

When iodine exists as iodide in filtered sea water, the droplets 

derived from the filtered sea water contain iodine as iodide. Due to 

evaporation, the iodide concentration is higher and the pH is lower on 

the sea salt particles than the bulk filtered sea water. The higher 

iodide conceDtration and lower pH are more favorable conditions for the 

6xidation of iodide to gaseous iodine on sea salt particles than in 
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filtered sea water. The apparent release of gaseous iodine from the 

particles by the oxidation of iodide causes the I/Cl to become lower 

than the I/Cl in the filtered sea water. Moreover, this release of 

gaseous iodine from iodide on the sea salt particles can take place in 

darkness although approximately twice as much gaseous iodine is released 

when the particles are irradiated with ultraviolet light than when they 

are not. 

(2) The I/Cl in sea salt particles generated from filtered and 

unfiltered sea water containing iodine as it exists in natural sea 

water is generally greater than the I/Cl ratio in the mother sea water. 

The· increase in the I/Cl of the droplets is dependent on the droplet 

size. The iodine enrichment has a minimum on particles with 

approximately 2.5-5 µ radii. This minimum may be caused by the 

mechanism of the transport of organic surface active material by the 

jet and film droplets from bubble burstings. The jet droplets carry 

less organic film material per unit volume while the film droplets 

carry more organic film material per unit volume as their radii decrease. 

Since the jet droplets are larger than the film droplets, the organic 

film material per unit volume on the sea salt particles should decrease 

to a minimum and then increase as the sizes of the sea salt particles 

decrease. The minimum I/Cl observed experimentally may correspond to 

the minimum amount of organic surface active material per unit volume 

of the sea salt particles. 

(3) The escape of gaseous 1-131 from still sea water containing 

1-131 as iodide is approximately three times higher under ultraviolet 

irradiation than in darkness. A similar escape of gaseous iodine was 
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not observed for natural sea water, This implies that the iodide iodine 

in sea water comprise a smaller percentage of the total iodine in sea 

water than had been previously believed. 

(4) Based on the conclusions drawn above from the laboratory 

studies, we can attempt to extrapolate the laboratory findings to 

determine the cause or causes of the iodine enrichment on actual 

atmospheric sea salt particles, The organic surface active material 

in bulk sea water and on the sea surface may be enriched in iodine. 

When air bubbles rise from bulk sea water and burst to create droplets, 

the organic surface ae.t.ive materials are carried into the atmosphere by 

the droplets. As mentioned under (2) above, the jet droplets carry a 

decreasing amount of organic iodine per unit volume and. the film 

droplets carry an increasing amount of organic iodine per unit volume 

as their sizes decrease. The large sea salt particles are 

predominantly jet droplets and the small sea salt particles are 

predominantly film droplets. Thus, the amount of organic surface active 

material per unit volume present on the sea salt particles should show 

a minimum as the particle radii decrease. 

Atmospheric sea salt particles often show a minimum I/Cl on 

particles with radii of approximately 5 µ This minimum I/Cl may 

correspond to the minimum amount of organic surface active material 

mentioned above. As soon as the droplets become air-borne, their iodide 

concentration increases and their pH decreases due to evaporation and 

interaction with atmospheric gaseous components like C02, N02, and S02. 

A small portion of the total iodine on the sea salt par~icles may be . 

converted into gaseous iodine through oxidation of iodide and 
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decomposition of organic iodine either by atmospheric oxygen or by 

ultraviolet light. This release of gaseous iodine from the sea salt 

particles may actually lower their I/Cl. However, the I/Cl may increase 

again via two possible routes. Gaseous iodine may diffuse back to the 

sea salt particles, or the sea salt particles may coagulate with 

organically rich smaller particles. In either case, the addition of 

gaseous iodine or organic iodine to the sea salt particles would be 

expected to increase the I/Cl much more on small droplets than on 

large droplets. In addition, the small sea salt particles have more 

time to build up their I/Cl compared to large sea salt particles 

because the former have longer residence times. Thus, the iodine 

enrichment in sea salt particles should increase as the particle radii 

decrease if the enrichment is completely caused by addition of iodine 

after the sea salt particles become air-borne. 

The initial increase of the I/Cl due to the organic iodine in 

surface active material on sea salt particles may be up to a factor of 

100 greater than the I/Cl in sea water according to the laboratory 

experiments in this study. The enrichment of iodine may even be 

larger on particles with radii < 0.15-0.20 µ, which were not collected 

during these experimental studies. In order to obtain the I/Cl of 500 

to 1,000 actually observed in the marine atmosphere through addition 

of gaseous iodine or organic iodine, there must be some source or 

sources to provide this additional iodine. Three possibilities exist: 

(i) Gaseous iodine may be volatilized from sea water via photochemical 

oxidation of iodide. A very approximate calculation indicates that 

about 109 g of gaseous iodine per year may be produced in this manner. 
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(ii) It is possible that some of the organic material on the large 

r 
I heavy, short-lived sea salt particles decompos es to release gaseous 

iodine before these particles fall back into the sea, resulting in a 

net production of gaseous iodine into the atmosphere. (iii) The 

' smallest particles in the marine atmosphere (r ::_ 0.15-0.20 p), which 

were not collected in this study and which have not been collected for 

iodine analysis in any field studies, may'be very highly enriched in 

organic iodine, Coagulation of these particles with each other and 

larger particles would produce an apparent additional quantity of 

atmospheric iodine, 

Thus, the enrichment of iodine on sea salt particles as well as 

the transfer of iodine from the sea into the atmosphere may be achieved 

r 
primarily through the organic iodine mechanism. The gaseous iodine 

I mechanism may play only an auxiliary role. The importance of particulate 

residence time should be emphasized. The heavy, giant, short-lived 

r 

droplets may be air-borne only long enough to lose some iodine before 

falling back into the ocean, The small droplets may be air-borne long 

I 
I enough not only to initially lose iodine but also to gain far more than 

what they lost initially. It is thus likely that the iodine enrichment 

on sea salt particles is the end result of the interplay of particle 

residence time, organic iodine, and gaseous iodine, 
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Appendix A 

Cascade Impactor 

A six stage cascade impactor (Model CI-S-6, Scientific Advances 

Company, Columbus, Ohio) was used in this work to study the enrichment 

of I/Cl values on sea salt particles. With this instrument, particles 

of 6 different size ranges can be collected. The cascade impactor is a 

successive series of six jets; each jet is smaller in area than the 

previous jet and each jet is followed by an impaction slide, Fig, 14 

shows a schematic representation of two of the six stages. As an 

airstream is pulled through the instrument by use of a vacuum pump, the 

velocity of the air is increased as it passes through a jet, 

Immediately after exiting from a jet, the air is slowed down and curves 

around the impaction slide as shown in Fig. 14. A particle in the 

airstream will have momentum imparted to it by the airstream as it is 

accelerated through the jet. Leaving the jet, the particle will be 

subject to the axial momentum provided by the acceleration through the 

jet and the radial momentum which is provided by the airstream as the 

particle curves around the impaction slide. If the axial momentum 

(which . is dependent upon the mass of the particle and the velocity of 

the airstream through the jet) is sufficient, the particle will bend 

away from the airstream enough to be impacted on the slide, If the 

particle is not impacted it will be carried by the airstream to the 

next jet which is smaller and hence supplies a greater acceleration and 

momentum than was the case in the previous jet. This process continues 

until the particle attains enough momentum to be impacted on one of the' 

slides~ 
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For this work it was necessary to realize that both the density 

and radius of a particle are a function of the relative humidity, The 

controlled relative humidity inside the model ocean-atmosphere ranged 

from 80% to 70%, The radius of a sea salt droplet decreases by a 

factor of 1,1 between these two relative humidities. The densities of 

sea salt droplet at 80% and 70% relative humidity were calculated by 

taking the weight of dry sea salt for a 2?~7 µradius particle at 99% 

relative humidity from Woodcock (1952), The radius of this sea salt 

droplet at 80% and 70% relative humidity were taken from Dessens (1949). 

From the weight of the sea salt droplet and its radii at different 

relative humidities, the density was calculated to be 1.24 at 80% and 

1,33 at 70%. 

If we defame r 10o as the particle radius which is collected with 

100% efficiency on any given impactor stage, then, according to Ranz 

and Wong (1952), r 10o is inversely proportional to the square root of 

the impacting particle density, Since the r100 value for any slide is 

inversely proportional to the particle density, the r100 value for any 

slide will decrease by a factor of 0.97 when the particle density 

changes from 1.24 to 1,33. The total change of the r100 value for a 

given slide would then be a maximum factor of 1.lx0,97 ; 1,07 when the 

relative humidity varies from 80% to 70%. · As the actual relative 

humidity varied within about 5% during each sampling period in this 

laboratory study, the actual sea salt particles collected on each slide 

should have a radius variation of less than the 7% indicated above. 
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Activated Charcoal 

The charcoal used was a commercial activated charcoal (coconut 

shell, Type AC, 8-12 mesh, Barnebey-Cheney Activated Charcoal Company, 

Columbus, Ohio). It had initial iodine concentrations between 50 and · 

300 parts per billion. Moyers (1970) found that heating the charcoal 

in a helium atmosphere to 600°C resulted in a reduction of the iodine 

blank by about a factor of two, Heating the charcoal to approximately 

750°C under a high vacuum (approximately 10-5 cm Hg) proved to be an 

extremely effective method of reducing the blank, The charcoal blank 

for iodine was lowered by one to two orders of magnitude as a result of 

the vacuum heat treatment. Table XXVI shows typical iodine concentra

tions (in units of io-9 g per gram of carbon) of Barnebey-Cheney Type 

AC 8-12 mesh coconut shell activated charcoal both before and after 

the vacuum heat treatment. 

The charcoal was cleaned and handled in the following manner: 

Approximately 100 g of activated charcoal (8-12 mesh Barnebey-Cheney 

Type A~) were placed in a quartz tube and attached to a high vacuum 

Th f h · 1 d · 1 lo-s system, e pressure o t e system was owere .to approximate y 

cm Hg. The temperature o.f the charcoal was then raised in 50°C 

increments once a day, and heating continued until a temperature of 

750°C was attained. This temperature was held for one week, and was 

then lowered slowly (25°C per hour) to ambient laboratory temperature. 

An activated charcoal trap was placed on the vacuum system before it 

was opened to the atmosphere. This was done to adsorb any gaseous 



TABLE XXVI. IODINE CONCENTRATIONS OF BARNEBEY-CHENEY AC 
ACTIVATED CHARCOAL BEFORE AND AFTER VACUUM TREATMENT 

Sample* Iodine (10- 9 g/ gc) 

L Untreated 256 

Treated 3.5 

Treated (duplicate) 5.8 

2. Untreated 61. 2 

Treated 6.5 

3. Untreated 104 

Treated 2.5 

*Samples listed are from different 1 pound bags of 
charcoal obtained from Barnebey-Cheney Activated 
Charcoal Company, Columbus, Ohio. Different numbered 
samples were treated at different times. 
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iodine in the laboratory air before the air reached the cleaned 

charcoal. After opening the vacuum system to the atmosphere the 

charcoal was immediately transferred to a clean vacuum desiccator. A 

vacuum was drawn on the desiccator and the charcoal was stored in this 

manner until it was used for sample collection, When the desiccator 

was opened to the atmos.phere to remove the charcoal, an activated 

charcoal trap was placed on the air inlet to clean the air before it . 

entered the desiccator. After removing sufficient charcoal for a 

sample, a vacuum was again drawn on the desiccator. 



BIBLIOGRAPHY 

Allen, R.S., G.E. Chares and S.G. Mason (1961). The approach of gas 
bubbles to a gas/liquid interface, .::!_. Coll, Sci. 16, 150-165. 

Armstrong, F.A.J., P.M. Williams and J.D.H. Strickland (1966). Photo
oxidation of organic matter in sea water by ultraviolet radiation, 
analytical and other applications. Nature, 212, 481-483. 

Barber, R.T. (1966). Interaction of bubbles and bacteria in the 
formation of organic aggregates in sea water. Nature, 211, 257-258, 

Barkley, R.A. and T.G. Thompson (1960). The total iodine and iodate 
iodine content of sea water, Deep Sea Res., ]_, 24-34. 

Batoosingh, E., G.A. Riley and B. Keshwar (1969). An analysis of 
experimental methods for producing particulate organic matter in sea 
water by bubbling. Deep Sea Res., 16, 213-219._ 

Baylor, E.R., W.H. Sutcliffe and D.S. Hirschfeld (1962). Adsorption 
of phosphate onto bubbles. Deep Sea Res., 2_, 120-12LJ, 

Blanchard, D.C. and A.H. Woodcock (1957), Bubble formation and 
modification in the sea and its meteorological significance. Tellus, 
2_, 145-158. 

Blanchard, D.C. (1963). The electrification of the atmosphere by 
particles from bubbles in the sea, Progress in Oceanography, l_, 
71-202, Pergamon Press, New York. 

Blanchard, D.C. (1964). Sea to air transport of surface active 
material, Science, 146, 396-397. 

Blanchard, D.C, (1968). Surface active organic material on airborne 
salt particles, Proc. Int. Conf, ~Cloud Physics, 25-29. 

Blanchard, D.C. (1969). The oceanic production rate of cloud nuclei. 
~·~·A·; !!_, 1-6. 

Day, J.A. (1964). Production of droplets and salt nuclei by the 
bursting of air bubble films. Quart • .::!.•!• Met, Soc., 90, 72-78. 

Day, J.A. (1967). Bursting air bubbles studied by the time exposure 
technique. Nature, 216, 1097-1099. 

Day, J.A. and J.C. 
air bubbles at the 
Physics, 20-24. 

Lease (1968), Cloud nuclei generated by bursting 
air sea interface. Proc. Int, Conf, on Cloud 



159 

Dean, G.A. (1963). The iodine content of some New Zealand drinking 
waters with a note on the contribution from sea spray to the iodine in 
rain • . New Zealand.::!_. Sci; _§_, 208-214. 

Dessens, H. (1949). The use of spiders' threads in the study of 
. condensation nuclei. Quart • .::!_. Roy. Met. Soc., ]2_, 23-27. 

Duce, R.A., J.T. Wasson, J.W. Winchester and F. Burns (1963). 
Atmospheric iodine, bromine and chlorine. J. Geophys. Res.,~, 3943-
3947. 

Duce, R.A. and J.W. Winchester (1965). Determination of iodine, 
bromine and chlorine in atmospheric samples by neutron activation. 
Radiochim. Acta, !t_, 100-104. 

Duce, R.A., J.W. Winchester and T.W. Van Nahl (1965). Iodine, bromine 
and chlorine in the Hawaiian marine atmosphere. J. Geophys. Res., ·70, 

. 177 5-1799. 

Duce, R.A., A.H. Woodcock and J.L. Moyers (1967). Variation of ion 
ratios with size among particles in tropical oceanic air. Tellus, 19, 
369-379. 

Duce, R.A. (1969). On the source of gaseous chlorine in the marine 
atmosphere • .::!_. Geophys. Res., J..!!.., 4597-4599. 

Edgecombe, F.H.C. and R.G. Norrish (1959). A study of the mechanism 
of photochemical electron transfer processes in solution. Proc. Roy. 
Soc., 253A, 154-162. 

Ellis, C., A.A. Wells and F.F. Heyroth (1941). The chemical action of 
ultraviolet rays. Reinhard Publishing Corporation, New York. 

Eriksson, E. (1959). The yearly circulation of chloride and sulfur in 
nature; meteorological, geochemical and pedological implications. 
Part 1. Tellus, 11, 375-403. 

Farkas, A. and L. Farkas (1938). On the photochemical primary process 
of ions in aqueous solution. Trans. Faraday Soc., 34, 1113-1120. 

Garrett, W.D. 
sea surface. 

(1965). Collection of slick-forming materials from the 
Limnol. Oceanogr., 10, 602-605. 

Garrett, W.D. (1967). Stabilization of air bubbles at the air~sea 
interface by surface-active material. Deep Sea Res., 14, 661-672. 

Garrett, W.D. (1967A). The organic chemical composition of the ocean 
surface. Deep Sea Res., _!!:, 221-227. 



I 

160 

Garrett, W.D. (1968). The influence of monomolecular surface films on 
the production of condensation nuclei from bubbled sea water. NRL 
Report 6672, Washington, D.C. 

Garrett, W.D. (1969). Surface-chemical modification of the air/sea 
interface. Annalen der Meteorologie, N.F.Nr. 4, 25-29. 

Garrett, W.D. (1970). Personal Conununication. 

Goetz, A. (1965). 
the ocean surface. 

The constitution of aerocolloidal particulates above 
Proc. Int, Conf. Cloud Physics, Tokyo, 42-46. 

Goetz, A. (1968). Aerocolloidal particles and ultraviolet radiation, 
Proc. Int. Conf. Cloud Physics, Toronto, 1968. 

Green, W.D. (1970), A laboratory study of iodine scavenging by marine 
aerosols. Annual Progress Report, A.E.C., MRI70-FR-910, Washington, D. 
c. 

Grossweiner, L.I. and M.S. Matheson (1957). The kinetics of the 
dihalide ions from the flask photolysis of aqueous alkali halide 
solutions. ;!_. Phys. Chem. , ..§.!_, 1089-109 5. 

Harvey, G.W. (1966). Microlayer collection from the sea surface: A 
new method and initial results. Limol. Oceanogr., 11, 608-614. 

Hobson, L.A. (1967). The seasonal and vertical distribution of 
suspended particulate matter in an area of the northeast Pacific Ocean. 
Limnol. Oceanogr., 12, 642-649. 

Jarvis, N.L. (1967). Adsorption of surface-active material at the 
sea-air interface. Limnol. Oceanogr., 11, 548-562. 

Jarvis, N.L., W.D. Garrett, M.A. Scheiman, and c.o. Timmons (1967). 
Surface chemical characterization of surface-active material in seawater. 
Limnol. Oceanogr., 12, 88-96. 

Junge, C.E. (1963). Air chemistry and radioactivity. Academic Press, 
New York. 

Kester, D.R., J.W. Duedall, D.N. Connors and R.M. Pytkowicz (1967). 
Preparation of artificial sea water. Limnol, Oceanogr., _!l, 176-179. 

Kientzler, C.F., A.B. Arons, D.C. Blanchard and A.H. Woodcock (1954). 
Photographic investigation of the projection of droplets by bubbles 
bursting at a water surface. Tellus, .§_, 1-7. 

Knelman, F., N. Dombrowski and D.M. Newitt (1954). Mechanism of the 
bursting of bubbles, Nature, 173, 261. 



( 

Komabayas i, M. (1962). Enrichment of inorganic ions with increasing 
atomic weight in aerosol, rainwater and snow in comparison with sea 
water. .:!._. Met. Soc. Japan, 40, 25-38. 

161 

Komabayasi, M. (1964). Primary fractionation of chemical components in 
the formation of submicron spray drops from seasalt solution. J. Met, 
Soc. Japan, ~' 209- 316. 

Krauskopf, K.B. (1967). Introduction to Geochemistry. McGraw-Hill 
Book Company, New York, 

Lodge, J.P. and F. Baer (1954). An experimental investigation of the 
shatter of salt particles on crystallization, .::!_. Met., 11. 

Lodge, J,P, (1955), A study of sea-salt particles over Puerto Rico, 
.::!_. Met., 12, 493-499. 

Macintyre, F. (1965). Ion fractionation in drops from breaking bubbles. 
Ph.D. Thesis, MIT, Camhridge, Mass. 

Martens, C.S. and R.C. Harriss (1970). Mechanisms of iodine injection 
from the · sea surface. Precipitation Scavenging Meeting, Richmond, 
Washington, June 2-4. 

Mason, B.J. (1954). Bursting of bubbles at the surface of sea water, 
Nature, 174, 470-471. 

Mason, B.J. (1957). The ocean as a source of cloud-forming nuclei, 
Geofisica Pura ~ Applicata, 36, 148-155. 

Menzel, D.W. (1966), Bubbling of sea water and the production of 
organic particles: A re-evaluation. Deep Sea Res., 13, 963-966. 

Miyake, Y. and S. Tsunogai (1963). Evaporation of iodine from the 
ocean. J. Geophys. Res. , 68, 3938-3993. 

Moilliet, J.L., B. Callie and W. Black (1961), Surface Activity, D. Van 
Nostrand Company, Inc., New Jersey. 

Moore, D.J. (1952). Measurements of condensation nuclei over the 
North Atlantic. Quart • .::!_. Roy. Met, Soc., ~' 596-602. 

Moore, D.J. and B.J. Mason (1954). The concentration, size distribution 
and production rate of large nuclei over the ocean. Quart. J. Roy. 
Met, . Soc. , 80, 583-590. 

Moyers, J.L. (1970). Studies of gaseous iodine and bromine in the marine 
atmosphere. Ph.D. Thesis, University of Hawaii, Honolulu, Hawaii. 

Ogura, N. and T. Hanya (1966). Nature of Ultraviolet absorption of 
Sea Water. Nature, 212, 758. 



( 

Osipow, L.I. (1962). Surface Chemistry. Reinhold Publishing 
Corporation, N.Y. 

.162 

Paterson, M.P. and K.T. Spillane (1969). Surface films and the 
production of sea-salt aerosol. Quart . .:!_. Roy. Met. Soc., 21, 526-534. 

Pueschel, R.F., R.J. Charlson and N.C. Ahlquist (1969). On the 
anomalous diliquescence of sea-spray aerosols • .:!_.Appl. Meteor.;.§_, 
995-998. 

Ranz, W.E. and J.B. Wong (1952). Impaction of dust and smoke particles 
on surface and body collector. Ind. Eng. Chem.,!:!!!._, 1371-1381. 

Rigg, T. and J. Weiss (1952). The photochemistry of iodide ions in 
aqueous solution. J. Chem. Soc., 4198-4204. 

Riley, G.A. (1963). Organic aggregates in sea water and the dynamics 
of their formation and utilization. Limnol. Oceanogr., ~' 372-381. 

Riley, G.A., P.J. Wangersky and D. Van Hemert · (1964). Organic 
aggregates in tropical and sub-tropical surf ace waters of the North 
Atlantic Ocean. Limnol. Oceanogr., 2_, 199-209. 

Riley, G.A., D. Van Hemert and P.J. Wangersky (1965). Organic 
aggregates in surface and deep waters of the Sargasso Sea. Limnol. 
Oceanogr., 10, 354-363. 

Seto, Y.B., R.A. Duce and A.H. Woodcock (1969). Sodium to chlorine 
ratio in Hawaiian rains as a function of distance inland and of 
elevation. J. Geophys. Res.,!.!!__, 1101-1103. 

Sheldon, R.W., T.P.T. Evelyn and T.R. Parsons (1967). On the occurrence 
and formation of small particles in sea water. Limnol. Oceanogr., ~' 
367-375. 

Sieburth, J. McN. (1965). Bacteriological samples for air-water and 
water-sediment interfaces. Trans-Joint Conf. Ocean Sci. Ocean Eng., 
MTS-ASLO Washington, D.C., 1064-1068. ~-

Stevenson, R.E. and A. Collier (1962). Preliminary observations on the 
occurrence of air-borne marine phytoplankton. Lloyolia, ~' 457-466. 

Stuhlman, O. (1932). The mechanisms of effervescence. Physics,~' 
457-466. 

Sugawara, K., S. Oana and T. Koyama (1949). Separation of the 
components of atmospheric salt and their distribution. Bull. Chem. 
Soc. Japan, ~' 47-52. 



Sugawara, K., T. Koyama and K. Terada (1955). 
spectrophotometric determination of iodine in 
Chem. Soc. Japan, ~' 494-497. 

A new method of 
natural water. · Bull. 

163 

Sugawara, K. and K. Terada (1957). Iodine distribution in the western 
North Pacific Ocean. !_~ Earth Sci., ~" 81-102. 

Sugawara, K. (1959). Syn-bubble-bursting fractionation of sea salt. 
Paper presented at International Oceanographic Congress at New York, 
September. 

Sutcliffe, W.H., E.R. Baylor and D.W. Menzel (1963). Sea surface 
chemistry and Langmuir circulation. Deep Sea Res., 10, 233-243. 

Toba, Y. (1965). On the sea-salt particles in the atmosphere. Tellus, 
£, 131-145. 

Tsunogai, S, (1966). Chemical study of precipitation concentration, 
fall rate and sources of chemical constituents in precipitation and 
air-borne dust. Ph.D. °Thesis, Tokyo Kyoiku University, Tokyo, Japan, 

Tsunogai, S, and T. Sase (1969), Formation of iodide-iodine in . the 
ocean, Deep Sea Res., 16, 489-496. 

Twomey, s. and K.N. McMaster (1955). The production of condensation 
nuclei by crystallizing salt particles. Tellus, ]_, 458-461. 

Twomey, s. (1969). The Oceanic production of cloud nuclei. J.R.A., 
!!_, 179-181. 

Vinogradov, A.P. (1953). The elementary chemical composition of marine 
organisms. Sears Foundation for Marine Research. Yale University, 
New Haven. 

Williams, P.M. (1967). Sea surface chemistry: organic carbon and 
organic and inorganic nitrogen and phosphorus in surf ace films and 
subsurface waters. Deep Sea Res., 14, 791-800. 

Woodcock, A.H. (1953). 
altitude and wind force. 

Salt nuclei i n .. -,arL.c o. ·· 
J. ~·, 10, 362-3 ~· 1. 

· ~-n c tion of 

Woodcock, A.H., C.F. Kientzler, A.B. Aarons and D. · ~hard (1953). 
Giant condensation nucl.:: 1· ·irom bursting bubbles, N;,,. _:::_ ~'.· 172, 1144-
1145. 

.• 


