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INTRODUCTION

The ocean is one of the major natural sources of atmospheric particulate matter, or
‘aerosols. However, there is considerable evidence thai the chemical composition
of atmospheric particles over the ocean is often significantly different from that of
bulk seawater. It has often been suggested that the relative difference in chemical
composition ofthe atmospheric particles and seawater may be due to chemical and
physical processes occurring during the production of these particles at the air sea
interface. The occurrence, or nonoccurrence, of this selective chemical fractionation
or enrichment has been the subject of considerable research and controversy in the
ficki of atmospheric chemistry during the past several decades. Unfortunately,
inadequate analytical techniques and poorly designed field and laboratory studies
have in many cases led to the postulation of novel but unlikely theories to explain
inaccurate data.The primary intent of this review is to evaluate the data for common
trace substances present in marine aerosols in an attempt to ascertain whether

their source may be the ocean or some other natural or anthropogenic process.

Atmospheric Sea Salt Particles and the Marine Aerosol

It has been estimated that the ocean produces between 1015 and 1010 g vr of
atmospheric sea salt particles with radii less than approximately 20 pm
iEriksson 1939. 1960, Blanchard 1963). Estimates of the total annual production of
atmospheric particles from all natural sources, incorporating the lower value of
I0" g vr from the soa. suggest that the ocean may contribute 30 75", of the total
production (Hidv A Brock 1970, Robinson A Robbins 1971, Peterson A Junge
197 11. Eriksson (1939, 1960) estimated that approximately 9()", of the atmospheric
sea salt particles arc removed over the ocean, with 10",, being deposited on land as
the cyclic salts subsequently carried by streams and groundwater. This would
result in from 101J to IO" g yr of continental cyclic salts, according tv' these two
production estimates. Livingstone (1963) calculated that the annual global input of
cyclic salt Na lrom river runoffinto the ocean is approximately 1014 g yr, which is

equivalent to a total salt content of approximately 3 « 1014 g yr. Atmospheric sea
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snit apparently plays a significant role in atmospheric and terrestrial geochemical
cycles. Significant enrichment of trace substances on these particles, compared to the
source seawater, may bean important factor in the overall geochemical cycles of these
substances.

Most of the sett salt particles with atmospheric residence times longer than a few
minutes are believed to be produced by bubbles breaking at the sea surface.
Blanchard & Woodcock (1957) investigated various mechanisms for bubble
production in the ocean, for example, breaking waves or raindrops and snowflakes
striking the water surface. They suggested that, except under local conditions,
breaking waves, or whitecaps, are by far the most important source of bubbles.
Boyce (1951) showed that relatively few salt particles were produced by the
mechanical disintegration of the water in a breaking wave, but that a considerably
greater number of particles were produced a few seconds later when the air bubbles
resulting from wave action burst at the sea surface. Using high speed photography,
Kientzler et al (1954) showed that a bubble at a seawater surface forms ajet, which
ejects two to five droplets into the air. Blanchard (1963) found that the diameter of
thesejet droplets was approximately 10'1, of the diameter of the bubbles from which
they were formed. Mason (1957) and Blanchard (1963) also found that a significant
but variable number of smaller droplets, called film droplets, were also produced
by the shattering bubble film cap.

Relatively little is known of bubble size and number distribution on the open sea.
Blanchard & Woodcock (1957) measured the distribution of bubbles between about

75 /mi and 750 //m diameter in waves breaking on a beach. They pointed out that
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Fiiiiiir | Atmospheric sea salt particle distribution several hundred meters above the
ocean suilace near Hawaii ai various wind Ibices. After Woodcock 1972).
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their methods were biased against the millimeter-sized bubbles, which they indicated
were present, but in low abundance. Medwin (1970) investigated the bubble
distribution in the ocean under relatively light wind conditions, but there has
unfortunately been no work on the complete bubble distribution at various wind
speeds in often ocean arcas. Blanchard (1963) estimated that on a global basis, 3 4" (i
of the ocean surface is covered by whitecaps at any time, resulting in an overall
oceanic production rate of approximately 0.1 jet droplets cm 2sec 1and 0.07 film
droplets cm' 2sec '. These figures are based on individual bubbles bursting at the
sea surface, using the bubble distribution of Blanchard ;i Woodcock (1957). Little
information is available on the production ofatmospheric particles by the bursting
of bubble clusters or foams, although this may be an important source for these
particles.

Woodcock (1953) made numerous measurements of the size and number
distribution of atmospheric sea salt particles with salt masses between 10 '"Hg and
10 12 y. Figure ! illustrates a typical particle distribution several hundred meters
above the ocean surface near Hawaii for force 1, 4. and 7 winds. Woodcock (1972)
extended his earlier work down to particles with a salt mass of 10 15 g. and these
results are also shown in Figure 1for force 4 winds. Woodcock found that the number
of particles and their mass median diameter increased with increasing wind speed
and with decreasing altitude above the sea. He attributes the discontinuity in the
distribution shown in Figure 1 for force 4 winds to a zone of transition from a
bubble jet to a bubble film source for the droplets in this size range.

Junge (1972) summarized our understanding of the distribution of atmospheric
particles in marine air and pointed out that, in addition to sea salt particles, a number
ofother components can be distinguished in the undisturbed marine aerosol. These
include large, apparently organic particles with radii greater than 20/an : mineral dust
particles; particles with radii less than 0.03 /mi, possibly the result of trace gas
reactions or the reactions of small ion clusters (Vohra et al 1970, Molmen 1970);
and the so-called tropospheric background aerosol. The latter is a rather homo-
geneous aerosol uniformly distributed within the troposphere over the ocean (and
continentsjat about 200 400 particles percm3ofair, with a maximum in the range of
~0.1 /nn radius. Sulfate is a likely major component of the background aerosol.
Perhaps the most important point made by Junge (1972) is that the marine aerosol
is composed of many substances that have sources other than the sea. This has often
been ignored in field and laboratory studies ofchemical fractionation of atmospheric
sea salt particles. Distinguishing between chemical substances present on sea salt
particles injected into the marine atmosphere during the bubble-breaking process
and those present ou other components of the marine aerosol is very dillicult, but is
necessary in order lo properly assess the presence and importance of chemical
fractionation processes. We shall return to this question a number of times during

our discussion.

Sunulanli:i'(l Cheminii I'ractioihihtm Xi'tathm

I lie Working Symposium ou Sea-to-AirChemist- .heldat Fort 1audetdale, Florida,
January 30 February 4, 1972, recommended a standardized nomenclature to
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quantitativclydescribeapparent chemical fractionation at the air/sea interface (Ducc
et al 1972a). this nomenclature, used throughout this paper, is as follows:

Fractionation: JN(A)= - =m 1)
(A'/NaU
iA7Na)alm

Enrichment: ENa(Y) = - J— @
I /INd)sct

where (A’ N a i s the mass ratio of substance A’ to sodium in any atmospheric
sample, e.g. rain, particles, etc, and (A'/Na)Siis the ratio of substance A' lo sodium
in bulk (subsurface) seawater.

Occasionally Na is not measured in field and laboratory studies and such elements
as Cl or Mg are used as seawater reference elements. They then replace Na in the
notation above. Sodium is preferred as a reference element over chlorine, primarily
because a vapor phase of Cl is present in marine air and because the exchange of Cl
between the vapor and particle phases may confuse the interpretation of enrichments
based on CI. It might be noted that fractionation, F, is the same as the term enrich-
ment factor. EF. used a number of papers in the literature. A value for ENa(A')
equal to 0 indicates no enrichment, positive or negative; whereas values of FN|(.Y)
equa! to one indicate no enrichment for substance A’.

The calculation of a positive enrichment for any substance according to
Equation 2 does not indicate that this increased concentration is caused by some
process occurring during sea salt particle production at the air sea interface. Enrich-
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fii/urc 7 Atmospheric Nn vs (‘a concentrations observed from a 21) in high tower on the
coast of windward Oahu. Hawaii. After (i. Hollinan A Once (1972).
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menl as defined above gives no information as to the source of the substance of
interest. This relationship simply points out whetheror not the substance is present in
a relative abundance similar lo thai iii bulk seawater. Several investigators have
attempted to distinguish between the apparent enrichment of’'some substance due to
the addition of that substance to the sample from a non sea salt source and a true
enrichment due to either physical or chemical processes occurring during particle
production at the sea surface. One approach (l.a/nis et al 1970. (i. L. Hoffman &
Duce 1972) is to calculale simple linear regression equations to describe the relation-
ship between Na and the substance of interest. For any substance A’, the slope of the
regression line should represent the A''Na ratio associated with the sea salt
component of A’, while the intercept of the regression line represents the quantity of
the non sea salt component. For example, consider Figure 2. which is a plot of 110
samples collected in Hawaii and analy/ed for C'a and Na by G. L. Hoffman A: Duce
(1972). The mean total ('a Na ratio for these samples was 0.045 + 0.011. With a sea-
water Ca Na ratio of 0.03X1. this results in an apparent enrichment ie. a value for
ENa(C'a) —0f0.20£0.20. However, from the slope of the regression equation and the
standard deviation of lhis slope {0.037 £+0.001), the calculated value for EN.(Ca)
becomes —0.03 + 0.03. The intercept, 0.021,suggests that 0.021fig nr'o f C'a has some
source other than that associated with the Na. It must be pointed out that this
approach assumes that the nonmarine interceptis constant in time and space, which
is quite unlikely. In addition, it assumes that the sett salt Na overwhelms any Na
contribution from other sources. Therefore, this approach must be used with caution,
but it is at least a first step in differentiating between a sea salt and non-sea salt
source for various substances.

Sampling location is a critical factor in any field studies of chemical fractionation
at the air. sea interface. Atmospheric samples collected near the continental margins
obviously have a high probability of containing significant quantities of particulate
matterofnonmarine origin. Midocean.sampling sites arc less disturbed. Atmospheric
sampling from ships is easily subject to contamination from the ship itself unless great
care is taken. Aircraft can often provide suitable sampling platforms, as can mid-
ocean islands. Even here, however, care must be taken to avoid collection of local
surf-produced particles, which can be chemically quite different from the bubble-
produced particles formed on the open sea (Ducc A: Woodcock 1971). Finally,
samples collected even a few km inland from the coast, on either islands or
continents, will almost certainly bo contaminated with significant quantities of land-
produced aerosols natural, anthropogenic, or both. These precautions appear
obvious to most people working, in the field today, but it is surprising and dis-
couraging to icali/o how many past investigations (some very recent) have produced
data that were rather useless in evaluating the significance of chemical fractionation
because one or more of these factors was ignored.

BUBBLES ANI) THF SFA SURFACE MICROLAYER

When bubbles break at the surface of the ocean they skini off a very thin layer of the
air sea interlace to produce the atmospheiic film and jet droplets. Maclntyre (1%S,
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1972) investigated jhis microtome cliecl for jet droplets using a combination of
experimental and theoretical approaches. Figure 3< presents a simulated time
sequence ol what occurs after the collapse ofa dyed bubble (Maclintyre 1972). This
sequence illustrates the How ofsurface material down the interior ol the bubble cavity,
transported by an irrotational single capillary ripple, and concentration of this
m aterial into the top ol the jet before the firstjet droplet breaks off. Subsequent jet
droplets are composed of material that was present in consecutively deeper con-
centric shellsin the bubble cavity, asshown in Figure 3h(Maclintyre 1972). Maclntyre
calculated that the material present in the top jet droplet was originally spread over
the interior of the bubble surface at a thickness equal to approximately 0.05”, of the
bubble diameter, and he assumes this relationship is valid for all bubble sizes. Thus
the top jet droplet from a 100 pm diameter bubble is composed of material from a
surface layer only 0.05 pm thick. The second jet droplet is produced Iront the next
0.05 pm layer, etc. With a bubble size distribution in the sea ranging from
~50 pm to perhaps 1500 pm diameter, the top jet droplets produced from these
bubbles strip off approximately the top 0.025-0.75 pm of the airAvatcr interface.
Iribarne & Mason (1967) reached a similar conclusion in their studies of charge
transfer during bubble bursting. The chemical composition of this extremely thin
stripped surface layer is determined both by the composition of the ocean surface
layer before the bubble arrives at the surface (the surface microlayer) and the
composition of the bubble skin itself.

It is interesting to note that when the bubble cap or film shatters to produce film
droplets, it is probably no thinner than 2 pm, since these bubble caps show no
visible interference patterns which become apparent for thinner films (Maclintyre
1972). As Maclintyre (1974a) points out, this suggests that the jet droplets, which are
generally larger than the film droplets, may be sampling, or may be composed of. a
much thinner layer of the water surface than the smaller film droplets. The smaller

jet droplets are apparently composed of material from a thinner layer of the surface

Q b)

iiiinrc .1I,i Simulated lime sequence of jet droplet formation after the collapse of a dyed
bubble, from Maclintyre (!1)72), with permission of the author, b Source ol material
present in the tirst three jel droplets produced from a bursting bubble. | toui Macintyre
(1972). with permission of the author.
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than the larger jet droplets. Unfortunately, although we now have a rather good
qualitative picture of these processesoccurring in the upper few hundred micrometers
oftheocean surface, the detailed hydrodynamics remain largely unknown. Maclntyre
(1974a) presents an excellent review ofour present understanding of these processes.

Since the breaking bubbles province atmospheric sea salt particles from such a thin
layer of the ocean surface, our attention should turn brielly to the chemical com-
position of the thinnest surface layer of the oceans, the surface microlayer. The
surface microlayer thickness is operationally' defined by the type of nucrolayer col-
lector used. The term microlayer itself implies no particular thickness, chemical
composition, or concentration, but simply refers physically lo the thin surface layer
being sampled. A variety of systems have been used to sample the marine surface
microlayer. These systems include, among others, the use of plastic or metal screens
(Garrett 1965). to collect the top 1(H) 300 //m of the water surface: glass plates
(Harvey & Burzell 1972) for the top 30-60 pm; rotating drum collectors mounted
on rafts (Harvey 1966) for the top 50 60 /un; germanium prisms (Baier 1972) to
sample organic layers as thin as monomolecular for subsequent analy sis by internal
reflection infrared spectroscopy; and the bursting bubble itself (Fasching et al 1974)
to generate atmospheric seasalt particles from bursting bubbles produced in a closed
system at sea. Hatcher A Parker (1974) have compared the collection characteristics
of several of these collectors.

Because the various collectors sample different thicknesses ofthe ocean surface, the
principles by which they collect surface material often differ, arid the sea state
conditions under which they can be used vary widely, comparison of studies using
different types ofcollectors has been difficult. However, the chemical composition of
the surface microlayer is evidently significantly different from that of water 10-20 cm
or more below the surface. Among the substances significantly concentrated in the
surface microlayer are a wide variety of organic substances, including fatty acids and
alcohols (Garrett 1967, Duce et al 1972b, Wade & Quinn 1975. Miget et al 1974.
Marty A Saliol 1974); hydrocarbons (Garrett 1967, Baicr 1972, Baier et al 1974,
Ledel & Laseter 1974, Morris 1974); glycoproteins and proteoglycans (Baier et al
1974); chlorinated hydrocarbons such as PCB (Seba & Corcoran j969. Ducc el al
1972b. Bidleman A Olney 1974): particulate and dissolved organic carbon, nitrogen,
and phosphate (Williams 1967, Nishi/awa & Nakajima 1971); and trace metals
(Duce et al 1972b, Piotrowicz et al 1972, S/ekielda et al 1972, Barker A Zeitlin 1972.
G. Hollinan et al 1974). Numerous marine organisms have also been (bunti con-
centrated in the surface microlayer (Sieburth 1971. Harvey 1966. Parker A Barsom
1970, Tsiban |9?|, Marumoet al 1971. Be/dek A Carlucci 1972) Hui» the potential
certainly exists for atmospheric sea salt particles produced from this thin layer of the
ocean lo have a chemical composition significantly different from that of subsurface
water.

Ilie ait sea interface and air sea exchange processes in genera! can also be
significantly modified by human activities, particularly in nearshore areas. Ou spills
and man-made sea slicks can alleei certain physical characteristics of the air soa
interlace. These slicks cause damping of capillary waves and retardation of
evaporation, as well as changes 1l gas exchange rales and the number and size
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distribution of the atmospheric sea salt particles produced from these waters
(Blanchard 1963, Garrett 1972) High concentrations of such potential!) harmful
substance-, as pesticides, petroleum hydrocarbons, and heavy metal, have been
observed in the microlaser. Bacteria can be transported to the water surface by i jsing
hubbies and then ejected into the atmosphere (Blanchard A: Sy/dek 1V72). The
potential health ha/ard from this type of exchange was pointed out b) Adams &
Spendlove (1970). who measured coijform bacteria on aerosols downwind from a
sewage treatment plant. Other pollutants concentrated in the surface layers of the
water may be similarly injected very clliciently into the atmosphere.

The surface of the ocean is generally quite turbulent, and it is dilfieult to imagine
the surface microlaser as anything but dynamic. Maclntyre (1974a) points out that
swells and ripples on the ocean surface do not destroy the enriched surface layer but
only change its thickness. However, as winds increase and waves break there will be
a constant mixing of surface material into subsurface water and transport of surface
material back upward. G. Moflirian ct a! (1974) have calculated that the average life-
time of particulate iron in the top 100 300 mu of the ocean surface under 5 X m sec
winds isonly a few seconds before it is mixed back into subsurface waters. Even with
this short surface residence time, however, particulate iron was always significantly
enriched in the top 100- 300 /un compared to water 20 cm below the surface.

What causes substances to be enriched at the air/sea interface'.” Some solid sub-
stances are present simply because of density differences and some lipoids, such as
hydrocarbons, are present because they are practically insoluble in seawater, but most
of the material enriched at the surface is either surface active or associated in some
way with surface-active material. Surface-active substances are characterized by a
molecular structure containing both hydrophobic and hydrophilic portions, hence
their affinity foran air waterinterface. The chemical composition ofthose surfactants
concentrated at the ocean surface has been the subject of some controversy. Garrett
(1967). investigating chloroform soluble surfactants in the surface microlayer,
suggested the surfactants arc largely lipid material, such as fatty esters, free fatty
acids, and fatly alcohols. Baier et al (1974), on the other hand, report that the major
organic components of the marine surface microlayer are glycoproteins and
protcoglvcans. According lo the latter investigators, their technique of intcrnal-
rellection infrared spectroscopyiscapableofnondestruclivelvdetermining petroleum,
lipids, proteins, and polysaccharides, and they conclude that lipids constitute only a
small fraction of the organic matter in the microlayer.

Although many ol the enriched substances in the.surface microlayer aie not surface-
active themselves, they may be associated with surfactants and thus be transported
to the surface with the surlace-active agent. Examples include mineral particles and
marine organisms sueli as bacteria or plankton covered with a surface-activ e coating,
and trace metals eomplexed with functional groups in proleinaceous surfactants.
Most likely.under breaking vvavecoinhiions, the primary mechanisms of transport of
surfactants and then associated substances to the ocean surface is hv bubbles.
Considerable evidence indicates that bubbles are quite effective in transporting this
material m scavialet (rev icvved in subsequent sections). Thus the chemical composition

ol the ocean suiface nucidlaver. the surface ol bubbles rising through the vvatei. and
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the jet and lilm droplets arc closely interrelated and interdependent, although the
overall geochemical importance of these interrelationships is not well understood
in many cases.

A number ofother mechanisms that would cause higher concentrations of various
ionic species at the air sea interlace compared to subsurface water have been
suggested. Maclntyre (1974a) has reviewed these mechanisms in detail: (<i) Gibhs
surface adsorption, where inorganic ions that lower the surface fiee energy arc
concentrated and those that raise the surface free energy are depleted at the surface
(Bloch & l.ueckc 166,S): (/>) the l.udvvig-Soret effect, where ions migrate to different
regions of a thermal gradient field (Komabayasi 1962): (r) alteration of the surface
water structure, where ions that disrupt this structure because of their si/e and or
charge are rejected from the air water interface whereas those that alter the structure
least are preferred (Horne & Courant 1970); and (//) electrical double-laver effects,
where si/le and charge of ions may be related to the degree of attraction to or
repulsion from the surface double layer (Glass & Matteson 1973). Although these
processes can probably cause increased concentration ofcertain ions at an air water
interface, Maclntyre (1974a) points out that these processes probably only affect
ionic concentrations to a depth of a few molecular layers. Their geochemical
importance in causing the large enrichments often measured experimentally in the
surface microlayer and atmospheric sea salt particles, which represent layers

hundreds to thousands of times thicker, may therefore be marginal.

EXPERIMENTAL DATA
Marine Organisms and Organic Carbon

If significant chemical fractionation of trace substances occurs during the production
ofatmospheric sea salt particles at the air. sea interface, it very likely results from the
association of these substances with organic matter, living or dead, in the ocean.
Our attention should focus first on what is known about the ocean atmosphere
exchange of organic material. The atmospheric transport of organisms has been
investigated since the 1S50s, prim arily because of interest in the spread of disease.
A number of studies report the presence of marine organisms in the atmosphere.
Zobcll & Mathews (1936) found that the type of bacteria in air over coastal locations
was a function of wind direction. Marine forms dominated during onshore wind
conditions. Woodcock (1948) suggested that the red tide toxin, produced by the
dinollagellate (iyiwioJiitiim hirer, was transferred from the Gulf of Mexico lo the
atmosphereasacomponent ol sea spray droplets produced dm ing the bursting ofair
bubbles in the water. Hie presence of this material, apparently associated with the
atmospheric particles, resulted iii human respiratory irritation along the Florida coast
and inland dm ing red tille blooms. Stevenson A- (. oilier (1% 2) identified three species
i>ldiatomsaiu! lour flagellates in the atmosphere, all in the nannoplankton si/e range
(-.5//m). and Maynard 11%,X) found several species of dinollagellales in shipboard
atmospheric samples and several diatoms in atmospheric samples from higher
altitudes. Auberi (I'>74| identified terrestrial bacteria in coastal locations of the
Mediterranean sea and marine bacteria ovet open ocean areas. The metabolic and
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physiological characteristics of the bacteria differed depending on whether the
sample-, were collected over the Mediterranean Sea or the Atlantic Ocean.

Cariucci A Williams (1965) investigated the transport of bacteria to the seawater
surface in a laboratory foam column. They found that the presence of particulates
enhanced the transport of bacteria and the efficiency of bubble transport varied from
species to species. Also using a laboratory foam column, Wallace et al (1972)
demonstrated that rising bubbles arc capable of transporting a substantial portion
of the particulate matter found in surface seawater samples to the air sea interface.
These authors suggested that phvtoplankton in stationary and post-stationary
phasesofgrowth are apparently more subject to dotation than cellsin the log phase of
growth. In a subsequent study, Wallace A' Duce (1975) found that 30-59",, of the
particulate organic carbon (POC) could be scavenged from samples of surface water
from Narraganxett Bay by rising bubbles in the foam column.

Sutcliffe et al (1963) reported that Phaeodactylum tricornatum were enriched in
droplets produced by bursting bubbles in the laboratory by over an order of
magnitude compared to bulk seawater. In subsequent studies. Blanchard A Sy/dek
(1970. 1972) showed that the freshwater bacterium Serratia marcescens could be
concentrated onjet droplets by up to a factor of 104 relative to the water from which
the droplets were produced. The magnitude of this concentration factor was a
function of jet droplet (and thus bubble) si/e. bacteria concentration in the bulk
solution, and bubble age. i.e. the length oftime available for the bubble to scavenge
bacteria. Increasing bubble age. up lo about 20 sec. resulted in significantly
higherconcentrationsofbacteriaon thejetdroplets, but the bubble surface apparently
became saturated after this time, as no further concentration was observed.
Blanchard & Sy/dek (1974) calculated that the bubble collection efficiency (i.e. the
number of bacteria scavenged by a bubble rising through the water divided by the
numberofbacteria present in the volume of water swept out by the rising bubble) for
transporting these bacteria to the surface was ~0.12"(). The efficiency of the transfer
ofthese bacteria from the water surface lo thejet droplets was estimated by Blanchard
A Sy/dek (1974) to vary between !4"(1and 85",,, depending on the age of the bubbles.

Be/dek A Cariucci (1972) found that the concentration factors for the marine
bacterium Serratia marinoruhra on laboratory-produced jet droplets varied as a
function of droplet si/e. with the greatest concentration factor generally found on
intermediate si/e droplets. Concentration factors using naturally occurring bacteria
in seawater ranged from 33 to 250 and appeared lo depend on the type of bacteria.
Cariucci A Bc/dek (1972) suggest that the scavenging of bacteria by bubbles is not
the critical step in jet droplet enrichment ofthese organisms but that the bacteria are
enriched in the sea surface microlayer before the bubbles arrive. Thus they believe
the bacteria found on thejet droplets are largely from the microlayer.

There lut\e been relatively few studies of organic carbon (OC) in the marine
atmosphere considering the potential importance of organic carbon to chemical
Iractionutiou in general, in addiiion. dilieren| fractions or classes of organic material
were measured in these investigations, making intercomparison of the results very
dillicult. | odge et al (19(g)) reported a mean concentration of 1.6 /ig nr' of beii/ene-

soluble organic material in samples collected over the Pacific Ocean. T he ben/enc-
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extractadle organic material'salt mass ratio of 0.29 was equivalent to an enrichment
of over I(XX). Blanchard (1964) reported the presence of surface-active organic
material on sea salt particles collected on thin platinum wires on the coast of
Hawaii Island. In a later study, Blanchard (196Xi estimated that the surlace-active
organic material salt mass ratio varied from 0.3 to 0.7 on these particles. In a study
from a coastal tower on (Tallii, 1lawaii, Barger A Garrett (1970) found the chloroform
extendable organic (lipoid) material iii atmospheric particles collected on glass fiber
filters, as measured by weighing the material remaining after the chloroform was
evaporated, ranged from 0.7 /ig m'to 6.3//g in', with a lipoid salt mass ratio of 0.07
to 0.14. They found that the lipoid content increased with increasing salt content.
F. Hoffman A Ducc (1974) determined the total organic carbon content of sea salt
particles collected on glass fiber filters from a coastal tower in Bermuda, using the
wet oxidation analytical technique of Menzel A Vaccaro (1964) The total organic
carbon content varied from 0.15 /<gnr' to 0.47 //g nr' and the organic carbon/salt
mass ratio varied from 0.01 to 0.19, equivalent to ENH(OC) values of ~300 to 6000.
In contrast to the study ofBarger A Garrett (1970), E. I (oilman A Duce found that the
organic carbon concentration was relatively constant, resulting in an inverse
relationship Between the organic carbon salt ratio and the salt content. This inverse
relationship has also been confirmed by R. Chesselet (personal communication) for
samples collected from ships over the north Atlantic Ocean.

The inverse relationship between the organic carbon/salt ratio and sea salt
concentration in the atmosphere may be explained if the organic carbon is present
primarily on the smaller particles with longer atmospheric residence times and thus
more uniform spacial and temporal concentration patterns. Indeed, Barker A
Zeitlin (1972) showed qualitatively that the relative concentration oforganic carbon
increases with decreasing particle size. The source for the proposed small particle
carbon may be the ocean or it may be gas phase reactions of natural or anthropogenic
hydrocarbons or adsorption of these substances on other particles present in the
atmosphere(Goetz A Klejnot 1972, HoppeiA Dinger 1973,Lovelock A Penketl 1974).
About 50", ofthe background aerosol is volatile at 320 C (Tvvomey 1971). Although
Twomey (1971) and Rosen (197!) attributed the volatility to loss of(N H 4)2SU4 or
HjS Oj. several authors (Blanchard 1971, Pueschcl et al 1973) have suggested the
volatile substances could be organic compounds. Clearly the determination of the
significance of non sea salt components oforganic carbon in the marine atmosphere
is critical before we can assess the importance of chemical fractionation of organic
carbon at the air sea interface. We can, however, estimate a maximum input of
organic carbon from the ocean to the atmosphere on sea salt particles. If we assume
the mean organic carbon salt ratio of 0.05 observed in Bermuda by !.. Hollinan
A Duce (1974) is a reasonable estimate lot the marine atmosphere as a whole and
represents the organic carbon salt ratio on sea salt particles and if we use the
atmospheric sea sail production estimates of 101" g.yr (Eriksson 1959, 1961)) to
10" g yr (Blanchard |905). the organic carbon transport from ocean to atmosphere
ranges liotn 5\ 10"1gyr to's \ 10'4 g yr. litis is from 0.25",, to 2.5",, of the
estimated total organic carbon productivity of the oceans, which is 2 x 10*° g yr
(Ryther |9(9). In the same range is Rasmussen A Went's (1965) estimate of the
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natural atmospheric production of hydrocarbons from terrestrial vegetation:
4.4 y 1014 g yr.

ihere have been several laboratory investigations of the transport of organic
material from the ocean to the atmosphere. Bc/dek A Cariucci (1974) studied the
transport of insoluble monomolecular films to the atmosphere by bursting bubbles.
I hey found that 14C stearic acid was incorporated into the jet droplets and that the
smaller droplets were more enriched in this material than larger droplets.

F. Hoffman A Duce (1976) investigated several factors in the laboratory that

inlluencc the quantity and enrichment of organic material transported into the
atmosphere by bursting bubbles. iiVi (OC) was found to be a function of bubble path
length and the particular seawater used as a source. Water from Narragansett Bay.
which is relatively shallow and characterized by a high dissolved and particulate
organic carbon content, a high suspended load, and a large phytoplankton
population, produced sea salt particles with OC/Na ratios averaging 0.098+0.053.
W ater from the Sargasso Sea, which is characterized by lower levels of organic
carbon, a lower suspended load, and a low phytoplankton population, produced
sea salt particles with OC/Na ratios of 0.008 + 0.005. The difference between
the organic carbon concentration of these two bodies or water is one cause of the
marked differences in the aerosol OC Na ratios. However, when the OC Na ratios
of the aerosols are divided by the O O Na ratio in the different seawaters to calculate
ENj(OC) values, these values are 250 + 145 for Narragansett Bay aerosols and
73 + 27 for Sargasso Sea aerosols. The significantly different enrichment factors for
aerosols from these two different water masses suggest that not only is the quantity of
organic material in the seawaterimportant, but also the chemical form ofthe organic
material is perhaps even more critical in determining the amount of organic carbon
on the sea salt particles.

The effectofbubble age noted by Blanchard A Syzdek (1972, 1974) for bacteria was
also confirmed for total organic carbon in the experiments of F. Hoffman A Duce
(197M . An increase of bubble path length by a factor of three before bubble bursting
increased EVI(OC) by a factor of approximately two. Generally there was no differ-
ence in f;Nj(OC) using either filtered or untillered seawater, suggesting that the dis-
solved or colloidal fraction ofthe organic material was primarily responsible for the
bulk of the organic carbon in the sea salt particles produced in this investigation.
Since the possible enrichment of virtually all substances during bubble breaking at
the ocean surface depends on association with organic carbon, further studies of the
character and source of this material are urgently needed.

Alkali and Alkaline Hartii Metals

One of the most confusing and controversial questions in the air sea chemical
exchange literature over the past few decades has been the presence or absence of
significant chemical Iraciionaiion ofthe alkali alkaline earth elements Me. (‘a. K. and
Nr A number of early papers indicated that many oi all of these elements were
significantly fractionated in marine aerosolscompared to seaw ater (eg see Sugawarn
et al |940. Koyama A Sugawara 1953. Oddie 1960, komabuynsi 1962). Enrichments
ol greater than ten were not uncommon. Most of these colliei field studies were
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conducted in arcas with potentially significant contributions from nonmarinc sources
lo the marine aerosol. Indeed, the data in several ol the Japanese papers above show
that the enrichment of these elements increased as the sampling sites were moved
progressively further inland. However, relatively little consideration was given at the
time to the possibility that the high enrichments observed for these elements might
be due to non sea salt particles in the samples collected.

In more recent field studies involving these elements in marine aerosols, awareness
ofthe importance of the atmospheric sampling site has grown. Atmospheric samples
have been collected at several midocean locations by a number of groups during the
past few years and a different picture is beginning lo emerge relative to chemical
fractionation of these elements. Enrichment values obtained lor Mg. ( a, K. and Srin
some of these recent studies are presented in Table 1.'l here is no significant enrich-
mentofMg or Srreported in any of these recent studies, nor. in most cases,any enrich-
mentofCa or K. Where apparent enrichment has been observed it has generally been
explained by the presence of crustal material in the samples. Several different
approaches have been used in these papers to identify and correct for a non -sea salt
component for these elements. In studies in Hawaii and over the North Atlantic,
G. Hoffman A Duce (1972) and E. Hoffman et al (1974) calculated enrichments
from considerations ofthe slope ol the linear least squares regression line calculated
from plots of Mg. K. Ca. and Sr vs Na. as described previously. As seen in Table 1,
enrichments calculated in this manner are very close to zero, indicating that the sea
salt associated components ofthese elements are present on the particles in seawater
composition, within a very few percent. This strongly suggests little or no chemical
fractionation in the areas sampled.

In a different approach lo the same problem, several workers (Tsunogai et al
1972: WilknissA Bressan 1972 .W adaA Kokubu 1973. Buat-Menardetal 1974) have
citheranalyzed only thewater-solubleeomponent ofthc samples they collected or the
water-soluble and water-insoluble fraction separately. The basic assumption is that
the k, Ca, Mg, and Na in the sea salt particles are water soluble but the k, Ca, etc, in
othercomponents ofthe marine aerosol, particularly mineral dust, are not. However,
Tsunogai et al (1972) folinii significant enrichment of K and Ca m the water-soluble
fraction, which was attributed lo a water-soluble component of land-derived Ca and
K. Wada A kokubu (1973) also believed that the contribution of water-soluble
Ca and k from land sources had to be evaluated before drawing conclusions about
the chemical composition of sea salt particles. T hese conclusions are not surprising.
Far from land, it is unlikely that atmospheric sea salt and mineral dust particles exist
as discrete particle populations. Coagulation processes, such as cloud and raindrop
formation and evaporation, etc, will destroy these discrete distributions relatively
quickly. The extent and rate of leaching of the various alkali alkaline earth metals
from the dust particles in the saline droplets has not been measured, but at the
expected pH of 5 6 in these particles, it may be rather significant.

For samples collected over the North Atlantic. Bual-Menard el al (1974) lound
that TVI(Mg) m the water-soluble fraction ofthe aerosol was generally near zero and
that i:VI(( a), which ranged from zero to ten. was related to the quantity of the water-
insoluble fraction (see the section on sulfate). Although some of the high k enrich-
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incuts also appeared related to the amount of water-insoluble material in their
samples, the largest values for FV,(K) were found in samples collected over the more
biologically productiveareasoll the West African coast, especially over the upwelling
region in the (jlill oiGuinea. Bual-Mcnard et al (1974) speculated that the K enrich-
ment in this area was due to true chemical fractionation at the air sea interface
resulting from the association of K with high conccntiations of surface-active
material in these biologically rich waters.

'['lie effectofdust on fv,(K) for particles collected during onshore wind conditions
in Bermuda is shown in Figure 4 (Hoffman 1475). Note that I-SIIK) is used in this
figure rather F\,,(K). because it is impossible to plot /oro and negative values on
log-log plots. Using atmospheric Fe as an indicator of dust, this ligure clearly shows
the dependence of I\ d(K) on the | e'Na ratio. When the dust contribution is
relatively insignificant (i.e. | e Na approaches zero), FN1(K.) approaches one. If this
data is replotted as K Na vs Fc Na. the slope of the resulting regression equation
(excess K/Fe) is 0.326 + U.005. This suggests a crustal source for the excess K. since
the mean K/Fe ratio in soil is ~0.36 (Vinogradov 1459). Air mass trajectories
calculated for these Bermuda samples indicate that the dust collected can originate
from the Sahara desert and the east coast of North America. Notice the magnitude
ofthe effect ofdust on FVI(K) in Figure 4. During onshore wind conditions, apparent
fractionation up lo ten is found, even at this coastal location over 11)00 km from
the nearest major land mass. This appears to be entirely the result ol the additional
K component present in continental dust that has been transported from 1000 to
5000 km across the ocean.

It has been suggested that the enrichment of alkali and alkaline earth metals in
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soa sali particles isa function of particle si/e, with only the smallest particles being
significantly enriched. Indeed, if the smaller particles are more enriched than the
larger particles, this would explain apparent enrichments of these elements in
partielesal high altitudes |( hesselet el al 1971 )and iii particles and snow collected at
the South Foie ((‘hesselet cl al 1972a). The cascade impudor data of Barker &
Zeitlin (1972) from a coastal lower on Oahu, Hawaii, indicate that enrichment of
K. (‘a. and Mg on the small particles cannot be ruled out. However, their reported
analytical uncertainties are so large that their data carmoi confirm this either.
Chesseletetal (I972b)also investigated the particlesi/edistribution of K and Ca over
the Norwegian Sea. but again the reported analy tical uncertainties in the data make
a definitive interpretation ini|>ossible. Andren & Harriss (1971)found enrichment of
Ca and depletion of Mg on all the particle si/e ranges investigated 10 km inland in
Puerto Rico and on board aship in the Carribbcan. They found the smaller particles
were less enriched in Ca than the larger particles. Mineral dust may again be involved
since severaloftheir sampics were collected inland,and the general area isoften under
the influence ofthe Sahara dust plume. Winkler (1975) found that the mass ratio of the
elements C |I:K:Cu is significantly different from seawater on particles ;0.2 /un
radius over the Atlantic Ocean. Winkler is uncertain as to the cause of the relatively
high K and Ca concentrations on these small particles and notes that chemical
fractionation is a possibility. He points out that mineral dust and anthropogenic
sources may also be significant.

A vast literature on the composition of rain in coastal locations routinely shows
enrichment ofthe alkali alkaline earth elements relative to seawater, but it has been
shown that particulate matter above two km in height is fairly uniform in
composition, whether collected over continental or marine areas (Blifford &
Gillette 1972. Delany et al 1973). As mentioned previously, this background aerosol
has a maximum number distribution at --0.1 /mi ratlins (Junge 1963. 1972) and
aratherlong residence time in theatmosphere. Thus itsorigin relative to a continental
or marine source is obscured. Since the contribution of this background aerosol
becomes more and more important with increasing altitude, the use of high altitude
aerosols, oceanic cloud water, or oceanic rain water (e.g. Bloch et al 1966) to indicate
chemical fractionation at the air sea interface is often misleading and certainly
complicates the question.

In conclusion, the often-observed apparent enrichment of the alkali and alkaline
earlli metals relative to Na probably results in most cases from the inclusion ofnon
sea salt particles, particularly continental dust, in the environmental samples.
Fractionation of'theseelements in theenvironment inlikely restricted to a few percent
in most arcas of the world ocean. The possibility that k may be fractionated at the
air sea jnieilace iii biologically productive areas remains, but the globa! geochemical
importance of this is unknow n.

There have beenanumberoflaboratory studies ofthe possible chemical fractiona-
tion of these elements. Several have shown significant enrichment, paiticiilaily of k
and ('a. whereas others have show n little or no enrichment (e.g. see komabayast |01 ;
Bloch A l.uccke |9nS. |973; Bruyevich A kor/h 1970; Glass A Mattcson 1973;
Morelii et al I'>7-4; | . Hollinan 1975). Many earlier studies have been reviewed by
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Maclntyre (1974a). These laboratory model studies differ from each other and from
the natural environment iii so many ways thai it is extremely difficult to evaluate them
in termsol natural processes occurring at the ocean surface, and we make no attempt
to do so. Sullicc it to say that there is no real teason lo doubt the remit-, iii any o f these
studies, but on the basis ol the most recent field vlala ahove. whatever mechanism
or mechanisms caused the observed laboratory enrichments ol these elements

appears to be of limited importance in the environment.

Phosphate

In the laboratory study perhaps most responsible for the recent interest in bubble
scavenging of surfactants and associated substances and their injection into the
atmosphere. Baylor et al (1962) found that the inorganic dissolved phosphate in
filtered seawater could be efficiently stripped from the seawater by bubbling. In their

investigation, theconcentration ofphosphalc in seawater atany lime. C, was given by

C,= C ,cK. ®)

where C, = initial P()4? concentration, t = time after initiation of experiment, and
K = velocity or removal constant. K was a function of bubbling rale and the total
surface arca of the bubbles. Baylor et ai (1962) believed that the phosphate removed
from the water column was largely transferred into the atmosphere. The phosphate
remaining in the seawater after bubbling was primarily associated with organic
material and was filterable, that is. it no longer passed through a 0.45 /im pore sile
filler. In a subsequent study. Sutcliffe et al (1963) found that the atmospheric particles
produced by laboratory bubbling of filtered seawater were indeed highly enriched in
phosphate and that most ofthe phosphate in the aerosol was particulate rather than
dissolved and was organically associated. There was considerable interest in whether
collapsing bubbles could generate organic aggregates in the sea. as the implications
to the marine food chain were obvious It is now reali/ed. however, that very small
particles are necessary for the nucléation of the larger aggregates in seawater; these
small particles are most likely colloidal in nature and therefore were not trapped by
the 0.45 /tm pore si/le filters used (Batoosingh et al |909). Nevertheless, these
experiments clearly showed that bubble scavenging of certain dissolved and/or
colloidal organic materials and other associated substances, sueli as P04 |
significantly enrich these other substances in atmospheric particles.

Bruyevich A kiilik (|9(i7a)also found significant enrichment of P()4 in aerosols
produced by bubbling seawater in the laboratory. Macintyre A Winchester (19(29)
and Maclintyre (1'>70) followed up these initial studies with a detailed laboratory
investigation ol phosphate enrichment on the atmospheric soa salt particles. Using
radioactive 'PO ., and '-'Na' tracers ami a variety of aqueous bubbling solutions.
Maclintyre (1970)always found excess phosphate in the aerosol | N,II'0.|) ranged
IromOOi io lilloi jetdioplels and as high as IIHKUorvvh.it he believed were droplets
Ironi a well drained film cap f igure 5 shows the results ol three runs using filtered
seawater, distilled vvatei. and distilled vvalei with a negatively charged surfactant
(-.odium lutini sullatc) added, flic highest emichmetil was observed for the inter-

mediale si/e atmospheric particles, approximately | 6 /uii radius, which Maclintyre
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Filiare 5 Enrichment of phosphate as a function of particle si/e for atmospheric particles
produced in the laboratory by bubbles bursting in various "ocean" solutions. After
Maclintyre (1970).

believed were the film droplets because they were produced from very large bubbles
with a large film cap area. Similar studies with numerous smaller bubbles, which
produced primarily jet droplets, showed little particle si/e dependence of I:VI(PC)4).
The use of seawater resulted in higher values for ENj(PQ4) than distilled water,
probably because organic surfactants have a higher concentration in seawater.
However, when the surfactant sodium laurvl sulfate was added to the distilled
water, the enrichment dropped by an order of magnitude. Maclintyre (1970)
[H>inted out that lor this surfactant the surface active moiety is the laurvl sulfate
anion, which should attract positive ions, rather than the negative P04 ion. Thus
POj enrichment is significantly decreased. When a positive surfactant, such as
cetVirimeth\lammoniuni bromide, was used in distilled water, values lor | S,|1'0 4)
were ten oi greatei Maclintyre (11)70) suggested that ions with high ionic potential,
i.e large charge and small si/e, are preferred as counterions, or ions with a charge

opposite to that ol the surfactant. Thus, for example, (‘a" > and Mg' ' are preferred
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over Na'. Maclintyre! 1970) suggested that this counterion mechanism plays a major
role in the association of surface-active substances with inorganic ions, which in turn
could result m the enrichment ofthe inorganic ions in atmospheric sea sall particles.
Koske (1974) suggests this mechanism may be responsible for the barium enrich-
ment that he observed on sea salt particles produced by distillation of seawater in the
laboratory.

Surprisingly, we have been able to find no data on phosphate enrichment in the
ambient marine aerosol. Although there is considerable data on sodium and such
nutrients as phosphate, nitrate, etc. in rainfall, most ofthese studies were undertaken
as part of general ecological and biological field programs and are not in suitable
locations for collection oftrue marine rainfall. Perhaps most representative of marine
air is the rain data of Allen et al (1967) from the small island of Signv, oil the coast of
Antarctica in the South Orkney lIslands. As part of a nutrient balance study, these
authors concluded that the primary source of phosphate on the island was precipita-
tion and that the phosphate and other nutrients in the precipitation came from the
sea. The average value for EN.,(I>0 4)in the Signy Island precipitation was 170. Allen
et al (1968) undertook a similar study in England. At two stations ranging from
2 to 8 km from the soa, their data suggest P04 Henrichments of over 1000. However,
the air over the highly populated, agricultural, and industrialized island of Great
Britain is certainly not representative of uncontaminated marine air. The general
geochemical importance of the atmospheric transport of phosphate to and from

marine areas remains to be determined.

Nitrogen Compounds

W ith the demonstration that phosphate can be efficiently transported from the sea to
the atmosphere on particles from bursting bubbles, it is rather surpri/ing that so little
research in this context has been carried out on nitrogen containing nutrients. We
have found no data on organic nitrogen in marine aerosols. Two investigations in
New Zealand, however, suggest the potential importance of the chemical
fractionation oforganic nitrogen compounds. Wilson (1959) investigated the organic
nitrogen contentofsnovvscollectcd 1600 2600 m above sea level on remote mountains
located 20 160 km from the sea. Because the samples were freshly collected from
regions where no plants or animals exist, Wilson expected no contamination from
these sources. Ile could see no insoluble inorganic matter in the samples with the
naked eye and believed that no (or very little) erustui weathering products were
present. He felt strongly that the source of the organic nitrogen in these samples was
the ocean.

The organic mii ogen (ON) concentration in the snow ranged from 20 mg. liter to
2(H) mg liter. A single coastal rain sample contained 2(H) mg litei organic nitrogen,
whereas tv pictii seawateroffNew Zealand contained 8 /ig liter. lhese concentrations,
combined with Na measurements made on the same samples, result in Ev,(ON)
values ranging from 4 \ It)'to | \ 10". These are extremely high enrichments and,
il coiiect. suggest that the transport oforganic nitiogen from the sea to coastal areas
couhl be significant in the nutrient balance of some regions. The high organic
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nitrogen concentration in coastal marine rain was confirmed by Dean (1063). who
found 170 my/liter in rain at laila in coastal New Zealand. Organic nitrogen
concentrations ol - 23 mg liter were loum| by William si 1067) iii rain over the ocean
off California and near Samoa. High enrichments relative to seawater were also
found lor NII4"' in the rain and snow samples of Wilson 11050). and an enrichment
for total nitrogen of 2 x 10J was found in a foam sample collected on a rocky coast
north of Wellington, New Zealand.

Are such high enrichments in the atmosphere possible from a marine source?
As a crude attempt lo answer this question, we can make the following calculation.
Assuming the organic nitrogen in the atmosphere was present on sea salt particles
when they were produced at the soa surface, assuming the average value of I:VI(()N)
for particles in the atmosphere near New Zealand is 2x 10s, and assuming the
organic nitrogen concentration in the mixed layer of the ocean near New Zealand is
- S/lg liter, theconcentration of organic nitrogen in the surface layer stripped by the
bursting bubbles, i.e. the top 0.05 0.5 //in. must be — 1.6 g liter. (This concentration
could be attained in this surface layer by the transport of a quantity of organic
nitrogen equivalent to that present m approximately | 10cm of subsurface water.
This is perhaps not completely unreasonable.) Williams (1067) found the concentra-
tion of both dissolved and particulate organic nitrogen ranged from 100 //g liter to
500 ,/ig liter in the top 150//m of the ocean surface off Peru and off California. We
assume an average concentration of 300 //g liter in the 150 //m microlayer. The
microlayer concentrations observed were 1.5 50 times concentrations present at
depths of 10-30 meters. However, if this organic nitrogen in the 150 mii microlaycr
isactually concentrated in a much thinner layer from 0.05 //m to 0.5 um thick, which
the bursting bubble strips into jet droplets, the concentration in this thinner layer
would be - 0.1 | g liter close enough to the required concentration of 1.6 g/litcr
calculated above that we cannot dismiss the possibility that this mechanism s
potentially significant in the environment. However, these calculations and any
interpretation of this tield data in terms of chemical fractionation must be viewed
cautiously because our understanding of the interactions of sueli gaseous species as
NO. NO'and N ii, with aerosols and rain and cloud droplets is limited and because
chemical reactions of these inorganic nitrogen species with organic material in these
particles and droplets are possible.

Wi illiams (1667) discussed the general implications of enriched nitrogen transport
inioihealmosphereon sea salt particles to the nitrogen cycle in the sea and suggested
that, if highly enriched nitrogen is a general phenomenon, this "closed system of
nitrogen recycling would greatly reduce the net input of nitrogen into the sea" from
continental sources. The implications lo the overall nitrogen cycle are potentially
significant, but this subject awaits considerable additional research.

luadillerent aspect of the nitrogen pioblem. Bloch A | uccke (1670) showed in the

laboratory that inorganic N Il," is enriched iii the particles produced by boiling
ai lilicial salt solutions of NI 1,( 'l and collecting the condensate and spins produced.
| hey explained thai their N Il," enrichments, which langed up lo - 101)0. were due
to iisviroly sisol N Il.," in the seawater, with the subsequent cm ichment of N114()I |

at the water surface due lo (iibbs adsorption. As mentioned abose, the question
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of NHj* in atmospheric aerosols is complicated by the interaction of gas phase
N |1, with the saline droplets. While NI14 isapparently enriched in marine aerosols
and rain relative to seawater (lunge 1657, Wilson 1656. Men/el A: Spaeth 1662,
Williams 1667, Tsunogai 1671). there is no strong evidence to suggest that lins M 14"

originates on the particles produced at the sea surface.

The lidlocjens

outoriNi: Chlorine is the major mass component of atmospheric sea salt and is
relatively easy to analyze. One might expect this element to be the most thoroughly
understood relative to chemical fractionation. However, there is still considerable
uncertainty regarding the marine atmosphericchemistry ofchlorine. A Cl gas phase
exists in marine air. and considerations of the Cl. Na ratio and Cl enrichment during
particle production are complicated by the possibility of Cl gain or loss from the
aerosol alter its formation. Most of the data on CI, Na ratios are from rain, with
relatively little information for atmospheric particles in open ocean areas. Wilkniss
A- Bressan (1672) measured Cl Na ratios on atmospheric particles in midocean and
near-continent marine air. The mean value for EV,(Cl) from their midocean samples
was - 0.07 £ 0.21. although for particles >2 //m radius Fv,(Cl) was +0.04 + 0.19.
Along the east coast of the United States, they found ENj(C1) values ranging from

0.66 to - 0.31. They note that these negative enrichments are undoubtedly due to
the simultaneous collection of continental aerosols with relatively high Na con-
centrations. Chcsselet et al (1972a) found the mean value of EVI(CI) to be

0.04 + 0.02 on particles from several midocean locations, whereas Peirson ct al
(1674) found an average value of - 0.06 during 1972 and 1973 at Lerwick in the
Shetland Islands. On a cruise in the mid-Pacific, Wada A Kokubu (1673) found a
mean value of 0.03 + 0.03 for EN.,(C1). and the data of Buat-Mcnard et al (1974)
over the North Atlantic indicate a mean of --0.12 + 0.11.

Perhaps the most valuable data to date is that of Martens el al (1973). who
investigated the variation ofthe Cl Na ratio with particle size in Puerto Rico. On the
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basis of the Cl| Na ratio in the particles, corrected for any Na contribution from
weathered crusta! material, they calculated a 7 25",, depletion ol Cl relative to the
expected seawater composition. The average FV,(Cl) for their bulk marine aerosol
was 0.12 + 0.06. Most importantly, they found this Cl depletion was very particle-
si/e dependent, with increasing depletion of Cl with decreasing particle si/e. Figure
6 presents acomposite of la., (Cl) vs particle si/e for their four samples at coastal and
inland Puerto Rico sites. Martens ct al (1973) ascribe this marked decrease of ES,,(C'l)
on the small particles to a loss of Cl to the gas phase. Based on similar studies in the
San Francisco Bay area, where NQ 2 was simultaneously measured, these authors
conclude that IICI| is released from the particles after uptake of gaseous HN 03
(and perhaps SO;). Assuming that the HN 03 and S02 uptake is controlled by
diffusion to the particle surfaces, under nonequilibrium conditions the smaller
particles, with their larger surface arca to volume ratio, will be most affected by the
addition of these gases and subsequent loss of IICIl. If chemical equilibrium is
ultimately reached between the gases and the particles, there should be no difference
in the Cl Na ratios on particles ofdifferent si/cs. The existence of such a difference
suggests that, if this mechanism is valid, equilibrium is not attained.

The mean EV,(C1) for the six midocean studies above is - 0.08 + 0.04, equivalent
to an apparent 8", loss of Cl to the gas phase, assuming no chemical fractionation
of Cl relative to Na during particle production. A gaseous Cl component does exist
in the marine atmosphere. Although itschemical form is still uncertain, theconcentra-
tions are generally 1-5 //g/nr1 near sea level, with the gaseous particulate CI ratio
averaging about 0.5 (Junge 1957. Ducc et al 1965. Chcsselet et al 1972a, Rahti et al
1976). Thus, if this ganeous Cl is generated from the atmospheric sea salt particles, it
must have an atmospheric residence time approximately six times that of particulate
Cl. or -2 -3 weeks. Dehtny et al (1973, 1974) measured the vertical profile of CI/Na
in aerosols over continental and marine areas up lo 9 km. Over the sea the ratio
fluctuated around the seawater value, but over continental areas the ratio generally
increased with height, which Delany and co-workers believed was caused by inter-
action between the continental aerosol and gaseous CI.

There have been anumberofsuggestions for the reactions that may release gaseous
Cl| from sea salt particles. These include the uptake of SO; (Eriksson 1959, 1960) or
HNO.i (Robbins et al 1956) u> release HO, described previously, the reactions of
Cl with ()3to produce Cl2(C'auer 1638), the uptake and reaction of NO; with NaCl
to produce NOCI (Schroederi: Drone 1674). and photochemical reactions in either
the sea or atmospheric particles to produce the pernitrite ion. which subsequently
reacts with Cl to release Cl.>anil or NOCI (Pelrieoni A: Papee 1672). Valach (1667)
and L.a/rus ct al (1670) suggest (hat volcanoes are the major source for marine
atmospheric gaseous Cl. /.alii jou (P>75) has suggested that significant quantities of
CU ,Cl max he generated in seawater by the reaction of Cl 1,1 with Cl . Zafiriou
[vints out that ('"11,Cl should be quite stable in seawater and should exchange with
the atmosphere, whoie jl would be photostable and probablx have a relatively long
residence lime C11,C1 (.nui C(’l.,)isa majorcomponent of the light chloroearbons
present in the atmosphere in the state of Washington ((jrun.-rud A Rasmussen

16 '5jmu! it does not appear to have an anthropogenic soutce. In addition, at a coastal
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Bermuda site, Rahn ct al (1676) have found that only about 25",, of the gaseous Cl is
inorganic (as measured by capture on |.iOH impregnated fillers), and 75")j is
apparently organic (as measured by capture on activated charcoal, which is quite
efficient for CII,Cl). Determination of the inorganic and organic spéciation of
gaseous Cl in marine air will be critical in understanding the inicr wtion between
atmospheric sea salt particles and these gaseous components.

There have been a few laboratory studies o Id fractionation, ( hesselet ct al (1972b)
found no deviation ofthe ClI Na ratio on bubble-produced sea salt particles in the
laboratory as compared to seawater. Wilkniss A Bressan (1672). in a similar study
using a cascade impactor. found no deviation from the seawater ratio on the largest
particles, but a slight negative enrichment on the submicron particles produced.
There appears to be no strong evidence to suggest that there is any significant
fractionation, either positive or negative, for Cl during particle production.

There is extensive data on the CI/Na ratio in rain, from both coastal and inland
areas. The early data was reviewed by Junge (1663). Most results show a negative en-
richment for Cl. with an average EVI(Cl) ofapproximately - 0.05 to -0.10. Recent
studies ofrain in Hawaii at various altitudes, reported by Soto et al (1969), show no
significant Cl enrichment. In studies ofthe ClI Na ratio in cloud water 1000 m above
sea level in Puerto Rico, La/rus et al (1970) likewise found no statistical difference
from seawater. Many pastsamples were collected in areas with potential for significant
contributions of continental material to the rain. Owing to the presence of a gas
phase, possible incorporation of continental and background aerosols from higher
altitudes, and the fact that rainout and washout efficiency is a function of both
particle size and particle composition, any general attempt to understand the
chemistry of atmospheric particles through rain analysis is fraught xvith problems;

this is especially true for particulate chlorine.

hromine There is little evidence to suggest that bromine is fractionated during sea
salt particle production. However, gaseous bromine may be released from sea salt
particles to a greater extent than Cl after the particles enter the atmosphere, resulting
ina Br ('l ratio on the particles that is slightly depleted relatixelo seawater. Duccct al
(1967) and Movers A: Duce (1972a) investigated the Br Cl ratio as a function of
particle si/e from 20 m high lowers directly on the coast of (he islands of Hawaii and
Oahu. Figure 7 presents the mean values for Fcj(Br) for 12 cascade impactor samples
from Oahu. To facilitate graphical display of this data, F rather than E values are
presented. Values for I-n (Br) were generally less than unity for all particle si/es. 1'he
mean value for Ivi(Br) for the total particle population suggests that, relative to CI.
40",. more ofthe Br hasapparently been lost to the gas phase. Moyer- A Duce (1672a)
measured the gaseous Br concentration iii Hawaii, and it averaged approximately
50 ng nr',or4 10times the particulate bromine concOnttation. Hus suggests that, if
the gaseous bromine does result from sea salt particle release, the residence time of the
gaseous species is several limes that of particulate Br. Mal leus (1673) has investigated
I".,(Br)as a function of particle si/e at both coastal and inland stations in Puerto
Rico, lii- 1exults agree with the Hawaii data presented in 1igure 7 tor particles with
radii > 1fim. For particles between 0.5 /un and | ,um. however. FVI(Bi) ranged
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from 21o Il lor four samples. Marlons (1973) notes thai the high fractionation values
for Brou lhe smallest particles may he clue to local contamination by the presence of
Br associated .villi IM> from the combustion ol teliaclhvlload and ethylene bromide
in gasoline. Measured Br/I'b ratios ou these small particles in Puerto Rico support
this suggestion.

Duce et al (1973) have measured atmospheric bromine at the geographic South
Pole ;ii 2X00 m above sea level, and | <|(Br) is greater than 12 lor the total aerosol
population sampled. Gaseous bromine was found lo be approximately 20 limes the
particulate Br concentrations. Similar high value for | <j(Br) were found by Cadle
(1972) in the midlatitude, northern hemisphere stratosphere, at an altitude of
approximately 10 km. and by Delany el al (1973) at altitudes from | km to 9 km over
marine and continental areas. The latter group suggested that the high f <|(Br)
values at higher altitudes may result from gas phase reactions yielding NH4Br
aerosol. Cadle suggested that the high stratospheric Br Cl ratio might result from
increased Brfrom the combustion ofethyl fluid in gasoline. Another possibility is the
uptakcofnatural gaseous Bron the background aerosol. In summary, it appears that
there is no strong evidence for bromine fractionation at the air sea interlace and that
deviations ofthe Br Na or Br Cl ratio from seawater values are probably caused by
the exchange of a natural gaseous bromine phase with the sea salt particles and
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l alile 2 Some representative values for iodine enrichment in marine aerosols

Location Reference F.tll Reference
Sugashima Island. Japan. 200 in Cl 10 ino Komahayasi 11962)
Tokyo. Japan, near sea level Cl 2500 Miyake A: Tsunogai
(1963)
New Zealand coast, sea level to 35 m Cl 35 500 Dean (1963)
Hawaii Island, sea level to 2000 nl Cl 10 2H) Duce et al (1965)
Harrow. Alaska coast. 10 m (winter) Cl 55 10.000 Duce et al (1966)

Oahu. Hawaii coast, 20 m Cl 80 300 Moyers & Duce (1972b)
McMurdo. Antarctica coast, 50 in Cl 750 28.000 Duce et al (1973)

Soudi Pole, Antarctica, 2800 in Cl £ 12.000 Ducc et al (1973)
Puerto Rico. 20-450 m Na 220 Martens (1973)

background aerosol or by the addition of Br-rich particles from the combustion of

ethyl Huid.

I0DINE lodine isone element for which there is considerable evidence for chemical
fractionation at the air sea interface. A number of studies have shown that iodine
enrichmentin marine aerosols generally ranges from 100 to 1000. Some representative
values for iodine enrichment are presented in Table 2. The sea is the accepted source
foratmosphericiodine present in marine aerosols, but the mechanism for enrichment
remains uncertain. It is likely that cither (</) a gaseous form of iodine, probably
I>or CH.,I. is released from the ocean surface and exchanges with the particles, or
(/>) surface-active organic material enriched in iodine in the sea is scavenged by-
rising bubbles and injected preferentially into the atmosphere. Evidence supports
both mechanisms and indeed both are probably important in the environment.

In marine air. iodine is generally found on smaller particles than is Br or Cl. In
studies from 20-mcter-high towers on the coasts of Hawaii and Oahu. Duce et al
(1967)and Moyers & Duce (1972b) found that the major mass of iodine is generally
on particles with radii of 0.5-1.0 /tm whereas the major mass of Cl is present on
particles with radii of I 5 /mi at 90",. relative humidity. This results in a general
increase in the 1ClI ratio, or !', i(D, with decreasing particle si/e. as illustrated in
Figure 7. Duce et al (1967) point out that, if the high iodine enrichment is the result of
gaseous uptake by the particles, the overall effect of the addition ofgaseousiodine to
the particle chemical composition would be inversely proportional to the particle
radius. Using their experimental data. Robbins (|97?0) developed a mathematical
diffusion model for the reaction of gaseous iodine with particle surfaces that could
e\plaiiujuanlitati\cly the paitide si/e dependence of the | Cl ratio. His model, how-
ever. reiluircd that all the particles have the same, tailier short, residence time of
approximately 15 miii. Moyers &/ Duce (1972b) suggested that the enrichment varia-
tion with particle si/e may be due li' a rather slow interaction of the gas phase with
the particles, so that the residence lime ofthe particles becomes the controlling factor
in the uptake of gaseous iodine. | he smaller particles, with then longa atmospheric
resilience limes tEsinen A: Coin 1971. Junge 1972) would tluis have higher iodine
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enrichment. If the gas-particle interactions arc inorganic in nature and involve sueli
species as H, | ,and 10, . Moyers A" Ducc (ID72h) showed that thermodynamic
equilibrium would probably never be attained and the particles would continue to
act as a -»ink for gaseous iodine as long as they remain in the atmosphere.

An obviously critical factor in this discussion is the presence of gaseous iodine over
the ocean. Duce et al (1% 5) and Moyers & Duce (1972b) found that the general level
ofgaseousiodine in sutfaceair near Hawaii ranged from 5 20 ng ny', with the gaseous
species generally two to lour times particulate iodine. In Antarctica, both at coastal
and inland sites, the gaseous concentration was 2 3 ng m \ again two to lour times
particulate iodine. The chemical form of the gaseous iodine is still quite uncertain.
Miyake & Tsunogai (1963) added '" |
released when the system was irradiated with light at 300-500nm. | hey attributed the

to a model ocean system and found D

12 release to :
21" + 1/20 2+ H20-~"12+ 20H" (4)

Martens & Harriss (1970) and Soto & Duce (1972) found similar results using
1311" tracer in the laboratory.

In their model ocean-atmosphere studies. Seto & Duce (1972) also cultured the
diatom species Phaeodactylum tricornutum in the presence of ‘311 .Organic material
incorporating the 1311' was extracted from the diatom culture and added to the
model ocean system: the seawater was bubbled and the particles produced were
collected using a cascade impactor. Fri(l) values for these size-separated laboratory
aerosol samples are presented in Figure 7. Additional model studies were performed
on fresh seawater with no radioactive iodine added, with the natural iodine present
analyzed directly in the particles produced. These results are also presented in Figure
7. It is seen that the pattern of iodine enrichment on the particles from both model
studies is very similar to that in the marine environment, that is. general increase in
iodine enrichment, or fractionation, with decreasing particle size, except for the very
largest particles. However, the magnitude of the enrichment is about 20 times greater
in the natural environment. These results suggest strongly that at least part ol the
iodine enrichment in atmospheric sea salt particles results directly trom chemical
fractionation at the air sea interlace during particle production, probably caused by
association of some of the iodine with surface-active organic material. These
conclusions agree with those of Dean (1963), who found considerable organic
material (primarily algae and plankton debris) in sea spray iii New Zealand and
believed the high iodine enrichment he measured was due to iodine associated with
the organic material.

In their model studies using natural seawater with no added radioactive iodine.
Solo A: Duce( 1972)found that, during bubbling, gaseousiodine comprised 90", of the
total iodine released (the rest was particulate) when the surface of the model ocean
was irradiated with ultraviolet light and decreased to 75", when the ultraviolet light
was absent. When the same experiments were run without bubbling, the absolute
concentration ofgaseousiodine released decreased signilicniillv, but was not /ero and
was approximately the same with and withoul ultraviolet light Huix a gaseous lomi
of iodine was released from the model ocean surface, but its release was apparently
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not entirely dependent upon photochemical reactions and was enhanced by bubbling.
Further laboratory studies in which the form of this gaseous iodine is determined
would be most valuable.

Moyers & Duce (1972b) assumed the gaseous species was |2 for their thermo-
dynamic equilibria calculations, but Zaliriou (1974) has pointed out that the mean
atmospheric lifetime of F would be only a few seconds because of photodissociation
during daylight hours. Ile felt that molcculc-aerosol reactions might be important at
night but that followed by atom A+ (),
-+ AO x O2)would be prevalent during daylight. Lovelock et al (1973) found methyl
iodide over the North Atlantic at concentrations of ~ 7 ng I/m 3. They suggested that

photodissociation reactions (e.g.

CH.,l produced biologically in the sea escapes into the atmosphere and is destroyed
photolytically after a residence time of a few days. Zaliriou (1975) has shown by
reaction kinetic calculations and laboratory studies that C H 31in seawater reacts with
Cl to produce ClI.,Clatabout the sameratethat CH.,| escapes into the atmosphere.
He also showed that reaction of CH.,| with CI" in the salt particics after they reach
the atmosphere could not account for the high 1enrichments observed in the marine
aerosol. IfCli31is photolytically destroyed in the atmosphere, however, as suggested
by Lovelock et al (1973) and Zafiriou (1975), the products of this photolysis are
probably scavenged rapidly by the marine aerosol and may be the cause of the high
iodine enrichments observed. Clearly, the chemical species of gaseous iodine present
in the marine atmosphere need to be determined and gas/particle iodine exchange
must be studied to fully elucidate the marine atmospheric chemistry of this clement.
FLUORINE There have been very few studies of fluorine in the uncontaminated
marine atmosphere. Carpenter (1969) summarized the results of rain analyses for F
and pointed out that En (F) in these rain samples, virtually all of which were
collected in continental areas, ranged from 10to !u)0. Carpenter(1969)and Sugawara
(1965) concluded that F is preferentially injected into the atmosphere from the ocean
surface. Wilkniss ¢i Bressan (1971. 1972) have investigated the chemistry of F and
Clin rain as well asatmospheric particles in the field and in the laboratory. At mid-
ocean sites, far from the influence of land, they found a mean value for EVI(F) of
- 0.62 + 0.07.indicalingno positive chemical fractionation oflluorincduring sea salt
particle production. This was supported by model studies in the laboratory. EVI(F)
values in atmospheric particulate samples collected over the ocean but near the east
coast of the | nited States by these authors ranged from 2 to 25. Wilkniss & Bressan
note that these apparent high enrichments are probably caused bv incorporation
ofcontinental material into the marineacrosol they were sampling. Wada A: Kokubu
(1973) reached a similar conclusion to explain their mean Fv,(IT value of 12 + 9
in the western Pacific. Analyses of aerosol samples collected at various altitudes
1972).

I'v.If )in these samples was near zero up to about 5(X) in, but increased consider-

above sea level in Hawaii support this conclusion (Wilkniss A: Bressan

ably at 3(HX> m. lhe increase is probably related lo a relatively greater mass of
continental or background aerosol at the higher level. Fv, (Il ) values in rain in
Hawaii vvereolten as high as ten and were inversely proportional to the Na concentra-
tion in the ram. Wilkniss A: Bressan suggest that the high iltiorine enrichment
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valuesin rain result from lho incorporation of significant quanliliesofthe background
aerosol in the precipitation. However, Hewers A; flaysom (1971) present mass
budget calculations suggesting that terrigenous dust can account lor only a lew
percent of the lluorine in the atmosphere. | hey postulate that the excess I- in the rain
may bcent-ring the atmosphere from the ocean as a gas. possibly IIl ,oron particles
with radii less thaii 0.1 //m. Wilkniss A: Hressan (1972) presented laboratory evidence
suggesting that gaseous | is released from the atmospheric sea salt particles. 'l he
relation, if any, between gaseous F and the high FVI(l )values in rain is not known.
Apparently noattempt has been made to measure gaseous I', except for the freons. in
the marine atmosphere, and the geochemical importance of the sea or of sea salt
particles as a source for gaseous F has not been investigated. There is no strong
evidence for positive enrichment of lluorine during atmospheric sea salt particle
production, but additional work on the atmospheric lluorine cycle is clearly needed.

Sulfate

Although several workers have reported occasional samples where the S04"/Na
ratio in marine aerosols and rain is similar to seawater (e.g. Koyama & Sugavvara
1953. Buat-.Menard et al 1974). most studies have reported FEN_,(S()4) values greater
than /ero for marine aerosols (Sugavvara et al 1949. Koyama A: Sugavvara 1953,
Junge 6+ Werby 1958. Junge 1963. Tsunogai et al 1972. Buat-Menard et al 1974.
Cuong et al 1974). However, in most cases the apparent enrichment has been
attributed to S04~ sources other than sea salt. As with some other substances, the
question of possible S04= enrichment on atmospheric sea salt particles is
complicated by the conversion of sulfur gases of both marine and nonmarine
origin, e.g. SO;, H:S. and perhaps organic sulfides, to particulate S04°.

A variety ofsullale-containing particles not originating from the ocean have been
detected in the marine atmosphere. For example, the major mass of the background
aerosol is probably sulfate, presumably in the form of(NH 4);S040r M-S04 (Dinger
et al 1970). The source of the sulfate in the background aerosol is believed to be the
oxidation of SO:. Anthropogenic S04 ~ (also resulting from the oxidation of SO;)
released by burning of fossii fuels has also been shown to be transported some
distance over the ocean. KoideA: Goldberg (1971 )and Weiss et al (1975) found that
in a Greenland glacier began to increase in the mid-twentieth
in the snows of 1964 1965 also correlated with the Pb in these

non sea salt S04
century. The S(>4
samples, which suggests a pollution source for a portion of the excess sulfate
(Muro/umi el al 1969. Koide A: Goldberg |97j). The magnitude of this anthro-
pogenic effect m glacier ice is disputed, however. Some workers |Hamilton &
Langwny 1967. .lunge 1960) found no increase with age in the SO, Na ratios
oftheir ice samples from Greenland. However, marine samples taken dovvmvind of
large industrial and urban sites will undoubtedly contain significant quantities of
(Brossel «/ Akerstrom [472).

in particles over the ocean is continental weathering

excess anthropogenic S()4

Another souico of SO,
material ot mineral dust. Koyama A Sugavvara (|9>3) found that F([(S04) m
aerosols increased as samples were collected further inland. In addition, Buat-

Menard et al (1974) found that SO., Na ratios in most of their samples from oil the
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coast of northwest Africa correlated with (‘a Na ratios. They attribute enrichment
of both substances in their samples to gypsum (( aSC '211jO) from the desert areas
of Africa. Particles resulting from volcanic activity may also contribute significant
amounts of SO., to the atmosphere, particularly in marine areas near volcanoes
(Pucschel el al j973) and in the stratosphere up to several years after major
eruptions (Cadle et al 1971).

In addition tv) these nonmarine sources, the sea may release gaseous sulfur
compounds into the atmosphere. Release of hydrogen siilide from the ocean
appeared necessary to balance calculated atmospheric sulfur budgets (e.g.
Friksson 1963. Robinson A: Robbins 1968). Kellogg et al (1972). however, pointed
out that the rapid oxidation of |12S in surface seawater meant that release of 112S
from the soa would only be significant from biological processes in coastal areas,
particularly tidal llats. HidJchcock A Wechsler (1972) showed that H>S can be
liberated from water through the reduction ofS 0 4= by anaerobic bacteria from
muddy lake bottoms, wet soils and swamps, coastal wet lands and estuaries, and some
anoxic fiords.

Because ol the anaerobic conditions necessary for H.S evolution. Lovelock et al
11972) recently suggested that organic sulfides. which can be produced by bacteria
under normal aerobic conditions, may be a more significant oceanic source of sulfur
to the atmosphere. They reported the presence of dimelhylsuifide in seawater and in
varieties of the marine alga LamUnmu. Rasmussen (1974) found that dimethyl-
disullide and methyl mercaptan, as well as dimelhylsuifide, are produced by
aquatic bacteria and Pacific tidal zone seaweeds. Even under anaerobic conditions,
when IDS was released, the organic sulfides were produced in concentrations 100
times greater than H2S. Rasmussen (1974) concludes that, since organic sulfides are
produced during both aerobic and anaerobic conditions, the organic sulfide
production by the oceans may be a major source of sulfur in the atmosphere.
Dimelhylsuifide has yet to be detected in the marine atmosphere, however.

The possibility of a biogenic source for the excess S04~ may be indirectly
confirmed by the data of Buat-Menard et al (1974). who found significant S04=
enrichment over the biologically productive upw oiling waters oil the Gulfof Guinea.
Because this area is south of the intertropical convergence zone and thus not
dominated by Sahara dust, they altrilntle these enrichments lo cither of two
possiblemechanisms :(,/) biological production ol sulfur gases which are subsequently
converted to SO., and IDSO.,, or (/) sea surface enrichment of sullate due tv) the
association of sulfur containing compounds with surface active organic material.

Although the SO- S()4 ratio over "unpolluted" land areas varies from 1.3 lo
fOiGcoigii 1970. Kodhc 1972). recent work by Cuong ot al (1974) ,hows that the
SO - S(>4
version ol SO; to S()4 or rapid removal of SO; from the atmosphere. They state
that in some arcas, such as the Mediterranean Sea. the ocean is a sink lot SO;.
! ahoratory studies by SpcJding (j972) .nui Beilke A l.amb (1974) also suggest the

ratio over oceanic arcas is appioximalely lki. suggesting a rapid con-

ocean is a major sink for SO,.
Alew lahoialory similes have investigated S()4 fractionation at the air sea inter-

lace. With this problem in mind. Russian investigators have undertaken several
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1% 7b.
the sulfate enrichment

studies that found positive enrichments for sulfate (Bruyevich & Kulik
Bruyevich & Kor/h 1970). 'l hese authors believe that
observed in the marine aerosol and rain result from fractionation processes occurring
at the air/sea interface. Their experimental design did not approximate environ-
and evaluation of the results

rather difficult,

mental conditions, however, relative to processes
occurring at the natural air/sea
studies of SO4

In conclusion, although most workers concede that there is a sulfate excess in

interface, is further laboratory

fractionation are needed.

particles collected over the oceans, the excess has generally been attributed to SO 4'
dust,
volcanic emissions, and particles derived from oxidation of sulfur gases released by

input from the background aerosol, anthropogenic sources, continental
the ocean. The significance of sulfate fractionation at the air sea interface has not
yet been adequately evaluated because of the complicated atmospheric sulfur cycle,
which hampers simple environmental studies, and because the laboratory data is
meager, isotopic studies of sulfur in atmospheric sulfate particles can distinguish
sources in urban areas (Nielsen 1974). Perhaps, with further work on isotopic ratios,
the significance of these various sources to the total composition of sulfur in the

marine aerosol will be evaluated.

Heavy Metals

In the past few years interest in the heavy metal content of marine aerosols has
increased, largely through concern that man may be affecting the heavy metal
composition of atmospheric aerosols ori a global basis, as weil as through a general
interest in the possible importance of eolian transport of trace metals to marine
sedimentation. A complete discussion of heavy metals in the marine atmosphere is
beyond the scope of this review, but a brief overview, considering the possible
importance of the ocean relative to atmospheric trace metals, is worthwhile.

In contrast to studies of alkali and alkaline earth metals, virtually all studies of
heavy metals in marine air have assumed that the metals have a continental source.
Thus enrichment values such as those calculated for other chemical substances (e.g.
EV,(.Y). where X — heavy metal) have not generally been determined. Comparison
<ifthe atmospheric concentration of the heavy metals with that expected on the basis
104).

W ith crush'd weathering as the main expected source for these elements, enrichments

of metal Na ratios in bulk seawater results in very large enrichments (102 to

relative to average crusta! material have usually been calculated, where enrichment
ofany element A', F:alM (A'), is defined as follows

(AVAD).,.,
fwi(A') = /VWATT ‘e 18)
where A/Al is the mass ratio of A' to aluminum in the atmosphere or the f aith s
crust. A representative sampling of the crustal enrichment factors, as defined in
liquation 5, observed lor some selected trace metals in marine aerosols collected on
filters is presented iii Table T To facilitate comparisons, all the 1enoited enrichments
in the sttidies listed m | able Ahave been recalculated using Al as the reference element

and utilizing the average crustal abundances of Taylor (lI>+). Since Al was not
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determined in the GulfofGuinea study (Cro/at et al 1973), Sc was used as a reference
element and enrichments were calculated on the basis of Al. assuming a value of
I:, ,.|Se) of - 0.2. (Additional
metals in soil-sized particles (radius greater than
given by Chester X Stoner (1974) and Chester et al (1974) but is not included in

Table 3.)
Judging from the data in Table 3. a number of the heavy metals have weathered

valuable information on the distribution of trace
- 4/mi) over the world ocean is

crustal material as their source (e.g. Sc. Al. | e. I h. Mii. Ce. Co. and perhaps Cr). Of
course, mean crustal ratios can only be used lo crudely approximate the relative
composition ofcrustal material aerosols, ow ing to different types of crustal material
and soils in various source areas and uncertainties concerning chemical fractionation
processes during rock weathering. Thus variations of Tclll.,(A"') up to an order of
magnitude may still indicate a crustal source for these elements. These and other
problems in ascertaining the source of trace metals in aerosols utilizing crustal
ratios have been discussed in some detail by Kahn (1975) and Duce et al (1975).
However, a number of elements are highly enriched relative to both the crust and
seawater :Zn, Cu. Cd. llg. Sb.As. Pb,and Sc.among others. Zoller et al (1974) pointed
out that these highly enriched elements were rather volatile and suggested that high
temperature processes, either natural or anthropogenic, might be responsible for the
high concentrations of the elements observed. Indeed, Berline & Goldberg (1971)
and Natusch el al (1974) noted many volatile metals, including As. Sb, Cd. Pb, and
Se, that are probably volatilized during coal burning, subsequently adsorbing or
condensing primarily on the smallest particles. Duce et al (1975), however, suggested
that the similar enrichment factors found for samples collected using identical
techniques over the North Atlantic and at the South Pole, coupled with the short
residence times of atmospheric particles (on the order of one week or so), long
tropospheric mixing time beiween northern and southern hemisphere (6-12 months),
and predominant source of anthropogenic particles in the northern hemisphere
(- 90",,), indicates that the source of the high enrichments for these elements may be
natural. Possibilities include voleanism and biological mobilization. Some of these
elements may be biologically methylated in either the terrestrial or marine biosphere.
Wood (1974) notes that methylated forms of As, Hg, S. and Sc have been iound in the
marine environment. He predicted nieijtylated forms 0il Igand As in (he atmosphere,
and these have been delected by Johnson & Braman (1974; also unpublished data).
Clearly, the importance of the biosphere, and in particular the marine biosphere,
asa source for these elements in the atmosphere must be investigated in more detail.

O f particular interest to this review is the possibility that some of these elements
may actually undergo chemical fi.iclionalion during atmospheric sea salt particle
production at the sea surface. We have already seen that many heavy metals are
concentrated in the surface microlaycr. and Piolrowicz cl al (1972) suggested that this
should result in enrichment of these trace metals on the sea salt particles produced
by bursting bubbles. These authors also point out. however, that the effects of any
tractionatum ol trace metals during the bubble-bursting pioccss may booverwhelmed
by the presence ol these metals in atmospheric particles having a nonmurine source.
little

Relatively information ou the nature of the chemical associations of these
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hcii V> metals in thesea surface microlayer isavailable.'i he possibilities are numerous,
ranging from physical adsorption or chemisorption of trace metals on biological
and inorganic particulate matter to dissolved metallo-oreamc C(>ordination com-
plexes with such atoms as N, (), etc. | here have been numerous papers published on
trace metals in seawater, but, except lor some recent results on particulate trace
metals, much of the data are rather unreliable: it is difficult to collect un-
contammated samples and to prevent subsequent contamination during storage and
analysis. Since most literature on dissolved trace metals is somewhat questionable,
data on the specialion oftheseelemcnlsin seawater, particularly with regard to organic
complexes, is even less reliable. One possible exception is several papers indicating
that a significant fraction of the copper in nearshore, coastal waters may be
associated with organic material (Slowey et al 1967, Alexander & Corcoran 1967,
Williams 1969. Foster tVv Morris 1971). Suffice it to say that this will be an
interesting and important, as well as difficult, area for future research, both
relative to chemical fraction considerations and marine chemistry in general.

A few laboratory studies were designed to investigate certain aspects of chemical
fractionation of heavy metals. Van Grieken ct al (1974) added carrier-free quantities
of inorganic € Zn, ™Sc. and ’’'Na to unfiitercd coastal seawater and collected the
particles produced by bursting bubbles ofair generated below the water surface. Both

'Se and "'Zn showed enrichment in the bulk aerosol relative to the seawater, with
"'Zn generally having the greater enrichment. Higher enrichments were often
observed when the bubble path length before bursting was increased from 1cm to
It) cm. "'Zn enrichments were generally less than ten and 'Se less than three.

Wallace & Duce (1975) investigated the transport of particulate organic carbon
(PCX'") and particulate trace metals (PTM) to the sea surface by rising bubbles in
samples of surface water from Narragansett Bay using an adsorptive bubble
separation technique. Nitrogen bubbles of -- 1 mm diameter were allowed to rise
through the sample contained in an all-glass column 70 mm in outside diameter
and 2.4 m high. The froth or foam that accumulated at the surface was analyzed for
particulate materials, as was the original sample and the bubble-stripped residue.
Recoveries of PCX' in the foam ranged from 30", to 59",,. whereas those of
particulate Al. Mn. Fe, V. Cu. Zn, Ni. Pb. Cr. and Cd were generally greater thaii
X)",,. W allace &V Duce (1975) extrapolated their laboratory results to obtain a crude
order of magnitude estimate ofthe bubble trans|H>rt of POC and PTM to the ocean
surface under open ocean conditions and suggested that this may be the primarv
mechanism by which the sea surface microlayer is enriched in particulate trace*
metals |heir study and that of Van Grieken el til (Pr 4) illustrate the potential
importance of bubble transport of certain forms of sonic licavy metals to the air sea
interlace and suggest that further work is necessary before ruling out chemical
fractionation at the air sea interface as a cause for the apparently anomalous
atmospheric concentrations ol a number of these metals.

Boli>t

There has been iclatively little interest in the atmospheric chemistry of boron,
although seveial Japene.se workers have reported !\ |iB) values in ram that vary from
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50 to several hundred in marine areas (Sugavvara 19-18, Mulo 1052, 1053, 1056).
Attempting to explain these results. Gast ck Thompson (1050) distilled seawater
containing boric acid in the laboratory and found considerable boric acid boron
but no detectable chloride in their distillate. They proposed that boric acid vapon/cx
from the sea surface into the atmosphere and is subsequently scavenged by rain. To
supjKirt this suggestion, they passed air over the surface of dilute solutions of boric-
acid in distilled water at 25 32 (. and collected the condensate from the subsequent
evaporation. The condensate contained considerable quantities of boric acid,
equivalent to ~ 6() /ig B/hier. Gasl Sc Thompson point out that the evaporation of
boric acid from a seawater surface would be a function of both the boric acid
concentration in seawater and the water temperature and suggest that this
temperature effect might have caused the environmental differences observed by the
Japanese investigators. Crcac'h & Point (1066) measured boric acid in the gas phase
in surface air on the coast of France and found a mean concentration of
56 + 22 /<g B/nr\ which is extremely high. They believed the source of the HiBOj
was the ocean.

Nishimura & Tanaka (1072) repeated the evaporation experiments of Gast &
Thompson (1050) using seawater containing 20-60 times as much boric acid -
boron as normal seawater. Assuming that the vapor pressure of boric acid varied
linearly with concentration, they extrapolated their results to seawater containing
normal boron concentrations, concluding that at equilibrium the evaporation
condensate should contain <{1.1 fig B, liter at 25'C, considerably less than that found
by Gast & Thompson (1059). The condensate concentration of <{1.1 fig BTiter is less
than the excess B (i.e. the quantity of boron above what is expected on the basis of the
B Na ratio in seawater) found in precipitation over the ocean, 4.7 + 1.1 fig B liter.
Nishimura Sc Tanaka (1072) therefore concluded that the ocean is not a source of
boron but a sink.

Both investigations considered only evaporation of boron to the atmosphere and
not chemical fractionation of boron on particles produced during bubble bursting.
No studies have evaluated this possible mechanism for boron enrichment. However.
Gast N Thompson (1050) note that atmospheric boron has been attributed to sources
other than the sea. including dust, volcanic activity, pollution, and evaporation of
boron compounds from plants. Our understanding of boron in the marine

atmosphere is minimal at best.

CONCLUSIONS

[valuation of the occurrence and extent of chemical fractionation of various
substances during the production of atmospheric sea salt particles bv bursting
bubble."is difficult indeed |wo factors emerging from our discussion ofthe available
data aie perhaps most responsible for this difficulty:

1 Atmospheric panicles that arc not produced by the ocean but may contribute
significantly to the concentration of a number of trace substances in the marine
aeiO'ol are present throughout the atmosphere over the woild ocean These particles
include the so-called background aerosol and mineral dust, among others, ( are m
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the selection of sampling sites and the collection of samples may greatly
minimi/e the effects of non sea sail aerosols, but these particles are consistently
present throughout the marine atmosphere.

2. Gaseous forms of many of the trace substances of interest in the particles
coexist iii the marine atmosphere, and extensive gas-paiticle exchange is likely. This
may be most important for the halogens, sulfate, nitrogen compounds, boron, and
even organic carbon and some trace metals such as Se. Hg, As. etc.

Certainly, the well-documented enrichment in the ocean surface microlayer of
many of the substances we have discussed suggests that they should be enriched on
the particles produced when bubbles burst through this layer. However, in many
cases enrichments are likely to be swamped by the high concentrations of these sub-
stances already present in the atmosphere from other sources. Based on the available
data, the only substances having positive enrichments of more than a few percent in
the atmosphere that can be clearly ascribed to chemical fractionation occurring
during sea salt particle production arc |I. P()4\ probably organic nitrogen and
organic carbon, and possibly some heavy metals and K in biologically productive
waters The evidence suggests that the other substances discussed either show no
enrichment in theenvironment,orifan enrichmentisobserved, it isapparently due to
the presence iff particles with a nonniarine source or to gas. particle interactions.

Further research in anumber of arcas should significantly enhance understanding
of chemical fractionation processes. For example, we know virtually nothing about
the chemical composition of particles less than about 0.5 ,mn radius over the ocean.
Although many of these particles are known to have a nonmarine origin, the size of
the smallest particles that can be produced by the ocean remains unknown.
Investigation ofthe chemical composition ofthese very small particles is also critical
in evaluating the importance ofgas’particle interactions as a source for the apparent
enrichment observed for some substances. Obviously simultaneous measurements
of the gas and particulate phase of these substances are required in the field.

Surface-active organic material in the surface layers of the ocean plays a majorrole
in the transport of certain trace substances from the ocean to the atmosphere.
However, our knowledge of the chemical form and quantity of this surface-active
material in ocean surface water is fragmentary. We know even less about the
concentration and composition of organic material in the atmosphere and the
chemical and physical nature ofits associations with other trace substances. Further
work is urgently needed in this area.

Finally, continued laboratory studies of air sea exchange of matter in both
directions are certainly necessary, and chemical fractionation experiments should be
continued as well. A word of warning is crucial here, however. Maclntyre (D'Mb)
has recently pointed oui the many dangers and pitfalls that can arise in laboratory
studies, particularly with regard lo contamination of the mode! water svstem with
surface active organic material especially organic material with properties unlike
those ol surfactants actually lound in the sea. Maclntyre (1974b) points out that only
once in a decade has he been able I|i' produce "a solution surface which was not
delectably dirty by bubble-experiment criteria." His description of how this was
accomplished only once should impress the problems of laboratory simulation of
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air-sea exchange processes indelibly on (he minds of all investigators working in this

field

As in all areas of natural science, studies of chemical fractionation at the air'sea

interface require carefully planned field and laboratory programs. Many of the

problems that result limn improper sampling sites, poor collection techniques,

inadequate analytical procedures, and contamination in all phases of field and

laboratory work arc now well documented. New problems will certainly arise, but

the marked increase in overall quality of studies in this field over the past live years
suggests that the next five to ten years should result in some definitive answers to

many of the most important questions concerning chemical fractionation at the

air sea interface.

ACKNOWLEDGMENTS

The authors have been extremely fortunate in being able to work with A. H. Wood-

cock. J. W. Winchester. I). C. Blanchard, I'.

Maclintyre, and R. Chesselet at various

times over the past decade. Their insight and encouragement relative to the problems
and potentials of chemical fractionation at the air sea interface has been most

stimulating. We would also like lo acknowledge the Ollice of Naval Research
(contract NONR 3748(04)) and the National Science Foundation (Grants GA
20000. GA 20010. GX 28340. GA 31918, GV 33335. GX 33777. and GA 36513) for

their generous support of research in this area in our laboratory.

Literature Cited

Adams. A. P.. Spcndlove. J. C. 1970.
Coliform aerosols emitted by sewage
treatment plants Science 169; 1218-2(1

Alexander. J. b.. Corcoran. F. V. 1067. The
distribution ofcopperin tropical seawater.
l.annul. Oecanoqr. 12:236 42

Allen. S. F.. Carlisle. A.. White, F. J.. Evans,

Uaraer. W. R.. Garrett. W. D. (470. Surface
active organic material in the marine
atmosphere. ./. (icopiiys. Res. 75:4561 66

Barker. D. R.. Zeiilin. H. 1472. Mctal-ion
concentrations in sea-surfaec microlaycr
and si/e-separated atmospheric aerosol
samples in Hawaii. ./. Ceophys. Res. 77:

C. C. 1968. The plant nutrient content of 5076 86

rainwater../. hud. 56:447 507

Allen. S. F., Grimdiaw. Il M.. Holdgale.
M W. (467. 1actors atleeting the avail-
ability of plant nutrients on an Antarctic
island../. /.(=/. 55:5s| 04

Andren. V W .I(arris-.. ItC . 1471. Anomalies
in the si/e distribution ol magnesium,
calcium, and sodium iii mai me aerosols.
AWl Me'600-. 1t): 134") 50

Auberi..! 174 | esaerosols marins,\ccteurs
ile microorganismos. ./. Reell. .limos. 8:
541 54

Hatei. R | 1472. Organic lilms on neutral
waters; their retrieval. identification, anil
modes of élimination. ,/. (jcopltcs. Res.
~7;Spio' 7s

Baier. K. I-. Goupil. D W, I’erimulter. S.
King. R #'4 Dominant chemical
composition ot sea surface liims, nannai
slicks, and foams ... Re, h. 8.571
oH>

I' -toosingh. F., Rilev. G. A.. Keshwar. B.
1464. An analysis of experimental methods
lor producing particulate organic matter
in seawater hv bubbling Deep-Sea Res.
16:213 14

Baylor. F. R.. Sutchile. W. IF. llirschfold.
1). C. 1462. Adsorption ol phosphates onto
bubbles. Deep-Sea Res. 4: 120 24

Beilke. S., Famb. D 1*74 On theabsoi ption
of SO, in ocean water. Idias26:268 7|

Berline. K. K.. Goldberg. | D 1471. Fossii
fuel combustion and the major sedi-
mentais cvele Siicncc 1'3 :233 35

Hewers, ,1 NI.. Hussoni. H. 11. 1474. The
teriigenous dust contribution lo lluoitde
and iodide in atmospheric precipitation
.1. Reih limos. 8.684 47

He/dek, | 1| . Cariucci. A. E. 1472. Surface
concentration of marine bacteria. Liinnol.
I>, cano.ir 17;5(n <>

He/dek. IF F. Cariucci. A 1, 1474. Coil-

centration and removal of liquid micro-
lasers from a seawater surface by bursting
bubbles. /.minoi. Océano,jr. 14: {26 34

Bidicman. | I.. Olnev. C F. 1474.
( hlorinaled hydrocarbons in the Sargasso
Sea atmospiiereatul surface water. Science
183:516 IS

Blanchard. ) C. 1463. Electrification ol the
atmosphere by particles from bubbles in
the sea. Proi/rcss in Occanoarapliy. 1:
71 202. Oxford : Pergamon

Blanchard, 1) C. 1464. Sea to air transport
of surface active material. Science 146:
346 47

Blanchard. 1). C. 1468. Surface aetiveorganie
material on airborne salt particles. /’roe.
Int. Conl. Cloud Physics. Toronto. Canada.
pp. 25 24

Blanchard. D. C. 147!. The oceanic pro-
duction of volatile cloud nuclei. J. Atmos.
Sei. 28:811 12

Blanchard. D. C.. Sv/dek. L. 13 1470,
Mechanism for the vvater-lo-air transfer
and concentration of bacteria. Science
170:626 28

Blanchard. ). C.. Sy/dek. L. D. 1472
Concentration of bacteria in jet drops
from bursting bubbles. ,/. Ccophvs. Res.
77:5087-44

Blanchard. D. C.. Sy/dek. !.. f). 1474. Bubble
tube: apparatus for determining rate of
collection of bacteria by an air bubble
risirn! in waiter. Limnol. Oceanoqr. 14:
133 -38

Blanchard. D. C.. Woodcock. A. H. 1457.
Bubble formation and modification in the
sea and its meteorological significance.
Tellus 4: 145 58

Bliflord. 1. IF, Gillette, D. A. 1472. The
influence of air origin on the chemical
composition and si/e distribution of tro-
pospheric aerosols. Atmos. Tintinni. 6:
465 80

Bloch. M. R.. Kaplan. D.. Kerles, V.,
SchnerbJ. 1466. lon separation in bursting
air bubbles: an explanation lor the
irregular ion ratios in atmospheric pre-
cipitations. Sallire 204:802. 3

Bloch. M. R. l.uecke. W 1468. Uneinheit-
liche Verschiebungen der lonenver-
haltnisse /wischen Meeresvvtisser und
Niederschlagen dmeh Gischtbildung.
Satiirwiwcnsclialtei! 4 . 141 - (

Bloch. M. K.. | necke. \Y IWO. The origin
ol iixed mtiogen in the atmosphere Is. J.
liiiriii-Sii 1'F -1 44

Bloch. M K.. | necke.W 147\Geochemistry
ol m e.m walei bubble spray, d. (jenphvs.
Res 7"1 5100 5

Boyce. ' G 14s]|. Source of atmospheric
salts Siicncc 113:620 21
Brosset. I'.. Nker.strom. A. 1472. Fong

on MICA!L |UACIIONA (ION 223

distance transport of air pollutants
mcasuiemcnls of black air-borne particu-
late matter (sooi) and parlicle-borne
sulphur in Sweden during llie period of
Sepi Dec. 1464 limos. l.miran. 6:661
73

Bruyevich. S. V.. Kordi. V C. 1470. Main
patterns of salt exchange between the
ocean and themr />akl. lhad. Sauk. SSSR
140; 208 12. (English version)

Bruyciich.S.V .Kulik.Y./. 1467a. ( ‘hemical
interaction between the ocean and the
atmosphere (salt exchange), Oceanology
7:274 43

Bruyevich.S. V.. Kulik. Y. 1467b. Changes
of principal salt constituents as it passes
into the atmosphere. Dold. Akad. Sauk.
SSSR (75: pro 42. (English version)

Buat-Menard. B.. Morelii. J.. Chesselet. R.
147-1. Water soluble elements in atmos-
pheric particulate matter over tropical
and equatorial Atlantic. ,/, Redi. Atmos.
8:661 73

Cadle. R. D. 1472. Composition ofthe strato-
spheric "sulfate" layer. ROS. Trans. Am.
(leopitys. L nion 53 :8 12 -20

Cadle. R D.. Wartburg. A. F.. Grahek. F. E.
1471. The proportion of sulfate to sulfur
dioxide in Kilauea Volcano fume.
(icochini. Cosmochim. Act« 35:503-7

Cariucci. A. F.. Be/dck. IF F. 1472. On the
effectiveness of a bubble for scavenging
bacteria from seawater. ./. Oeophys. Res.
77:6608 10

Cariucci. A. F.. Willilams. P. M. 1965.
Concentration of bacteria from seawater
by bubble scavenging. ... Cons. Perm.
Int. tispinr. Mer30:28 33

Carpenter. R. 1469. Factors controlling the
marine geochemistry of lluorine. (jcochini.
Cosiiiodiim. -leta 33: | 153 67

Cauer. IF 1458. Einiges uber den Einfluss
des Meeres auf den Chemismus der Luft.
lhilncoloiic 5:404 15

(‘hesselet. R.. Morelii. .).. Buat-Menard. P.
1971. Sur la distribution d'aerosols
d'origine marine dans la basse tropo-
sphere, C. R Acuil. Sei. Paris. Ser. [>272:
1221 24

Chesselet. R.. Morelii. .).. Buat-Menard. P.
|4’ 2a. Some aspects of the geochemistry
of marine aerosols. Sahel Symposium 2(1:
| he | hannoni Chemistry ol the Oceans.
4t 114 New 5ork : Wiley

Chesselet. R. Moiclli. .1. Buat-Menard. P.
|4'2b Variations ui ionic ratios between
relcicncc soa walei and marine aerosols.
. (icophys Res. 77:5i 16 31

Chestei. K. Aston. S K. Stoner. 1 IF.
Brulv. D 1474 |race metals in soil si/ed
pai tick's hom the lowei li oposphere over
the workiocean ./. Rech. limos. 8. 777 84



224 nun. & MOM MAN

(‘hosier. K.. Stoner..| !i 1t74. Tho contribu-
tion of Mii, | o, Cu, Ni, Co, (iii, (‘r. V. lia.
Sr. Nil, / «. and i’b iii sonic soil si/cd
particulates from the lower troposphere*
over the world ocean. Mar. Cheni. 2:157
88

Creac’h, I'. V., Point. G. 1966 Mise cn
evidence, dans Patmosphere d’acide
borique ga/eux provenant de I'évapora-
tion de l'cau de mcr. C. R. Anni. Sri.
Puris. Sit. 1) 261:89 91

Cro/at.(i.. Domergue, J. L., Homii. V. 1973.
| ludo do I'acrosol atmosphérique* en Cote
d'lvoirect dan.slo (iolfc do (iiiinec. Almus.
Emiran. 7: 1103 16

Clione. N. B., Bonxang. B.. Lambert, (i. 1974.
The atmospheric concentration of sulfur
dioxide and .sulfate aerosols over antarctic,
suhantnrctic arcas and oceans. Tcilus
26:241 49

Dean. G. A. 1963. The iodine content of some
New Zealand drinking waters with a note
on the contribution from soa spray to the
iodine in rain. A" Z. J. Sei. 6:208-14

Delanv. A. C., Poilock, W. H., Shedlovsky,
J. P. 1973. Tropospheric aerosol: the
relative contribution of marine and con-
tinental components. J. Geophvs. Res. 78:
6249 65

Delany. A. C.. Shedlovsky, J. P., Pollock.
W. 11. 1974. Siatospherie aerosol: the
contribution from the troposphere. J.
Gceopiiys. Res. 79: 5646 50

Dinger,j. L., Howeii, H. B., Wojciechowski,
T. A. 1970. On the source and composition
of cloud nuclei in a subsident air mass
over the North Atlantic. J. Atmos. Sei.
27:791-97

Duce, R A., Hoffman, G. L.. Zoller. W. H.
1975. Atmospheric trace metals at remote
northern and southern hemisphere sites:
pollution or natural. Science 187:59 61

Duce. R A., Stumm, W., Prospero, J. M.
1972a. Working symposium on sea-air
chemistry: summary and recommenda-
tions. ./. Geophvs Res. 77: 5059 61

Duce. R. A.. Quinn, J. G, Olncv, C. P,
Piotrowic/. S. R.. Ray. B. J., Wade, T 1
197Pb Enrichment of heavy metals and
organic compounds in the surface micro-
laycr of Narragansett Bay, Rhode Island
Siienci' 176: IM 63

Duce. R A. Winchester, 1. W. Van N.thl.
1. W. |9(,5. lodine, bromine, am! chionia*
in the Hawaiian mai me atmosphere. J.
Geophvs. Res 70: 177.3 1>

Duce. R A.. Woodcock. A I, Moyers,
A1 |9t)7 Variation ol ton ratios with st/e
among particles m (topical oceanic air.
I'cllus 19; 169 7o

Duce. R A. Woodcock. A. |l |97
Difference iii chemical composition of

atmospheric sea salt particles produced in
the surf /one and on the o|>eii sea in
Hawaii helius 27:427 35

Duce. R. A . Zoller, W. 11, Moyers, .1 |.

1973. Particulate and gaseous halogens tri

the Antarctic atmosphere. J. (ieophys.
Res. 78 :7802 I

Eriksson, P. 1959. The yearly circulation of
chloride and sulfur in nature: meteoro-
logical, geochemical, and pcdological
implications. Part |. 'helius Il :375 403

Eriksson. P. 1960. The yearly circulation of
chloride and sulfur in nature; meteoro-
logical, geochemical, and pcdological
implications. Part Il. 'helius 12:63 109

Priksson. P. 1963. The yearly cycle of sulfur
in nature../. Geophvs. Res 68:4001-8

Lsmcn. N. A,,Corn. M. 1971. Residence time
of particles in urban air. Atmos. Environ.
5:571 78

Fasching. J. L., Courant. R, A., Ducc, R A,
Piotrowicz. S. R. {974. A new surface
microlaycr sampler utilizing the bubble
microtome. J. Rah. Aimos. 8:649-52

Foster, P., Morris, A. W. 1971. The seasonal
variation of dissolved ionic and organic-
ally associated copperin the Menai Straits.
Deep-Sea Res. 1S:231-36

Garrett. W. D. 1965. Collection of slick-
forming materials from the sea surface.
Linmol. Oeeunofir. 10:602-5

Garrcli. W. D. 1967. The organic chemical
composition of the ocean surface. Deep-
Sea Res. 14:221-27

Garrett. W. D. 1972. Impact of natural and
man-made surface films on the properties
of the air sea interface. In ‘jlie Clumping
Cheniisiry oh the Oceans. Nobel Symp.
20:75 -91. New' York : Wiley

Gast. .. A.. Thompson, T. G. 1959. Evapora-
tion of boric acid from sea water. Tellus
11:344 47

Georgii, H. W. 1970. Contribution to the
atmospheric sulfur huduet. J. Geophvs.
Res. 75: 2365 71

Glass. S. j.. Matteson, M. J. 1973. lon
enrichment in aerosols dispersed from
bursting bubbles in aqueous salt solutions.
‘helius 25: 272 80

Goetz, A.. Klejnot. O. J. 1972. Formation
and degradation ofaerocolloids by ultra-
violet radiation. Environ. Sei. hcehnol.
6: 1D 51

Grtmsrud. F P., Rasmussen, R. A. 1975.
Survey and analysis ol halocarhons in the
atmosphere by gas chromatography
mass spectiometrv. Amnis. Environ. 9;
101417

Hamilton, W 1.. l.Langwav, C. C. Jr. 1967.
A correlation of microparticle concentra-
tions with oxygen isotope ratios in 2X)
ycui old Gieeniaiui tee Earth humei. Sei

hell. 3:363 66

Harvey, G. W 1966. Microlayer collection
from the sea sutlace: a new method and
initial results. I.minoi. Oteanot/r. 11:6(18
13

Harvey. (i W.. Burzell. .. A. 1972. A simple
microlaycr method for small samples,
L.imnol. Otctinot/r. 17:156 57

Ilatcher. R P.. Parker. B.C. 1974. Laboratory
comparisons of four surface microlaycr
samples, himno!. Oceanoitr. 19:162 65

Hidy.G M .Brock. J. R. 1970. An assessment
of the global soinces of tropospheric
aerosols. Clean Air Contii.. 2nd. |F ashing-
ton DC. 36 pp.

Hitchcock. D. R., Wechsler. A. F. 1972.
Biological Cyclina of Atmospheric Trace
Gases, hinal Report. Washington DC:
NASA

Hoffman. E. J., 1975. Chemicalfractionation
at the air sea interlace: alkaline earth
metals anti total ort/anic carbon. PhD
thesis. F'niv. Rhode Island. Kingston.

Hoffman. E. J.. Duce. R. A. 1974. The organic
carbon content of marine aerosols
collected on Bermuda. J. Geophvs. Res.
79:4474 77

Hoffman, E. J.. Duce, R. A. 1976. Factors
Influencing the Ort/anic Carbon Content of
Atmospheric Sea Salt Particles: A
Laboratory Study. Presented at 55th Nat.
Meet. Am. Meteoro!. Soc. January 20 23,
Denver. Colorado.

Hoffman. E. J. Hoffman, G. L., Duce, R. A.

M Il Mii At. f RACTIONA i ION 225

in water and dilute aqueous solutions.
J ( hem So, | tiradav | rans. 63:2234 45

Johnson. |) I Braman. R.S. 1974. Distribu-
tion of atmospheric mercury species near
ground hiitirmi Sti. | eelinol. 8: 1003 9

Junge. C P. 1957. Chemical analysis of
aerosol particles and of gas traces on the
island ol Hawaii, 'helius 9: 528 37

Junge. C f i960. Sulfur in the atmosphere.
.I. Genph\s. Res. 65:227 37

Junge. C. E 1963. Air Chemistry and
Radioactivity. New York :Academic.
382 .

Junge. ( E. 1972. Our knowledge of the
physico-chcmistry of aerosols in the un-
disturbed man neenvironment. J. Geophvs.
Res. 77:5183-5200

Junge. C. E.. Werby. R T. 1958. The con-
centration of CL. Na*, K\ Ca* \ and
S(*4 in rain water over the U.S. J.
Meteorol. 15:417 25

Kellogg, W. W.. Cadle. R. D.. Allen, E. R,
La/rus. A. L. Marteli. E. A. 1972. The
sulfur cycle. Science 175 : 587 -96

Kientzler. C. F.. Arons, A. B.. Blanchard,
D. C.. Woodcock. A. H. 1954. Photo-
graphic investigation of the projection of
droplets by bubbles bursting at a water
surface. Tellus 6:1 -7

Koide. M. Goldberg. E. D. 1971.
Atmospheric sulfur and fossil fuel com-
bustion. J. Geophvs. Res. 76:6589-96

Kombayasi. M., 1962. Enrichment of
inorganic tons with increasing atomic

1974. Chemical fractionation ofalkali and weight in aerosol, rainwater, and snow in

alkaline earth metals in atmospheric
particulate matterover the North Atlantic.
J. Reeh. Atmos. 8:675 88

Hoffman. G. L.. Duce. R. A. 1972. Considera-
tion of the chemical fractionation ofalkali
and alkaline earth metals in the Hawaiian
marine atmosphere. J. Geophvs. Res. 77:
5161 69

Hoffman. G. l.. Duce. R A.. Hoffman.
E. 1 1972. Trace metals in the Hawaiian
marine atmosphere. J. Geophvs. Res. 77:
5322 29

Hoffman, G. L.. Duce. R. A.. Walsh. P. R,
Hoffman. 1 J. Ray. B. J.. Fasching. J. !..
1"*74. Residence time of some particulate
trace metals m the oceanic surface micro-
layer': significance of atmospheric de-
position. ./. AVr/i. limos. 8:745 59

lloppei. W. A.. | hngcr. J. P. 1973. Production
ol cloud nuclei bv ultraviolet radiation.
J -limos Vi 30:331 34

Horne. R A . Courant. R A. 197(1. The
siinettire of scawalci al the air'sea intei-
lacc Presented at Int. Symp. Hydro
goochem Biogeoehem .Tokvo

Inbarne.J Y.. Mason. H. J 1967 Electrifica-
tion accompany mg the bursting of bubbles

comparison with sea water. J. Meteorol.
Soc. Jpn. 40:25-38

Kombayasi. M. 1964. Primary fractionation
of chemical components in (he formation
of submicron spray drops from sea salt
solution. J. Meteorol. Soc. Jpn. 42: 309-
b

Koske. P. H. 1974. Surface structure of
aqueous salt solutions and ion fractiona-
tion. J. Reeh Atmos. 8:623-37

Koyama. T.. Sugavvara. K. 1953. Separation
ofth.ecomponents of atmospheric salt and
their distribution. Hull. Cheni. Soc. Jpn.
2>:123 26

L.a/tux. A I... Baynton. I!. W, Lodge, J. P.
197(1. Trace constituents m oceanic cloud
water and their origin. ! cilus 22: 106 13

l.diet. E. J. | aseter. J. L. 1974. Alkanes at
the air-sea interlace. Science 186:261 63

Livingstone, D. V P>03. Chemical com-
position of rivers and lakes. CS Geol.
Sinn I'rot Taper |ID-G. pp. 1 61

Lodge. J P Ji. MacDonald. A. J. Jr.
Vihman. | PRIO A study of the com-
position ol marine atmospheres, ‘helius
I1IN4 8"

lovelock. J P.. Magus. R J.,, Rasmussen,



I>lm< | & HOIIl MAN

R A. 1072. Atmospheric dimethyl sulfide
and the nannai sulfur cycle. Suture
217:452 53

Lovelock. J. I... Maces. R. J, Wade. R J.
1773 1laiogcnaled hydrocarbons in and
over llic Atlantic \ attire 241:1>4 76

l.ovclock. J. 1.. Penkett. S A. 1774, RAN
over the Atlantic and the smell ol clean
linen. Samir 247 :4'4

Maclintyre. f 1768. Bubbles: a boundary
layer "microtome" lor micron thick
samples ofa liquid surface. J. Plies. Cheni.
72:5X7 72

Maclintyre. F. 1770. Cicochemical fractiona-
tion during mass transfer from sea to air
by breaking bubbles, j cilus 22:45! 62

Maclintyre. F. 1772. Mow patterns in break-
ing bubbles. J Graphes. Res. 77: 5211 28

Maclintyre. f . 1774a. Chemical fractionation
and sea-surface microlayer processes. The
Sea. |'nhtme 5. Marine Chemistry. 245-
77. New York : Wiley

Maclintyre. F. 1774b. Non lipid-related
possibilities for chemical fractionation in
bubble him c a p s . Reeh. Atmos. 8:515 27

Maclintyre. F.. Winchester. J. W. 1767.
Phosphate ion enrichment in drops from
breakinububbles../. I’hys. Cheni. 73:2163 -

' 67

Martens. C. S. 1773. lon ratio variations
with particle si/e in Puerto Rican aerosols.
.I. Graphes. Res. 7TX:NS67 71

Martens. C. S. Harriss. R. C. 1770.
Mechanisms of iodine injection from the
sea surface. T‘reeipliailnii Seareiitomj
llv~)\. -lIX' Setup See 22:317 24

Martens.C.S.. Harriss. R. C. 1773. Chemistry
ofaerosols, cloud droplets, and rain in the
Puerto Rican marine atmosphere. J.
Graphes. Res. 78:747 57

Martens. C. S.. Wesolowski. J. J.. Harriss.
R. C.. Kaiier. R. 177.3. Chlorine loss from
Puerti' Rican and San Lrancisco Bay area
marine aérosols ./.Graphes. Res. 78'877,8
77

Marty. J. C.. Saliot. A. |774 Pdttitle chimique
comparée du tilm de surface el de Lean de
mer soils-jacent: acide gras. .. Reeh.
d/mas. 8:5(>3 70

Muromo. R.. laga. V. Nakai. T. 1t71
Ncusiomc bacteria and phylopl.mkton
iii sinlace minoi.neis of the equatorial
waters Rail Plankton Soc. Jpn. 18:36 41

Masou. It 1 1787. | he oceans as a souice of
cloud-loinung nuclei Genlis. Rara Appl
-6:148 8s

May nani. N C
airborne algae. /
26

Medvvin. Il PCD In situ acoustic measuie-
ments ol bubble population in coastal
ocean w aters.Graphes Rev 75:577 611

1'’>68 The significance of
I/l,; Mikm/nol. 8:225

Men/cl. 1). W..Spaeth..1 1 1762 Occurrence
of ammonia in Sargasso Sea waters and
ram water al Bermuda. l.iimml. Oeetmmir.
7:157 62

Men/el. 1) W.. Vaccarii. R. I. 1764 |he
measurement ol dissolved organic and
particulate organic carbon M seawater.
Limitai. Oectinnqr. 7 138 42

Miget. R.. Kator. Il. Oppenheimer, C..
l.aseter. J. ... ledet. .. J. 1774. New
sampling device lor the recovery of
petroleum hydrocarbons and fatty acids
from aqueous surface lilms. Anal. Cheni.
46:1154 57

Miyake. Y.. Tsunogai. S. 1763. Kvaporation
ofiodine from the ocean. J. Graphes. Res.
68:3787 73

Molmen. V. A. 1770. Preliminary results on
the formation on negative sinaiiions in the
troposphere../. Graphes. Res. 75: 1717 21

Morelii. J.. Buat-Menard. P.. Chesselet. R
1774 Production expérimentale d'acrosoN
a la surface de la mer. Reeh. Almas.
8:761 86

Morris. R J. 1774. l.ipid composition of
surface lilms and /ooplankton from the
eastern Medilerianean. Mat. Pollut. Hull.
5:105 7

Moyers. J. |... Duce. R. A. 1772a. Gaseous
and particulate bromine in the marine
atmosphere. J. Graphes. Res. 77:5330 38

Moyers, f. L.. Duce. R A. 1772b. Gaseous
and particulate iodine in the marine
atmosphere.Graphes. Res. 77:5227-38

Muro/umi. M.. Chow. T. J.. Patterson, C. C.
1767. Chemical concentrations  of
pollutant lead aerosols, terrestrial dusts,
and soa salts in Greenland and Antarctic
snow strata. Gcaeihm. Cosmarium. .Ana
33: 1247 74

Mulo. S. 1752. Geochemical studies of boron
(lili. Boron contentofrain waters. J. Client.
Sac. Jpn.. Run Cheni. Seel. 73:446 48

Mutu. S. |'>53. Geochemie.d studies of boron
(VII('omparison ol chemical composition
of rain and snow at ktriu. J Cheni. Sue.
Jpn. Rme {'hem. Sen. 74:420 23

Mulo. S. 1750. (ieochemical studies of boron

(Ali. Ihe source of boron in rain water.
J. Cheni. .So,. Jpn.. Rare ('lieni. Seel.
77:17A) 73

Natiisch. D I S.Wallace..!. R.. Leans, C. A.
Jr. I'l'M | ovie trace elements : preferential
concentration m icspirahlo particles.
S.ten,e 183:202 4

Nielsen. Il RIM Isotopiccompositionofthe
maior conli ibutors to atmospheric sullur.
/ellas 'o. 713 21

Nislimuiin. M, lanuka. k [1*>72 Sea water
ma\ not be a soutco ol boiou iii the
atmospheie J Graphw Res. 77 :5.M0 42

Nishi/awa. S. Nakanma. k [I™>71. Cou-

centration of particulate organic material
w the sea surlace laver, litill. Phmkmii
Sa, Jpn. 18:12 17

Oddie. B.CV 1760. 1he variation in
composition of sea salt nuclei with mode
ol lormation. Ouarl. J. Ray. Maroroi. So,
86:S17 51

Parker. B. C.. Barsom, G. 1770. Biological
and chemical significance ofsurface micro-
laveis in aquatic ecosystems. Hioscienec
2(i:87 73

Pcirson. D. If. Cawse. P. A.. Cambray.
R S 1774.('hemic.il uniformity ol airborne
particulate material, and a maritime elfect.
A ature 251:675 77

Peterson. .1. T.. Junge. C. L. 1771. Sources of
paniculate matter in the atmosphere.
Mini's Impan an the Climate 310 20.
Cambridge. Mass: M IT Press.

Petriconi. G. I... Papee. Il. M 1772. On the
photolvtic separation of halogens from sea
water concentrates. Water, Air Sail Palkii.
1:117 31

Piotrowicv. S. R.. Ray. B. J. Hoffman.
G. L.. Duce. R A. 1772. Trace metal
enrichment in the sea-surface microlaver.
J. Graphes. Res. 77:5243 54

Pueschci. R F.. Bodhaine. B. A.. Mendonca.
B. G. 1773. The proportion of volatile
aerosols 011 the island of Hawaii. J. Appl.
Mclicorol. 12:308 15

Rahil, k. A. 1775. The Chemical Composition
ol ihr Atmospheric .Aerosol. Tech. Rep.
Cniv. Rhode Island. School of Oceano-
graphy kingston. R, I. 203 pp.

Rahn. k. A.. Borys. R D.. Ducc. R. A. 1776.
Tropospheric halogen gases: inorganic
and organic components. Science. In
press

Rasmussen. R. A. 1774. Fmission of biogenic
hydrogen suHide. 7 cilus 26: 254 60

Rasmussen. R. A.. Went. F. W. 1765. Volatile
organic material of plant origin in the
atmosphere. Proe. LS AUl Anni. Sei.
53:216 20

Robbins. 1 A 1770. Model for variations
with particle si/e of halogen ion ratios in
marine aerosols. Precipitation Scalenum,1
(/'MIli) ALCSemp. Ser. 22'325 31

Robbins. R C.. ( adle. R. D.. Lekliardt. D. 1
u>57 | he conversion of sodium chloride
to hydrogen chloride in the atmosphere.
./ \incara! 16:53 56

Robinson. | .. Robbins, R. C. p>68. Sources
thunti.mee. ami | ale ol Gaseous \inms-
plien, Pollutants, pp. Il 48. New 'lork.
Am Pet. Inst

Robinson.! .. Bobbins. R (' I»71. I.missions.
( im, emraiion. an,| | aw o1 Purii, lihue
limospliene Pollutants. Im Ra Insi
Puhi \ a 41V~ 10S pp.

Rodhe, Il 17 :2 \ study ol the sulfur budget

rt I MICAI | RACTIONA NON 227

Drtheatmosphereover Northern l.urope.
I cilus. 2. 128 38

Rosen. 1 M. 1771. The boiling point of
stratospheric aerosols. J. Appl. M rierai.
10:1044 16

Kythcr. J. 1l. 1767. Photosynthesis and lisli
production in the sea Science 166:72 76

Scluoedei. W |f. Frone. P. 177-1. | ormation
ol nilrosy! chloride from salt particles in
air. j.miran Sii. leililloi. 8:766 58

Seba. D. B.. Corcoran, l.. I\ 1767 Surface
slicks as concentrators of pesticides in the
marine environment. Resiw. Manii. J. 3:
70 73

Seto. Y. B. Duce. R. A.. Woodcock. A. Il
1767. Sodmm-to-ehlorinc ratio in
Hawaiian rams as a function of distance
inland and of elevation. J. (implies. Res.
74: 1101 3

Seto. Y. B.. Duce. R. A. 1772. A laboratory
studyofiodincenrichmenl on atmospheric
seasail (‘articles. J. Graph vs. Res. 77:5337
47

Sieburth, J. M. 1771. Distribution and
activity ofoceanic bacteria. Deep-Sea Res.
I1S: 111121

Slowey. .1 F.. Jeffrey. L. M.. Hood. D. W.
1767. Lvidence for organic complexée!
copper in seawater. .Xjt1tire 214 :377 78

Spudding. D. J. 1772. Sulfur dioxide absorp-
tion b\ seawater. Atmos. Environ. 6:583-
86

Stevenson. R.F..Collier. A. 1762. Preliminary
observalionson the occurrence ofairborne
marine phytoplankton. Liae,lia 25:87-73

Sugavvara. k. 1748. Chemistry of precipita-
tion. Koiiakti 18:485 72

Sugavvara. k. 1765. l:\change of chemical
substances between air and sea. Oceanoijr.
Mar. Biol. Ann. Rev. 3:57 77

Sugavvara. k.. Onna. S.. koyama. T. 1747.
Separation of the components of
atmospheric salt and their distribution.
Ihill. ( hem. Sue. .Ipn. 22:47 52

Sutcliffe. W. 11. Jr., Baylor. H. R.. Men/el,
D \\. 1763. Sea surface chemistry and
l.auemuir circulation. Deep-Sea Res. 10:
233 43

S/ekiclda. k. Il.. Kupfcrmaii. S. L.. Klemas.
V . Polis. 1). 1. 1772. 1 lenient enrichment
iii 6igame lilms and loani associated with
aquatic frontal systems .. Graphes. Res.
"7:52As 82

Layloi. S R 1'>64 Abundance of chemical
elements iii the continental crust: a new
luhlc tiea,jinu Cosmarium. 1i/ij38: 1273
86

Isiban. A V. I'>7| Marine baeterioiieuston.
J (),cano,ji So,. Jpn 27:56 ((1

Isunog.u. S. 7771 Ammonia iii the oceanic
atmospheie ami the cycle ol nitrogen
compounds through the atmosphere and



228 Ol r I. & HOI 1MAN

the hydrosphere, (jcu hem. J. 5:57 67

AsimojMi. S. Saito. ().. Yamada, K., Nakava,
S 1772 ( hcmical composition ofOceanic
aerosol. J. Geophvs. Res 77:5283 72

Twomcy. S 1771.'[ lie composition of cloud
nuclei ./ .limos. Sei. 28:377 81

Yalach. R 1'>67. Hie origin of the gaseous
form of natural atmospheric chlorine.
7 cilus 17:507 16

Van (jrieken. R. E.. Johansson. T. B,
Winchester. J. W. 1774. Trace metal
fractionation effects between sea water and
aerosols from bubble bursting. J. Redi.
Ainn>s. 8.611 21

Vinogradov. A P. 1757. The Geochemistry
ol Rare und Dispersed Chemical Elements
in Soils. New York : Consultants Bureau.
Inc. 207 pp. 2nd ed.

Vohra. k. G.. Vasudcvan, K. N, Nair.
P. V. N. 1770. Mechanisms of nucleus-
forming reactions in the atmosphere. J.
Geophvs. Ros. 75-2751-60

Wada. S.. kokubu, N. 1773. Chemical
composition of maritime aerosols. Geo-
ehem. /. 6: 131 37

Wade. T. L.. Quinn. J. G. 1775. Hydro-
carbons in the Sargasso Sea surface
microlaycr. Mar. Pollui. Bull. 6:54- 57

Wallace. G. T. Jr.. Ducc. R A. 1775.
Concentration of particulate trace metals
and particulate organic carbon in marine
surface waters by a bubble flotation
mechanism. Mar. Cheni. 3:157-81

Wallace. Ci. T. Jr.. loeb, G. !. Wilson.

D. F. 1772. On the flotation of particulates

m soa water b\ rising bubbles. J. Geophvs.
Res. 77: 5273 5301

Weiss. 11. V., Betline. k.. Koide, M., Gold-
berg. F. D. 1775.1 hechemical composition
ol a Greenland glacier, (jcochini.
Cosmochnn. Act<t 37; 1 1()

Wilkniss. P.. Bressan. D. J. 1771. Chemical
pro-cesses at the air-sca interface: the
behavior of fluorine. J. Geophvs. Res.
76:"36 41

Wilkniss. P . Bressan. D. J. 17/2. Fractiona-
tion of the elements 1. Cl. Na. and k at

the sea-air interface. ./. Geophvs. Res. 77;
5307 15

Williams. P. M. 1767. Sea surface chemistry :
organic carbon and organic and inorganic
nitrogen and phosphorus in surface film
and subsurface waters. Deep-Sea Res. 14:
771 Xi«)

Williams, P. M. 1767. The association of
copper with dissolved organic matter in
seawater. /.minoi Oceannt/r. 14: 156 58

Wilson, A. T. 1757. Surface o fthe ocean asa
source of air-borne nitrogenous material
and other plant nutrients. Nature 184:77-
101

Winkler. P. 1775. Chemical analysis of Aitken
particles (<0.2 /mi radius) over the
Atlantic Ocean. Geophvs. Res. Lett. 2:45—
48

Wood. J. M. 1774. Biological cycles for
toxic elements in the environment. Science
183:1047-52

Woodcock. A. H. 1748. Note concerning
human respiratory irritation associated
with high concentrations of plankton and
mass mortality of marine organisms. J.
Mar. Res. 7:56 -61

Woodcock, A. H. 1753. Salt nuclei in marine
air asafunction ofaltitude and wind force.
J Meteorol. 10:363 71

Woodcock. A. H. 1772. Smaller salt particles
in oceanic air and bubble behavior in the
sea. J. Geophvs. Res. 77: 531621

Zaliriou. O. C. 1774. Photochemistry of
halogens in the marine atmosphere. ./
Geophvs. Res. 77:2730-32

Zaliriou. O. C. 1775. Reaction of methyl
halides with seawater and marine aerosols.
J. Mar. Res. 33:75 81

Zohell. C. E.. Mathews, H. M. 1736. A
qualitative study of the bacterial flora of
sea and land breezes. Proc. Nat. Acad.
Sei. 22:567 72

Zoller. W. H.. Gladney. E. S, Duce, R A.
1774. Atmospheric concentrations and
sources of trace metals at the South Pole.
Science 183: 178 2(H)



