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ABSTRACT 

It is well known that a large part of the soluble salts found in soils, rivers, and lakes 
comes from rainwater. These salts are believed to originate as ocean spray carried into 
the atmosphere from the surface of the seas. Here, tiny bubbles come to  the surface 
and fracture, sending upward aerosols which contain these salts. Studies have been 
shown that the ratio of t,he ions present within these aerosols are considerably different 
from those found in the oceans. The purpose of this investigation was to examine the 
bubble-bursting process in an effort to determine what is influencing the change in 
ion ratio. This was done by simulating the bubble-bursting mechanism in very simple 
salt solutions of concentrations similar to those found in the ocean. Variables examined 
were concentration, ion character, particle size, and pH. It was found that definite 
trends in enrichments of one ion species with respect to another in the aerosol phase are 
related to the ratios of ions in the bulk solution. Also affecting enrichment is the pH of 
the bulk solution. Enrichments varied with aerosol droplet size in a periodic fashion, 
wit,h peaks around 1.0 and 6.0 pm. The results further point to the fact that the ionic 
double layer is a major factor in the enrichment process in that it influences the ionic 
equilibria in the thin film of a bubble. 

Introduction 

It is uncommon for one t o  observe a large 
area of the  ocean’s surface engaged in  a foaming 
or bubble-bursting process. However, at any  
one time, about  three t o  four percent of the  
world’s oceans, on the  average, is engaged in  
this process. I n  this whitecap area, approxi- 
mately o m  hundred thousand bubbles brcak in 
a square meter each second and  send aerosol 
droplets upward (Blanchard, 1963, 1972). This 
bubble-bursting process is of great meteorologi- 
cal importance for at this air-sea interface a 
unique exchange of mat tcr  arid energy takes 
place. 

The first investigator t o  suggest the  ocean as 
a source of particles for the  atmosphere was 
Aitken who in 1881 proposed t h a t  a significant 
number of air-borne particles might originate at 
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t h e  surface of the  sea and  also be t h e  sourcc of 
nuclei for cloud formations. Following Aitken’s 
theory, many investigators examined the  oceans 
for such a process and Jacobs i n  1937 suggested 
the  bubble-bursting mechanism as t h e  source. 
However, not until 1948 and Woodcock’s experi- 
ences with a “red tide” off the  coast of Florida 
did the  bubble-bursting mechanism re-einergc as 
a prominent theory for t h e  source of atinospheric 
nuclei. This theory was then confirmed by  the  
work of Aliventi & Lovera (1950), Boyccx (1951), 
and  Facy (1951). 

After the  bubble-bursting mechanism was 
fairly well accepted as responsible for t h e  
atmospheric nuclei, an cnormous amount of work 
was initiated t o  determine exactly what  the  
mechanism of t h e  bubble-burst involved. Blanch- 
ard (1963, 1967) and  his associates utilized 
high speed photographic equipment t o  arrive at 
the  actual process. Thcy determined t h a t  a 
bubble rises t o  the surface forming a thin shell 
or film, which quickly ruptures sending upward 
film drops of the  micron and submicron size 
range. After the  film rupture, t h e  bubble collap- 
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ses, producing a jet, which in turn, breaks up 
into jet drops. MacIntyre (1972) has discussed 
the mechanics of this process in considerable 
detail. 

Continued studies by Blanchard (1963, 1967) 
and his associates uncovered a phenomenon of 
charge separation caused by the bubble- bursting 
process. It is suspected that this phenomenon is 
the source of a large fraction of the charged 
particles found in the atmosphere. 

In addition to the charge separation aspect of 
the bubble-bursting mechanism, this phenome- 
non is also considered the origin of large amounts 
of sea salt found in the atmosphere. An estimate 
of between two and ten billion tons of sea-salt 
per year is believed transferred from the ocean 
to the atmosphere by this process (Blanchard, 
1963; Eriksson, 1959). Recently, attention has 
been drawn to the various ionic species involved 
in this mass transfer. The major reason for this 
concern has grown out of studies showing that 
the ratios of the ions present in the atmosphere 
in the form of clouds and in rainwater are con- 
siderably different from the ratios of the same 
ions in seawater. Several investigators, MacIn- 
tyre (1970), Wilkness & Bressan (1971, 1972), 
Judson (1953) and Bloch et al. (1966, 1972) have 
shown that during the process by which aerosol 
droplets are injected into the atmosphere, an 
ion fractionation takes place such that certain 
ions are enriched relative to others while going 
from the bulk phase to the disperse phase. 

MacIntyre (1970) has observed that, in gen- 
eral, ions of higher ionic potential, or charge/mass 
ratio are enriched relative to those of lower 
potential. For example, sulfate is enriched with 
respect to chloride and potassium with respect 
to sodinm in going from the bulk to the disperse 
phase. Wilkness & Bressan (1971, 1972) confirm 
MacIntyre’s hypothesis by showing experimen- 
tally a decrease in F-/Cl- in aerosols produced in 
the laboratory. Judson et al. (1953) show the 
same trend with SO;/Cl- as do Bloch et al. 
(1966) with K+/Na+, Br-/Cl- and Ca++/Na+. 
However, Kobajashi (1961) and Sugawara (1965) 
report F-/Cl- ratios between ten and a thousand 
times higher in natural aerosols than those 
found in sea water. These latter findings suggest 
perhaps a more complex mechanism than that 
proposed by MacIntyre for ionic enrichment 
found in atmospheric aerosols. Woodcock et al. 
(1971), for example, found that particles of sea 
salt of different size in the marine air of Hawaii 
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exhibit different ratios of iodine to chlorine. 
Barker & Zeitlin (1972) report enrichments in 
aerosol samples of most metals relative to 
sodium, especially the alkali and alkaline earth 
metals. They show the greatest enrichments on 
the smaller, Aitkin size, aerosols, and then 
another peak for the giant aerosol size range. 
The work of Hoffman & Duce (1972), in which 
low enrichments of Mg++ and K+ relative to 
Na+ were detected in the bulk to aerosol phase 
transport, appears to contradict the results of 
others who report relative enrichments of 100 
percent and greater. 

The purpose of this investigation was to 
examine the bubble-bursting mechanism in an 
effort to determine what is influencing the 
change in ion ratio. This has been done by 
stimulating the bubble-bursting process in very 
simple salt solutions. Aerosols produced by this 
process were collected by impaction and filtra- 
tion devices. Analysis was made by conventional 
atomic absorption spectroscopy techniques. 
Ions studied were Na+, Mg++, Li+, and K+. 
Variables examined were ion concentration, 
solution pH and aerosol particle size. 

Apparatus and procedure 

All of the solutions used for analysis of the 
bubble-bursting mechanism were prepared using 
distilled, deionized water and reagent grade 
chemicals. In each case sodium chloride was 
three percent of the solution by weight. The 
other ion to be studied, magnesium, potassium, 
or lithium, was added in ratios as desired. The 
anion was in the chloride form. The ratios 
ranged from approximately 1/120 to 1/2 of ion 
studied to sodium ion. Sta.ndard procedures 
utilizing a Mettler balance and volumetric glass- 
ware were followed in preparing these solutions. 

Once a solution was prepared with the ratio 
of ions desired, it was placed in a 250 milliliter 
boiling flask. A gas dispersion tube was im- 
mersed into the flask. In an attempt to keep the 
bubble characteristics the same for all samples, 
the level of fluid within the boiling flask was 
kept constant as well as the depth of the gas 
dispersion tube. Also, the gas flow rate was 
held steady at  1.5 liters per minute for all runs. 
It was found that these conditions produced 
bubbles between 0.2 mm and 3.0 mm in diam- 
eter. A few bubbles larger than 3.0 mm were 
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formed by attachment to the walls of the vessel. 
Although the actual distribution of bubble size 
was not measured, it is believed that the bubble 
characteristics were constant for each run due 
to the precautions previously discussed. 

Since there appears to be a rclatioriship bc- 
tween ion enrichment and aerosol size range, we 
devised a collection arrangement whereby 
different aerosol size ranges could be captured 
and analyzed. This was done by using an impac- 
tion device in series with a filter. Here, the 
entire flow of aerosol was sent through a tube 
fitted wit’h a 1 . 0  mm orifice. At a specified 
distance from the orifice was a glass plate. For 
a constant rate of gas flow, aerosols of a specific 
diameter or greater have a momentum great 
enough to be thrown from the gas stream to the 
glass plate. Aerosols of a smaller mass stay in the 
gas stream and are carried on to  a filter for 
collection. The impaction process is capable of 
discriminating between two distinct part’icle 
size ranges within certain limits. The size range 
fractionation can be estimated from tho collec- 
tion efficiencies of particles in a gas stream 
flowing perpendicular to  a flat platr, which is a 
function of t,he Stokes Number of the particles 
(Fuchs, 1964). 

where 
r 
U ,  =air stream velocity in orifice 

p =viscosity of air 
R =radius of curvature of air flow streamline 

(separation distance of orifice to plate) 

For air a t  room temperature a t  a flow rate of 
1.5 Z/min through a 1 mm orifice, and assutning 
9 %  1.00 g/cc, equation ( 1 )  becomes, after rear- 
ranging, 

r=7.08  R f  10.5Stkin pm when R is in cm (2) 

Fuchs (1964, p. 153)  presents experimental 
results from several investigators showing that,  
for impingement instruments, virtually 100 per- 
cent efficiency (total capture) is achieved when 
b’0.5 Stk = 0.8, and zero efficiency (total passage) 
when 1/0.5 Stk = 0 . 3 .  From these empirical data 
we then set for cutoff radii 

=limiting radius of fraction collected 

=particle density 

/- 

rlOoq6 = 5.65 Rb 

= 2 . 1 2  Rb 

This then reprcscwts, for a given impinger set- 
ting, R, thc lower limit of the particle sizes, 
r,,,%, which are totally captured in the impinger, 
arid tho upper limit of particlc sizes, To%, which 
are totally collected on the filter. 

This technique provides a rough estimate o f  
the two size ranges fractionated in the irnpinge- 
ment process and, by varying R, we can test 
several ranges of particlc sizes. It is, howcver, 
not an exact separation o f  part,icle sizcs, since 
in the size range 

some of the part>icles will be ticposited in tho 
impinger and sonic i n  the filter. We allowed 
some overlap in tho tests to  show this effect 
(Fig. 5 ) .  Each titne the orifice was positioned 
within the impaction tubc, i t  \vas donc with the 
aid of a five power optical microscope to cwhancc 
the accuracy of thc placement. 

The aerosol escaping collection by the imping- 
cr was collccted on a silver mcmbrarie filter with 
pore sizes of 0.22  tnicroris. This filter was ground- 
ed to prevent buildup o f  static charge which 
could possibly inflnrrice thc collection process. 

It was fonnd that \\.heti bubbling dry air at 
1 . 5  liters per minute, it took six to eight hours 
to build up rnongh aerosol deposit in the 
impinger and on the filter to allow for accuratc 
analysis of thc ion cotnponerit,s. 

At thc end of each riin, the silver membrane 
filter \vas removed from the filtcr holder and 
placed in 50 in1 of distilled water to  soak for 
twenty-four hours. The irnpinger tubc and 
impinger probe were washed with distilled 
water and these washings wrre collccted and 
diluted to 100 ml. Thc bulk solution was collec- 
ted and diluted a thousand to one for analysis. 

A Perkin-Elmer Atomic Absorption Spcctro- 
photometer, Model 303,  was nsed for analysis of 
the samples. Attached to the spectrophoto- 
meter was a digital concentration readout 
device capable of giving direct readings of con- 
centration when concentration is linear in rela- 
tion to absorbance. For the ions examined, 
sodium, lithium, magnesium, and potassium, 
this relation was found to be true. 

For each of the samples to  be rim, a set of 
standards of concentrations similar to  those of 
the samples wert made up  and used to calibrate 
the concentration readont device. Once the 
spectrophotometer and concentration indicator 
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were calibrated, it  was a simple matter to deter- 
mine the concentration of ions within each of 
the samples. 

I n  each case, one ion was compared to sodium 
for change in ion concentration ratios. These 
data were reported for both the impinger and 
filter as percent sodium enrichment, E. Equa- 
tion 3 shows the form of E in comparison to 
potassium ion. 

(CNa+/CK+) sample - (CNa+/CK+.) Bulk E =  
(CN,+/C,+) Bulk 

x 100% (3) 

p H  Studies 
I n  an attempt to determine if p H  had an 

effect on the enrichment process due to the 
bubble bursting mechanism, a solution of magne- 
sium chloride and sodium chloride was prepared 
with a mole ratio of magnesium ion to sodium 
ion of 0.074, the solution having a p H  of 9.3. 
The solution was divided into four equal parts 
and the p H  of each was adjusted using con- 
centrated hydrochloric acid. The resulting p H  
values were 9.3, 6.1,  3.4, and 1.7. This procedure 
was used to ensure magnesium-to-sodium ratios 
that were equal in all solutions. The change in 
chloride concentration was not felt to be signifi- 
cant. 

Each of these solutions was bubbled with 
nitrogen rather than compressed air in order to 
avoid p H  changes due to absorbed CO,. Analyt- 
ical procedures for the p H  studies were identi- 
cal to others using the atomic absorption 
spectrophotometer. 

Results 

Enrichment versus concentration 
Three different ions were examined as to 

their enrichment in comparison to the sodium 
ion. These were lithium, potassium, and magne- 
sium. I n  each case a number of concentration 
ratios were examined. These ranged from as low 
as 1/100 to 1/2 in comparison to the sodium in 
the bulk. The sodium was held constant in all 
solutions a t  3 yo sodium chloride by weight. 

The results of these examinationsarepresented 
in Figs. 1 ,  2, and 3. I n  each case except one 
the greater enrichment was found in the sample 
collected by the filter (Fig. 1, K+/Na+ =0.18). 
I n  that set of tests where the impinger shows 
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MOLE RATIO.  K'lNa' 

Fig. 1. Enrichment of the sodium ion in aerosols 
dispersed from KCl-NaC1 solutions. Aerosol col- 
lected with filter: average ( A ) ,  range (---). Aerosol 
collected with impinger: average ( o), range (-). 
Negative sodium enrichments correspond to  an 
increase in the K+/Na+ molar ratio in the aerosol 
phase. Na+ bulk concentration constant for all 
molar ratios: 0.513 molar. 

more enrichment on the average than the 
filter, the results from the filter overlap those 
from the impinger, pointing to a possibility of 
greater enrichment. 

I n  the set of samples where lithium is com- 
pared to sodium, a fifth set of samples was run 
with an  ion ratio, Li+/Na+, of 0.01. However, 
in the impinger as well as the filter no lithium 

-40.0 
I l l l l l l l l ! l  

0.00 0.02 0.04 0.05 0.08 0.10 0.12 0.14 0.15 0.18 0.20 0.22 

MOLE RATIO, hlgXINat 

Fig. 2. Enrichment of the sodium ion in aerosols 
dispersed from MgCL-NaC1 solutions. Aerosol col- 
lected with filter: average ( A ) ,  range (---). Aerosol 
collected with impinger: average (o), range (-). 
Negative sodium enrichments correspond to an 
increase in the Mg++/Na+ molar ratio in the aerosol 
phase. Na+ bulk concentration constant for all 
molar ratios: 0.513 molar. 
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Fig. 3. Enrichment of the sodium ion in aerosols 
dispersed from LiCl-NaC1 solutions. Aerosol col- 
lected with filter: average ( a ) ,  range (---). Aerosol 
collected with impinger: average (o), range (-). 
Na+ bulk concentration constant for all molar ra- 
tios: 0.513 molar. 

could be found. This pointed to a total enrich- 
ment of sodium at that concentration ratio. 

Both Mg++ and K+ enriched compared to Na+ 
at lower bulk ratios and this enrichment gradu- 
ally decreased as the ratio of concentration in 
the bulk increased until the sodium became 
enriched as shown in Figs. 1 and 2. Lithium, 
however, allowed great sodium enrichment at 
low concentration ratios which decreased as the 
concentration ratio of lithium to sodium in- 
creased as shown in Fig. 3. 

Enrichment versus p H  
All aqueous solutions for bubble bursting 

examination were prepared with distilled, deion- 
ized water of a pH 7.0. Since compressed, dry air 
was used for all runs except those specifically 
designed to study pH, the pH dropped slightly 
because of the carbon dioxide present. Bulk 
solutions were found to have a p H  of 6.4 k0.3 
after eight hours of run time which indicates 
only one hydrogen dissociated from the carbonic 
acid molecule, thus leaving the bicarbonate ion 
in solution. 

I n  testing the effect of pH, pure nitrogen was 
used in order to prevent p H  changes due to the 
presence of carbon dioxide. It was found that 
an  enrichment of sodium over magnesium 
increased as the pH changed from neutral in 
both directions as shown in Fig. 4. Since a 
minima occurs in the enrichment in the p H  
range 6.0-7.0, it  was concluded that the p H  

1 ° . O 1  5.0 

0.01.0 3.0 5 0  1.0 9.0 

pn 

Fig. 4 .  Effect of  pH on enrichment of the sodium 
ion in aerosols dispersed from a MgC1,NaCl solution 
where Mg++/Na+ = 0.074, Na+ = 0.513 molar. Aerosol 
collected with filter: average ( A ) ,  range (---). Aero- 
sol collected with impinger: average ( c ) ,  range 
(-). 

shift in tests with air had a negligible influence 
on the enrichment. 

Influence of size ranges on enrichment 
The influence of various particle size ranges 

on ion enrichment was tested collecting different 
size fractions of aerosols in the impinger and 
filter, and the enrichments are presented in Fig. 
5. These runs were made with a solution of 
magnesium chloride and sodium chloride. Here, 
the magnesium-to-sodium ion ratio in the bulk 
phase was 0.118. The data obtained from filter 
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collections represent that particle size and 
smaller while the cutoff radii for the impinger 
collections represent that size and larger. En- 
richment values from the lower sizes of particles 
collected by filtration appear to be greater than 
those from the larger particles collected by 
impingement. This is a consequence of the fact 
that the heavier, larger fraction contain those 
particles with almost no enrichment. 

The actual enrichment for specific sizes alone 
would likely be much more exaggerated than 
the curves found experimentally for size range 
collections since the size range collections give 
integrated values and tend to dampen the 
extremities of enrichment for individual sizes. 

Two maxima appear at  about 1.0 and 6.0 pm 
radii, and the enrichment does not increase with 
decreasing particle size, but the relation seems 
to be some kind of harmonic. 

Discussion of results 

As previously discussed, MacIntyre (1970), 
Wilkness & Bressan (1971, 1972), and some 
other investigators report a trend of enrichment 
of salt in aerosols generated from the bursting 
of bubbles that follows an order of high ionic 
potential. For example, sulfate is enriched with 
respect to chloride as is potassium with respect 
to sodium in going from the bulk to the disperse 
phase. On the other hand, Kobajashi (1961) and 
Sugawara (1 965) report opposite trends in 
natural aerosols for fluoride and chloride ions. 

From our studies, it appears that this discrep- 
ancy can be explained. As is especially apparent 
with the studies conducted on magnesium and 
sodium, and potassium and sodium systems, the 
degree of enrichment observed is highly depend- 
ent on ion ratios in the bulk phase. The lithium 
and sodium system also reflects this trend; how- 
ever, it does not change enrichments from one 
ion to the other as do the other two systems. 

It is noteworthy that the enrichments found 
at bulk concentration ratios close to seawater 
for the magnesium and potassium system are 
almost exactly the same as the maritime aver- 
ages presented by Junge (1963) for Western 
Europe. These are 36 yo potassium enrichment 
at a bulk molar ratio of 0.04 for K+/Na+ and 
25 % magnesium enrichment for a bulk molar 
ratio of 0.06 for Mg++/Na+. 

A well accepted theory of water molecule 
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orientation is that of the electrical double layer 
established at  the gas-liquid interface of water. 
As presented by Loeb (1958), a t  the interface a 
statistically significant number of the water 
molecules orient themselves with their oxygen 
atoms outward and their hydrogen atoms to- 
ward the water. The consequent polarization 
charge on the surface then attracts negatively 
charged ions which set up a negative shield over 
the positive field. This negative layer in turn is 
covered, in a looser fashion, by a diffuse layer of 
positive ions. Depending on the pH and ionic 
content of the solution these layers assume 
varying thicknesses and potentials. 

Now as the air bubble emerges from the solu- 
tion a film of liquid is compressed between the 
air in the bubble and the air above the solution. 
We are therefore presented with a special situa- 
tion of two double layers, back-to-back. Since 
this film is extremely thin, it is likely that the 
ions in this region are not characteristic of the 
bulk solution but, rather, are those ions held by 
the opposing ionic double layers. This situation 
also occurs a t  the interface between two adja- 
cent bubbles and is analogous to two colloid 
particles in close proximity. Langmuir (1938) 
has studied the latter case in detail and showed 
that the excess number of ions, nex, between two 
opposing double layers is related to the bulk 
value, no, by the expression 

"5% = exp ( y M / k T )  - exp ( - y M / k T )  - 2 
" 0  

where 

y M  =midpoint potential 
k = Boltzmann constant 
T =temperature 

(4) 

We should now consider what may cause one 
anion to be enriched relative to another in this 
film. Concentration, or availability of ions, 
appears as though it would play a major role in 
this selection process but, perhaps, equally 
important are ionic mobilities or dimensions. 
Ionic mobility is the capability of an ion to 
travel in a solvent as well as its ability to attach 
itself to solvent molecules. Ionic mobilities in 
water as reported by Davies (1930) for the 
ions examined are (18OC) sodium, 43.4 cmz/volt 
sec; magnesium, 45.5 cm2/volt sec; lithium, 33.3 
cm2/volt sec; and potassium, 64.4 cmz/volt sec. 
It seems reasonable that an ion such as potassi- 
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uin with high ionic mobility and smaller dimcn- 
sion, when hydrated, might more easily be 
drawn to ali ionic double layer than a slower and 
larger, hydrated iott such as sodium. It would 
then be this ability to "fit" i n  the ionic double 
layer that is responsiblc for enrichments secn at 
low concentration ratios of K+/Ka+. 

In  general as the second anion, X +  is added to  
the fixed bulk concc~ntration of Na+, the larger 
of the two ions enters the double layers in in- 
creasing arnounts. This increases the sodium 
enrichment in the case of K+ and Mg++ and 
reduces it in the e a s ~  of Li+. It is possible that 
the srnnller ion occupies it fixed niirnkwr of sites 
i n  the double, layer and that its concentration 
in the film is established a t  very low ratios 
of X+/Na+ in the bulk. Further increase of bulk 
concentratiotis of ,Y+ could then not add to the 
concentration of S+ in thc disperse phaso for 
hydrated ionic dimensions X+ < Nat ,  biit would 
increase in the disperse phase for X +  -"a+, 
since in t'he latter case it woiiltl h the Na+ ions 
which have occiipied a fixed nnrnber of sites. 
It appears that  the ratio of K +  to Nit+ in an 
ionic doiiblrl lay(" might bn r(~1ittivc~ly constant 
at bulk ratios around 0.11 and higher as sceri in 
Fig. 1, sincc at this ratio the c~ririchmc~nt sroms 
t'o have rcitchcd a maxin~um. 

The sainc trend appears triic? of Mg++/Na+ 
although zcrn enrichment occt~rs a t  a lower 
Mg++/Na+ biilk ratio of 0.08 as seen in Pig. 2. 
As the mobilities of the txvo inns become inore 
nearly equal tht: rnrichments do not srem so 
great as is reflcctctl in Figs. 1 and 2 a t  low ion 
ratios. Since lithium is very slow compared to 
sodium, thr  opposit,e trend is expceted and is 
found as illustrated i n  Fig. 3. Here, i t  is felt 
that  Li+ is so slo\v as \vcll as so highly hydrated 
that it has it difficult time getting into the 
ionic double layer antl thus shows no errrich- 
ment . 

Another factor which irrfluenccs the ionic ratio 
in t'he disperse phase is pH. I3ecansc of their 
relat,ively small sizr, a change in either the 
number of OH- ions or H+ ions in the bulk 
would change that concentration in the double 
layer anti i t  would also change the ionic charac- 
teristics of the double layer. From Fig. 4 it 
appears that, by increasing the number of H+ 
ions, antl because of their greater mobility, we 
decrease the number of Mg++ ions needed to  
satisfy the electronic balance in the double 
layers. A corresponding increase in the number 

of OH- ions does not produce the opposite 
effect since here w-e are forming Mg(OH), which 
is relatively insoluble. 

The oscillating trend of enrichment as it 

function of aerosol size range (Fig. 5 )  wits also 
observed by MacIntyre (1970) for a phosphate- 
sodium system, and by Seto & Diicc (1972) 
working with iodine and NaCI. This \voultl iridi- 
cate that enrichment is strongly dependcnt on 
bubble film thickness. There may be a cyclic 
repetition of optimum ionic "fits" or coinpati- 
bilities of the double layers within varioris film 
thicknesses which yield varying etirichinents 
depending on some type of stacking arritngr- 
rnent with alternating layers of smallrar and 
larger anions. 

Regarding the significance of these rcsrilts in 
nature, the authors would like to initkc, sprcial 
reference t'o the work of Cherig (1970,  1971), 
who was able to photograph the supereooliiig of 
water droplets and the melting of ice pc,llets. 
Both processes yielded s\varms of acrosols in 
the siibrnicron range. I n  the snpcrcooliiig of 
droplets, freezing began at about - 17"C, arid 
smaller droplets wero continuously c.jected 
during the 50 second freezing period. Evidently 
freezing started around the outer shell and 
moved inward. As icc occupies more voliirnc than 
the water replaced, tremendous prc\ssnrrs must 
occur in the liquid core of the droplet, eventually 
blowing a spray of droplets out a fraetiirc in the 
ice shell. Concerning the melting of ice pellets, 
numerous air bubbles are released and acceler- 
ated radially to t,he surface of the melting pellet. 
Microdroplets are then generated by thc bursting 
of these bubbles at tho air-water intrrfaee. 
Cheng's work has been callengecl bj- Rosinski 
et al. (1972),  who repeated several variations of 
Cheng's experiment and were unable to find any 
production of microdroplets. Hown-er, the 
physical process as described above seems plau- 
sible and would account for Cheng's or)serva- 
tions. 

We mention this subject because of the 
accompanying ion enrichment possibilities. Tho 
implication here is that  ion enrichinerit occurs 
not only a t  the ocean surfaces, but continually 
throughout the atmosphere in the repeated 
freezing and melting of droplets which originated 
at sea. The aerosols ejected from thcx ocean 
surface may be enriched in one ion with respect 
to  another. When these aerosols grow by con- 
densation, freeze and eject new microdroplets, 
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this new generation would be even more en- 
riched. Aft,er several generations of repeated ion 
fractionation we may reach an aerosol very 
highly concentrated in one particular ion. This 
may be a possible source of the  sodium constitu- 
e n t  of the airglow phenomenon. 

Conclusions 

1. The enrichment of ions in aerosols gener- 
a ted from the bubble bursting process is strongly 
dependent on relative ion concentrations in  the 
bulk solution. A t  low ion ratios in  the  bulk 
solution (X+/Na+ < 0.06  molar ratio) significant 
increases in the  X+/Na+ ratio can be expected in  
t h e  disperse phase when the  ionic mobility of 
X+ is less than  that of Na+. Depending on the  
ratio of the  ionic mobilities, a correspondingly 
large decrease in  the  X+/Na+ ratio in  the  disperse 
phase is found where the  ionic mobility of X+ 
is greater than that of Na+. 

2. Enrichments of Mg++ and K+ with respect 
t o  Na+ from bulk concentrations corresponding 

t o  seawater have been demonstrated in simple 
bubble bursting tests t o  agree with those enrich- 
ments found in  rainwater reported in maritime 
locations in Western Europe. 

3. Aerosols formed by  the  bubble bursting 
mechanism from salt solutions are  more highly 
enriched in  the  smaller particle size range, how- 
ever enrichment is not  a simple function of size 
b u t  appears t o  take periodic increases with 
decreasing size range. 

4. The pH of the  bulk solution changes t h e  
enrichment little when in  the  6.0-7.0 range, 
however increasing enrichments of Na+ with 
respect t o  Mg++ were found at pH < 6.0. 
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