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ABSTRACT 

. . 
'Ihe flow of particulate phosphorus through the atmosphere has been 

studied: The goal of the work was to deduce the magnitude and dire~tion 

of the fluxes of phosphours through the atmosphere and to identify•the 

sources of this phosphorus. Samples of atmospheric particulate matter 

were collected at urban, rural, and remote continental sites, at remo:te 

:island sites, and on ship-board over the Atlantic and Pacific Oceans .. • . • • 

Samples of precipitation a.rd. dry fallout were collected at sampling sites 

at Na.rTagansett, R. I. and Bernuda. Total phosphorus was determined on 

both the samples of atmospheric particulate matter and the deposition 

samples. In addition, the amounts of phosphorus considered to be "organic" 

and "reactive" were detennined on the.aerosol samples. Sodium, altnnin_urn, 

and vanadium were also detennined on the aerosol samples. These elements 

were used as tracers for the sea salt, crustal, and anthropogenic fossil 

fuel combustion portions of the aerosol. 

The concentration of total particulate phosphorus in the atmosphere 

ranged from "'100 ng m-3 in New York City to 'v0.2 ng m-3 at the geographic 

South Pole and down to "'0.02 ng m-3 in the remote South Pacific. Typical 

concentrations in other areas were: -3 Narragansett, R. I. , 20 ng m . ; 

Nortbwest Territories, Canada, 1. 2 ng m - 3; the Western North Atlantic 

between North .America am. Bennuda, 7 ng m-3; the North Atlantic near the 

coast of Northwest Africa, 70 ng m-3; over the Peru cUITent near the 

coast of Peru, 8 ng m-3; and in the marine air near the islands of Hawaii 

-3 and Samoa, 0.5 ng m . 

Particulate phosphorus in the marine air near Hawaii and Samoa came 

from both continental and oceanic sources. The reactive phosphorus fraction 



was most closely associated with crustal material . .An acid soluble 

inorganic fraction appears to have a marine source which could not be 

identified. The organic phosphorus fraction did not correlate.with 

either allnninum or sodium. The material may have been derived fran more 

than one source. 

The particulate phosphorus foun:i over the North Atlantic near the 

northwest coast of Africa appeared to come fran the Sahara desert. 

Phosphorus to iron ratios in this aerosol agreed well with the ratios 

f oun:i in a desert soil from Libya. Much of the phosphorus in the marine . 

air over the western North Atlantic appeared to be of anthropogenic origin. 

A strong correlation was found between phosphorus and vanadium, both in 

the reactive and organic phosphorus fractions. Much of the phosphorus 

in the nominally "organic" fraction was evidently a water insoluble 

organic form. The true amount of organic phosphorus could not be· extracted . 

fran the North Atlantic aerosol data. 

A field study in Narragansett Bay, R.I. using a bubble interfacial 

microlayer sampler showed that phosphorus is carried into the atm::>sphere 

on the drops fran bursting bubbles and that it is enriched relative to 

sodium on these droplets. Enrichnent of organic phosphorus ranged between 

60-150, about ten t:imes gr-eater than that of reactive phJsphorus. The 

source of this phosphorus appeared to be the sea-surface microlayer. 

The data from samples-collected over the phosphorus-rich waters of the Peru 

current support the existence of the fractionation process in nature. 

A strong correlation was found between organic phosphorus and sodium in 

trese samples. The average enrichnent was 160. 

The estimated global burden or particulate phosphorus in the atmosphere 

is 2. 8 x 109g. The inputs of phosphorus to the atmosphere are estimated to 

1• •• 



be: 
10 -1 10 -1 crustal, "'380 x 10 g y , marine, "'33 x 10 g y , and 

anthropogenic, "'46 x 1010 g y- 1. Transport of crustal and anthropogenic 

material to the oceans is estimated to be 'vl00 x 1010 g y- 1, while 

10 -1 transport of marine phosphorus to the continents is "'3 x 10 g y . 

'Ihese est:irna.tes are only good to a factor of two or three. An estimated 

"'20 x 1010 g y-l of crustal phosphorus is readily released upon contact 

with ocean water. This amounts to about 10% of the riverine input of 

dissolved phosphorus to the oceans. 
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PREF'ACE 

This thesis has been prepared in rranuscript form. It consists of 

drafts of five manuscripts. Introductory and concluding sections provide 

the bacl<Ground for the v1ork and intee-..rate the conclusions from the rranu

scripts. Two appendices discuss the analytical techniques used and provide 

a listing of the computer program used to calculate corrections for the 

activation analyses. The third appendix presents a listing of the samples. 

collected at Narragansett, Rhode Island. A fourth appendix consists of 

a bibliography of all the literature cited in the thesis. 

The first manuscript is entitled "Atmospheric input of phosphorus 

to rerrote tropical islands". It is to be submitted to the Journal of 

Ecology. This paper describes the concentrations of atmospheric phosphorus 

found in the rrarine atrrosphere of Hawaii and American Samoa and discusses 

the possible sources of this material. The rate of deposition of phosphorus to 

these islands is estimated using these data. 

The second manuscript is entitled "The transport of phosphorus to the 

North Atlantic by the Sahara dust plume". It is a brief paper in which the 

rate of transport of seawater soluble phosphorus from the African deserts to 

North Atlantic surface waters is estimated and compared to the rate of 

diffusive transport to these surface waters from the underlying deep waters. 

It is planned to submit this paper to the Journal of Geophysical Research. 

The third manuscript is entitled "The atmospheric transport of phos

phorus to the western North Atlantic". This manuscript reports the concen

trations of phosphorus in the marine air over the western North Atlantic, 

discusses possible sources of this phosphorus, and estimates the input of 

phosphorus to the ocean surface in this region. This manuscript is to be 

iv 



submitted to Atmospheric Envirornrent. 

'fue fourth manuscript is titled "'Ihe sea as a source of atmospheric 

phosphorus". 'fuis rrrumscript is to be submitted to Marine Chemistry .. 'fue 

manuscript described the results of a study in Narragansett Bay on the 

injection of phosphorus to the atmosphere in the droplets from bursting 

bubbles and presents evidence for the occurrence of this process in nature. 

'fue fifth manuscript is entitled "Atmospheric pathways of the phos-

phorus cycle". 'Ihis manuscript is to be submitted to Geochimica Cosmochiinica 

Acta. 'Ihe paper brings together all the available information on the 

concentrations, scurces, and deposition rates of phosphorus in the atmosphere, 

both fran this research and fran the literature. Using these data a global 

cycle of phosphorus in the atmosphere has been calculated and is presented 

in the manuscript. 

V 
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INTRODUCTION 

I 

Les experiences faites sur l'eau de pluie et sur la neige, 
recueillies sur la tour de Pise a la hauteur de 54 metres, 
avaient pour but la determination des substances organiques et 
minerales, canrne aussi la recherche de l'iode atmospherique. 
Je n'ai pas reussi a constater la presence de 1'iode dans ces 
eaux; seulement dans l'eau recueillie du 9 au 30 decanbre j'ai 
obtenu, par un traitanent convenable, une legere coloration 
rougeatre qui probablement etait due a la presence de l'iode; 
mais je dois ajouter que pendant les derniers fours de ce mois 
a souffle un vent tres-energique qui a entraine de la mer une 
quantite considerable de sel marin, et, en effet, l'eau en con
tenait une grande proportion. 

Les matieres organiques qu '·on a pu extraire de ces eaux et 
de la neige contiennent de 'lazote sous frome d'acide azotique 
et d'armnoniaque, c'est-a-dire que pour doser la totalite de · 
l'azote de ces matieres, le procede a la chaux sodee n'est pas 
suffisant. Quelquefois ces memes matieres, qu'on isole au 
moyen de traitements alcooliques, lorsqu'on les expose a la simple 
action de la chaleur, produisent une deflagration instantanee 
qui est due a une forte proportion d'azotate. 

Parmi les matieres minerales, on y constate du chlorure de 
sodium en exces, de al chaux a l'etat de carbonate, quelques 
traces de sulfates, etc., mais aucun indice n'indique la presence 
des phosphates. 

Au contraire, les residus qu'on obtient par l'evaporation 
des eaux de pluie et de la neige recueillies a une petite 
distance du sol (3 a 4 metres) contiennent, outre les sub
stances organizues, toutes les matieres qui se trovent dans 
la terre arable, et principalanent les sels de chaux, de ma
gnesie, d'alurnine, la silice, les acides phosphorique, 
sulfurique, nitrique, le chlore et quelquefois l'iode. 

Aune hauteur de 18 metres du sol, les eaux et la neige 
contiennent encore le plus grant nanbre des elements de la 
terre arable et des matieres orgp.niques azotees; mais on n'y 
constate pas d'une maniere certaine les phosprates. 

de Luca (1861) 

This early attempt to detect phosphorus in precipitation at Pisa, 

Italy was only partially successful. Phosphorus could not be found in 

a rain sample collected at the top of the Tower of Pisa, 54 m fran the 
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ground. At a height of 18 m, phosphorus could be seen occasionally. 

It was only in the sample collected at 3-4 m from ground level that 

phosphorus was strongly detected. The source of this phosphorus was 

considered to be soil. 

Other early accounts of the presence of phosphorus in precipitation 

are those of Trieschnann (1919) and Moore and Browning (1921), both 

reporting· .on the _analysis of rain samples collected at Mt. Vernon, 

Iowa. Fran this period until the end of World War II no reports of 

phosphorus in the atmosphere or in precipitation have been found. A 

resurgence of interest occurred in the 19601 s, when investigation into 

ecological and agricultural nutrient budgets led to several studies of 

phosphorus input through precipitation am dry fallout. Concerns over 

the quality of fresh waters have led to additional studies in recent 

years. Thus a fair body of data on the deposition of phosphorus in 

continental regions exists, and a few measurements of phosphorus concen

trations in continental air, especially in urban regions, can be found. 

However, no data on phosphorus in the marine atmosphere were known to 

exist previous to the studies reported in this thesis, and the data trat 

are available have never been integrated into a global view of phosphorus 

in the atmosphere. 

'Ihe phosphorus cycle 

Because phosphorus is a necessary element for all life, it is one 

of the most important minor constituents of the lithosphere. The flow of 

phosphorus from the lithosphere through the biosphere am hydrosphere has 

been illustrated qualitatively by Goldschnidt (1954). Broecker (1971) 

has discussed the interrelations of the phosphorus cycle to the cycles of 

other elements. According to Broecker (1971) the phosphorus and oxygen 
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cycles are tied together by the need to balance phosphorus input to the 

oceans by the burial of phosphorus-containing organic matter in the sediments. 

According to this theory an increase in phosphorus input to the oceans would 

result in increased productivity in the surface waters. The increase in debris 

falling from the surface would result in a higher oxidative load in the deep 

water, with a subsequent enlargement of the anoxic areas of the ocean floor. 

As more phosphorus is buried in the sediments less would be released to the 

deep water and subsequently upwelled to the surface. 'Ihus the oxygen and 

phosphorus contents of the deep water would reach a new equilibrium with· 

the fluxes of phosphorus into and out of the oceans again in balance. 

Interest in the phosphorus cycle and the possible consequences of 

perturbing it have led to several attempts to quantify the cycle. 

Emery et al. (1955) estimated the flux of dissolved and particulate 

phosphorus into the ocean via rivers along with the rate of phosphorus 

deposition in sediments. They concluded the two were roughly in 

balance. Stumm (1973) presented a much more detailed cycle (Fig. 1). 

Broecker (1974) suggests that while man's current additional input of 

phosphorus to the oceans will have little effect on total oceanic plant 

production, transient effects in rivers and estuaries could be quite 

large. Sturrm (1973) points out that the application of phosphate 

fertilizers has increased tenfold over the last fifty years and that 

a similar rate of increase might be expected in the future. Because 

a rapid increase in the phosphorus input to the oceans may occur over 

decades while the regulatory response may be 100-1000 times slower, 

undesirable changes in plant and animal life may occur, especially in 

coastal waters. Under anoxic conditions the higher forms of life are 
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Fig. 1 The phosphorus cycle of Stumm (1973). • 

Reservoirs are in units of 1010 mols, 

fluxes in units of 1010 mols y-l 
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eljminated completely (Stwnm, 1973). 

Another cycle has been calculated by Lerman et al. (1975) (Fig. 2). 

This cycle is a little more complete than Sturrm's (Stwnm, 1973) as it· 

includes both dissolved and particulate phosphorus fluxes to the ocean. 

Lennan et al. (1975) calculate that, if the input of phosphorus to the 

oceans increases at the same rate as the agricultural application of 

phosphorus to land, in sixty years the mineable reservoirs are depleted, 

the ocean phosphorus content has increased by 38 percent, and the amount • 

of oceanic biota has increased by 30 percent. Under these conditions,. 

severe changes in composition of the oceanic biota would be expected. 

The extrapolations of anthropogenic phosphorus input to the oceans 

by Sturrm (1973) and Lerman et al. (1975) were made before the current 

energy crisis. The higher energy cost of fertilizer production may 

greatly reduce the actual rates of increase of phosphorus to the 

oceans. 

The most recent cycle is that of Pierrou (1976) (Fig. 3). Unlike 

the others, Pierrou makes no attempt to balance his cycle. The cycle is 

of particular interest because it is the only one that includes a 

freshwater segment and the only one that contains any estimates of 

atmospheric phosphorus fluxes. However, Pierrou's estimates are based 

on extremely limited data, and Pierrou himself states: 

The atmospheric part of the phosphorus cycle seems to be 
poorly known ... it appears that dust from terrestrial areas 
and sea spray are the major sources of phosphorus in the atmo
sphere. Unfortunately no measurements or estimates seem to 
have been published on this subject. 

The purpose of the research described in the manuscripts of this thesis 

is to fill this gap in the phosphorus cycle. 
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Fig. 2 The phosphorus cycle of Lerman et al. 

(1975). Reservoirs are in units of 

· 1012 g, fluxes in units of 1012 g y-l 
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Fig. 3 The phosphorus cycle of Pierrou (1976). 
12 Reservoirs are in units of 10 g, fluxes 

in units of 1012 g y-l 
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A'IMOSPHERIC INPUT OF PHOSPHORUS TO 

REJ\1O'IE 'IROPICAL ISLANDS 



' ABSTRACT 

Atmospheric particulate phosphorus ms been measured in the trade 

winds of the Hawaiian and Samoan islands. The concentration of phos

phorus ranges from 300-800 pg m-3 and averages about 500 pg m-3 . Reactive 

phosphorus comprises 20 to 35% of the total phosphorus, persulfate 

releasable phosphorus 20-35%, and acid soluble phosphorus 40-60%. 'Ihe 

reactive phosphorus appears to be of crustal origin, while the acid 

soluble fraction is of marine origin. The origin of the persulfate 

releasable phosphorus is not readily apparent. The acid soluble frac-

tion may be either organic or inorganic in nature. 'Ihe persulfate 

releasable fraction appears to be comprised of organic material. The 

net phosphorus input to the vegetation on the wir.dward sides of t~se 

islands is estimated to be 0.025 - 0.030 Kg ra y- 1 . The value amounts 

to 15-20% of the phosphorus deposition measured at an island site. It 

appears that bulk precipitation samples are easily contaminated in regions 

of intense biological activity. 
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IN'IR0DUCTI0N 

The input of phosphorus ccmpounds from the atmosphere to forests, 
r 

croplands, and inland water bodies has been widely measured in temperate 

zones as part of ecological and water quality studies. However, data 

from tropical regions are rruch fewer. The most comprehensive study 

appears to be that of Ungemach (1972) at Manaus, Brazil in the Amazon 

Basin. Other measurements of phosphorus input from the atmosphere in 

tropical regions have been made in Ghana (Nye, 1961), Nigeria (Jones, 

1960), The Gambia (Thorton, 1965), and the Kerala coast of India 

(Vigayalaks.hmi and Pandalai, 1963). Phosphorus inputs reported by these 

investigations range from 0.14 to 4.3 Kg ha-ly- 1 . 

Almost no data are available on the flux and sources of atmospheric 

phosphorus to the vegetation of islands. An Antarctic island has been 

studied by Allen et al. (1967). Based on Allen's analysis of rain 

water, one calculates that precipitation on this island, located in 

tre midst of phosphate rich Antarctic waters, contributed about 0.15 

-1 -1 Kg ha y of phosphorus to the island's vegetation. In a study of 

mineral cycles in the El Vertie Forest of Puerto Rico, Joroan and Drewry 

(1969) report an input of phosphorus in rain of 1.81 Kg ha- 1wk-1 . 'lhis 

is the equivalent of 94 Kg ha-ly-l and seems to be high compared to the 

other data. 

Many major Pacific tropical islands are of volcanic origin. Soils 

of these islands are often acidic, have relatively high contents of 

amorphous ferric and aluminum oxides, and consequently have a very high 

fixation capacity for phosphorus (Fox et al., 1968; Younge and Plucknett, 

1966). Because of the strong fixation capacity of these soils, losses 
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of available phosphorus in leaching and runoff should be very low. How

ever, some loss most assuredly does occur.· Natural sources of phosphorus 

which replace this loss would appear to be weathering and input from the 

atmosphere. Est:i.m:l.ting the magnitude of the atmospheric input is the 

concern of this paper. 

SAMPLING SITES 

My study of atrrospheric input of phosphorus was carried out at 

sampling stations at Bellows AFS, on the island of Oahu, Hawaii, and at 

the NOAA GMCC station at Cape Matatula, Tutuila Island, American Samoa. 

P.oth locations are on the windward sides of the respective island in 

locations that provide maximum exposure to the onshore winds from the 

prevailing trade winds (Fig. 1) . 

SAMPLING METHODS 

Samples of atmospheric particulate matter were collected from the 

top of 20 meter towers situated at each site. The samples were collected 

with Cadillac sampling pumps connected to 20 x 25 cm polystyrene filters 

(Delbag Microsorban 97/99). Delbag filters are reported to.be 99% effi

cient in the removal of particles >0.3 µmin diameter (Dams et al., 1972). 

The time of sampling ranged fran three to seven days, during which 5000 

to 14,000 m3 of air passed through the filters. Due to the persistence 

of the northeast trades at Hawaii during the sampling period (August to 

October 1975), samples were collected continuously. At American Samoa, 

where the winds were more variable over a longer sampling period, the 

sampling pumps were connected to an automatic control system which shut 
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Fig. 1 Sampling sites on the islands of Oahu, 

Hawaii and 'futuila, American Samoa. 

----------- - ----------
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down sampling during periods of non-mar:ine w:inds, calm, ra:in, or high 

counts of Aitken nuclei. The sampling systen has been described in 

detail by Duce et al. , (1976). A size separated aerosol sample for 

phosphorus analysis was collected at the Hawaii site with a Sierra Model 

235 high volume cascade impactor. Delbag collection strips and backup 

filters were used. According to the manufacturer, the equivalent aerody

namic radius cutoffs at.50% collection efficiency for particles with a 

-1 density of 1 g cc are as follows: Stage 1 = 3.6 µm; Stage 2 = 1.5 µm; • 

Stage 3 = 0.75 µm; Stage 4 = 0.-48 µm; Stage 5 = 0.25 µm; final filter= 

~0.25 µm. The impactor sample was collected over a seven-day period. 

In addition to samples of atmospheric particulates, bulk precipita

tion samples were collected at Samoa on the roof of the NOAA laboratory. 
2 . 

A 0.36 m rain sampling funnel was connected to a 20 1 polyethylene 

jerrycan. The funnel was covered with polyethylene screening to exclude 

insects and large particles. The jerrycan was emptied into one-liter 

glass bottles after each rain. Forty mg/1 of Hg2c12 were added to each 

precipitation sample as a preservative. All filter and precipitation 

samples were shipped to the University of Rhode Island for analysis. 

CHEM[CAL ANALYSIS 

Each filter sample was divided :into four quarters for analysis. 

Two quarters were pelleted :individually and then analyzed separately 

for sodium and aluminum by neutron activation analysis. The pellets 

were irradiated for 30 seconds in the Rhode Island Nuclear Science 

4 12 -2 -1 Center swimming pool reactor at a flux of x 10 n cm s . Within 

t-wo minutes the samples were counted for 400s on a Ge(Li) detector 
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(resolution of 2.3 KeV for the 1,332 KeV gamma ray of 
60

co) coupled to 

a Nuclear Data 2200 4096 channel analyzer with a computer-canpatible 

magnetic tape output (Ampex 'IM-7) for spectrum analysis. A computer 

program (J.L. Fasching, personal corrmunication) was used to process the 

Ge(Li) spectra acquired. Absolute standards for sodium and aluminum were 

prepared on blank filters, pelleted, irradiated and counted in the same 

manner as the unknowns. Constant geometry was maintained during the 

counting of all standards and unknowns. Corrections were made for dead 

time and half-life discrimination. 

After decay of any residual radioactivity, these quarters were ashed 

at 550°C in the presence of excess magnesium. The residues were dissolved 

in 1 ml of 1 N HCl, diluted to 40 ml and filtered. Any arsenate present 

was reduced to arsenite by the method of Johnson and Pilson (1972). 

Phosphorus was determined using the ascorbic acid method of Murphy and 

Riley (1962). Phosphorus determined in this manner is called !'total 

phosphorus" . 

The recovery of commercially available iron and calcium phosprates 

using this technique was 100%. Only 50% of a commercial aluminum phos

prage was recovered. The degree of recovery of more complex phosphorus 

minerals is unknown. 

One quarter of the filter sample was extracted with agitation for 

thirty minutes using doubly distilled water. After filtration and arsenate 

reduction, the phosphorus present was determined colorimetrically as· 

above. Phosphorus determined on this portion of the filter is called 

"reactive". 

The last quarter was treated with 5 ml of 6.4% potassiwn persulfate 

solution in 40 ml of double distilled water, am autoclaved for 25 mintutes 
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at 125°C (Menzel and Corw:in, 1965). After filtration, the solution was 

analyzed for phosphorus as above. Due to interference by the oxidizing agent, 

arsenate was not reduced in this analysis. However, much of the arsenate 

is probably lost in the autoclaving step. In any case, the error intro-

duced is small, as total atmospheric aesenic corrpounds found at these 

sites is only about 4% of the phosphorus (Walsh, personal canrnunication). 

Phosphorus determined by persulfate oxidation includes reactive phosphorus, 

phosphorus that is liberated during the oxidation of orgmic material, and 

inorganic phosphorus which is soluble at the final pH of the oxidation 

reaction (pH :2). Studies with a variety of organophosphorus canpounds 

showed that the efficiency of oxidation ranged between 85 and 100% for 

rrost organophosphorus corrpounds. However, the recovery of phosphorus 

from phytic acid (inositol hexaphosphate) was very low, averaging 10%. 

The phosphorus determined in this analytical step is called "total 

persu]_fate phosphorus". 

The "persulfate releasable 11 phosphorus fraction is the difference 

between the total available phosphorus and the reactive phosphorus. A 

fraction called "acid soluble:i is def:ined as the difference between the 

total phosphorus value and the total available phosphorus value. 

Analytical precisions in the atmospheric sarrples have been calculated 

to be: total P, ± 10%; total available P, ± 15%; reactive P, ± 20%; 

sodium,± 9%; aluminum,± 16%. 

Only total persulfate phosphorus was determined on the precipitation 

sarrples using the persulfate oxidation technique after filtration in the 

laboratory. Because the sarrples could not be analyzed imnediately after 

collection, meaningful values for reactive phosphorus could not be ob

tained. The analytical precision in the measurement of phosphorus in 

precipitation was about± 4%. 



RESUL'IS AND DISCUSSION 

In Tables 1 and 2 I present the analytical results on the filter 

samples along with the pertinent meteorological data. Table 3 summarizes 

these concentrations and gives the distribution of the different phos

phorus fractions. In the dry season, about the same amount of phosphorus 

was found in the marine air of Hawaii and Samoa; the major difference is trat 

the reactive phosphorus level in Samoan air was about one-ralf that of 

Hawaiian air. Soluble and organic phosphorus levels were similar at the 

two sites. The major difference between wet and dry season samples in Samoa 

was the lower level of organic phosphorus during the wet season. Acid 

soluble and reactive phosphorus did not appear to be greatly affected by 

tm crange in seasons. 

Figure 2 illustrates the distribution of phosphorus, scxlium, and 

aluminum on a cascade impactor sample taken in Hawaii. Due to the low 

levels of phosphorus on each stage, only total phosphorus could be 

determined. For comparison, the figure also shows the size distribution 

of total organic carbon in Hawaiian air as detennined by Hoffman and Duce 

(1977). For the larger size particles_, the phosphorus distribution matched 

fairly well that of sodium. In the finer fractions, the behavior is more 

complex am subject to some uncertainty in interpretation. 

The analysis of tm bulk precipitation samples are shown in Table 4. 
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The total available phosphorus content in the precipitation samples ranged from 

2 to 145 µg/1. However, input rates on a unit time basis proved to be 

-1 -1 more constant, ranging fran O. 09 to O. 90 mg ha day The annual input of 

total available phosphorus is estimated to be 0.14 Kg ra-lyr- 1 . 

Sources of phosphorus in the atmosphere 



TABLE 1. 

AVG. fl!ND PERCENT 
1975 VE LDC !TY "GODO" PRECIP. 

LOCATION SAMPLE DATE m/s WINDS cm 

ltawai i l 11 Aug 7 .1 100 0.03 
(August - 2 14 Aug 10.0 100 0.13 October, 
1975) 3 18 Aug 8.1 100 0.03 

4 22 Aug 8.4 100 0.20 

5 2B Aug 6.6 95 0.46 

6 3 Sep 8.0 99 0.03 

7 8 Sep 8.1 100 0. 28 

8 12 Sep 5.4 76 0.10 

9 18 Sep 8.4 100 0.03 

10 24 Sep 7.6 100 0.03 

11 30 Sep 7.2 98 0.20 

12 6 Oct 9.1 100 0. 71 

13 12 Oct 7.9 98 0.03 

Mean 7 .8 97 0.17 

+S.O. :!:_l.l +. 21 

J 

Meteoroloqical conditions and concentration of phosphorus in sil111ples of 
atmospheric particulate matter from the marine air of llawaii 

PHOSPHORUS - pg 111 -3--

TOTAL PERSULFATE ___ ·-·--···- SOD!~~ 
TOTAL AVAIL. REACTIVE RELEASABLE AC ID SOLUBLE Pq Ill 

500 460 90 370 40 2.5 

860 370 300 70 490 4.3 

4B0 380 160 220 100 3.2 
470 250 60 190 220 3.8 
420 220 150 70 200 2.2 
500 220 110 110 280 3.6 
390 170 110 60 220 2.9 
430 320 190 130 110 1. 6 

770 550 450 l 00 220 2.9 
530 350 140 210 180 3.0 

440 270 220 50 170 2.6 

380 170 70 100 210 3.5 
260 130 70 60 130 2.5 

490 300 170 130 200 3.0 

:!:_160 +120 +110 +90 +110 ~0.7 

ALUMl~~M 
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22 
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20 
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11 
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TABLE 2. 

AVG. WIND PERCENT 
1976 VELOCITY "GOOD" PRECIP. 

LOCATION SAMPLE DATE m/s WINDS cm 

Samoa l 11 January 5.B 80 11. 53 
(January- 2 18 January 6.8 85 13.38 
February, 

1976) 3 25 January 4.2 96 1. 37 

4 l February 3.9 86 1.42 

5 5 February 4. l 73 3.84 

MEAN 5.0 84 6. 34 

+ S.D. ~l.3 +5. 77 

Samoa 1 16 June 5.9 94 2.80 
(June - 2 25 June 5.0 86 2.84 
September, 
1976) 3 2 July 10.4 87 1. 57 

4 9 July 5.9 95 5.03 

5 16 July 6.9 48 3. 96 

6 23 July 8.6 80 2.82 

7 1 August 7.0 80 

8 8 August 7 .1 56 2.64 

9 15 August 12.7 73 0.38 

10 22 August 5.3 92 0.28 

11 28 August 8.9 100 0.25 

12 4 September 4.5 100 0.01 

13 11 September 5.6 86 0.07 

14 18 September 4.9 58 3. 10 

MEAN 
_:'-_ s.o. 

Meteorological conditions and concentrations of phosphorus in samples of 
atmospheric particulate matter from the marine air of American Samoa 

PHOSPIIORUS - pg m-3 

TOT/IL PERSULFATE SOD!~~ 
TOTAL AVAIL. REACTIVE RELEASABLE AC ID SOLUIJLE ~gm 

400 190 60 130 220 2.7 
425 180 130 50 240 3.2 
330 180 100 80 150 2.3 

320 100 70 30 220 1.8 
560 140 80 60 430 2.5 

410 160 90 70 250 2.5 
+100 +40 +30 +40 +100 +0.5 

510 380 40 340 140 3.4 

590 520 160 360 60 2.9 
510 170 60 110 360 3.7 
400 130 20 110 270 3.9 
800 200 N.D. 200 600 2.4 
340 100 50 50 230 2.7 
440 150 120 30 290 3. l 

650 160 N.O. 160 490 2.6 

500 140 N.O. 140 400 3.9 
620 220 120 100 390 6.2 

450 170 20 150 280 3.5 

320 140 40 100 190 4.8 

410 270 200 70 130 2.3 

430 180 170 10 240 1. 6 
500 210 70 140 290 3.4 

+130 ~110 +70 +100 ~150 +l. l 

ALUMI~~M 
ng m 

3 

8 
17 

3 

6 

~6 

5 

2 

5 
2 

13 

8 
7 

4 

14 

8 

8 

6 

7 

7 
6 

+4 

f-J 
-...J 



Table 3, The concentrations and distribution of 
atmospheric particulate phosphorus compounds 
in the marine air of Hawaii and Samoa. 

HAWAII SAMOA1 

DRY SEASON 8 RAINY SEAsof15 DRY SEASON7 

FRACTION pg m-3 % 

'Total P 500 100 3702 100 

'Total Persul-
1603 fate P 290 58 43 

Reactive P 1604 34 90 24 

Per sulfate Rel. P 130 26 705 19 

Acid Sol. P 210 42 210 57 

1Excludes all samples with less tra.n 80% "good" winds 

2significantly less than other values at 92% c.l. 

3significantly less than other values at 93% c.l. 

4significantly higher than other values at 98% c.l. 

5significantly less than other values at 90% c.l. 

6 December - February, 1976 

7June - September, 1976 

8 July - October, 1976 

470 100 · 

240 51 

90 19 

150 32 

230 49 
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Fig. 2 The concentration of total phosphorus, 

scxiiurn, aluminum, and total organic 

carbon as a function of cascade impactor 

stage. I.argest particles on stage 1, 

smallest on stage 5. F = backup filter. 
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TABLE 4. The input of phosphorus in bulk 
precipitation at Samoa 

TOTAL AVAILABLE P 
DATE DAYS PPTN • IN PP!~ AS BULK DE~OSITION 

SAMPLE ON EXPOSED cm ug l mg ha- day- 1 

1 10 Dec 75 6 10.64 3. 1 0.55 
2 16 Dec 75 17 8.33 10.4 0.51 
3 2 Jan 76 6 10. 62 3.2 0.55 
4 8 Jan 76 5 2.87 4.0 0.22 
5 13 Jan 76 4 6.93 l. 9 0.33 
6 17 Jan 76 3 6.48 2.7 0.57 
7 20 Jan 76 17 4.37 11. 9 0.30 
8 6 Feb 76 8 8.81 3.5 0.39 
9 14 Feb 76 5 2.82 3.7 0.21 

10 25 Jun 76 1 0.78 4.6 0.36 
11 26 Jun 76 2 0.83 5.5 0.23 
12 28 Jun 76 1 l. 19 4.8 0.56 
13 29 Jun 76 3 0.03 145 0.12 
14 2 Jul 76 1 0.20 52 0.95 
15 3 Jul 76 l 0.03 99 0.25 
16 4 Jul 76 2 0. 13 58 0.38 
17 5 Jul 76 l 0.25 31 0.74 
18 9 Jul 76 3 o. 18 38 0.23 
19 12 Jul 76 l 1.47 6.2 0.97 
20 13 Jul 76 1 1. 21 3.7 0.39 
21 14 Jul 76 4 2.03 5.2 0.24 
22 18 Jul 76 1 0.84 3.7 0.32 
23 19 Jul 76 1 0.71 5.6 0.40 
24 20 Jul 76 2 0.28 6.5 0.09 
25 22 Jul 76 1 0.30 9.9 0.31 
26 23 Jul 76 2 0.36 12 0.21 
27 25 Jul 76 2 l. 14 3.0 0. 17 
28 27 Jul 76 1 0. 70 13 0.95 
29 28 Jul 76 1 1. 52 4.0 0.61 

Tota 1 Days= 103 

Total Input of Available Phosphorus = 40. l g ha - l 

-1 -1 Estimated Annual Input= 0. 14 kg ha y 
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Data matrices consisting of the various phosphorus fraction concen

trations along with the concentrations of aluminum and sodium were 

analyzed by factor analysis and by multi-variate linear regression. 

Factor ar:alysis is a statistical technique for the grouping of linear 

combinations of similar variances fran variables that are highly correlated. 

The theory of factor analysis has been presented in detail by Harman (1967). 

The application of factor analysis to the measurements of trace elements 

in the atrmsphere have been described by Hopke et al (1976) and Duce et 

al. (1976). 

The results of the factor analysis of the experimental data are 

presented in Table 5. Using an eigenvalue cutoff of 1, three factors 

were found to account for 87% of the variation of the Hawaiian data, 86% 

of th: Samoan data, and 89% of th: pooled data. 

The first factor contains most of the sodium variation and most 

certainly represents sea salt particles ejected fran the ocean by bubble 

action. Sodium concentration correlates with the square of the wind 

velocity (r = 0.35, sig. = 0.95) as would be expected from the work of 

Woodcock (1953) and Blanchard (1963). 

Most of the acid soluble phosphorus variation also appears :in factor 

1, indicating that the ocean is the most likely source for this phosphorus 

fraction. Fig. 3 shows that the concentration of acid soluble phosphorus 

in marine air at these sites increases as the sodium concentration increases. 

The type of phosphate that comprises this fraction is not obvious. One 

possibility is the presence of organic phosph3.tes which are resistant to 

persulfate oxidation. This would imply that only 30-50% of the organic 

matter present on the filters was oxidized by the persulfate method. 

Inositol phosphates are one possible source of this persulfate resistant 
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T/\BLE 5. 

HAWAII 

FACTOR 1 FACTOR 2 FACTOR 3 

Eigenvalues 2.84 l. 37 0.99 

Portion 0.47 0.23 0.17 

Cum. Portion 0.47 0. 70 0.87 

Va r'i ance 

Reactive P -0.097 0.891 -0.216 

Persulf. Rel. P -0.149 -0.074 o. 969 

Acid. Sol. P 0.714 0.440 -0.393 

Sodium 0.926 0.054 0.083 

Aluminum 0.309 0.874 0 .117 

Results from factor analysis performed on the data 
matrix from the Ha\'laiian and Samoan sample sets. 

SA110A COMBHlED DATA 
FACTOR l F/\CTOR 2 F/\CTOR 3 FACTOR l FACTOR 2 

l. 91 l. 30 0.91 l. 95 1.48 

0.38 0.30 0.18 0.39 0.30 

0.38 0.68 0.86 0.39 0.69 

-0. 125 -0.905 -0.027 -0.066 -0.898 

0.002 0.116 0.934 0.023 0.069 

0. 769 -0.391 -0.453 0. 761 -0. 137 

0. 982 0.126 0.141 0.963 0.037 

0.044 0.454 0.675 0. 108 -0.891 

FACTOR 3 

1. 02 

0.20 

0.89 

-0. 041 

0.979 

-0.566 

0. 110 

-0. 086 

I\.) 
I\.) 



Fig. 3 Left: the concentration of acid sol

uable phosphorus vs. the concentration 

of sodium in marine air at Hawaii and 

Samoa. Right: the concentration of 

reactive phosphorus vs. aluminum at the 

same s:Ltes. O - Hawaii, O - sarnoa, 

rainy season, 6 - Samoa, dry season. 
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material. Inositol phosphates are present in terrestrial plants and in 

soils and may be produced not only by plants but by bacteria (Black, 1968). 

Inositol phosphates have been identified in samples of fresh water (Herbes 

et al., 1975) but have not yet been detected in the oceans. 

Another possible source of acid soluble phosphorus might be the poly

phosphates known to be present in bacteria. Polyphosphate chains of up 

to 3 00 to 500 units in length are found in bacteria and algae ( Za.j ic , 

1969). Bacteria are known to be highly concentrated in the surface micro

layer of the ocean (Sieburth, 1965; Sieburth et al., 1976), while the abil- • 

ity of bursting bubbles to inject water droplets containing bacteria into 

the atmosphere has been well documented (Blanchard and Syzdek, 1970; 

Bezdek and Carlucci, 1972). However, without additional data it is not 

possible to state with any certainty that either of the types of phosphorus 

canpounds discussed above are present in the marine atmosphere. 

Factor 2 associates the aluminum and reactive phosphorus variations 

and indicatEBa crustal source for this factor. Reactive phosphorus con

centration generally increases with increasing aluminum concentration, though 

there is a large aITDunt of scatter in the data. The data are plotted in 

Fig. 3. Multi-variate linear regression of the pooled data gives a sig

nificant (99.7%) regression of reactive phosphorus on aluminum. The 

regression coefficient for aluminum is 0.0082 ± 0.0025. This value is 

reasonably close to the values of 0.009 to 0.015 found for the ratio of 

phosphorus to aluminum in soils and crustal material (Rahn, 1976). 

That crustal material is the main source of reactive phosphorus 

further supported by canparing the ratios of reactive phosphorus and alumi

num in Hawaii to the same quantities in Samoa. These ratios are 1.9 and 
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2.2 respectively. The trajectories of the air masses which were sampled 

at the Hawaiian site have been obtained from NOAA. The NOAA Geophysical 

Monitoring for Climatic Change (GMCC) group provided me with six-hourly 

near-surface (300 to 1200 m) air parcel trajectory analysis. The tra

jectories were computed using the Regional-Continental Scale Trajectory 

Program developed by the Air Resources Laboratory and described by Heffter 

et al. (1975). These trajectories indicate that the most likely source of 

crustal material is the North American continent between Canada an::l 

Mexico. Some of tre acid soluble phosphorus variation also appears to be 

associated with Factor 2 and may represent phosprate minerals in the crustal 

I1E.terial. 

Air mass trajectory data are not available for the Samoa site. How

ever, inspection of surface wind and pressure charts suggests that the desert 

areas of Chile and Peru are possible sources of the crustal material in 

the Samoa samples. 

The persulfate releasable phosphorus stands alone as the third factor. 

Over all, this phosphorus fraction appears to have little association with 

either sea salt or crustal material, although there is some aluminum 

variation associated with tre persulfate fraction of the Samoa samples. 

The persulfate releasable fraction could include both organic and 

dilute acid soluble inorganic phosphates. To determine if a significant 

amount of dilute acid soluble phosphate was present in this fraction, 

nine Samoa filters were extracted with 0.025 N HCl (pH ~1.6) and the 

extracts analyzed for phosphorus. The amount of phosphorus recovered was 

sanewhat less than the recoveries from the persulfate analysis (Table 6). 

'Ihus it appears that the phosphorus recovered in the persulfate fraction 

is entirely organic in nature. 
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Table 6. Extraction studies of Samoa filter samples 

Extraction Method 

0.025 N HCl 

Deionized Water 

Persulfate Oxidation 

Phosphorus found pg rn-3 

40 + 20 

70 ± 50 

220 ± 140 

2G 



Large particle biological material, which would be expected to con

tain organic phosphorus, has been reported over both the Atlantic and 

Pacific Ocean.s (Delany et al., 1967; Folger, 1970; Prospero anq. Bonatti, 

1968). These particles have been identified as marine and freshwater 

diatoms, fungal spores, phytoliths, and pollen grains. Because of their 

lower densities and irregular shapes, large organic particles are likely 

to be transported much farther than mineral grains or salt particles of 

equivalent size. 

It appears however, that approximately 80% of the total.organic carbon 

(TOC) ID the marine atmosphere at both Hawaii and Samoa is found on 

particles less than O. 5 µm in diamter (Hoffman and Duce, 1977). This 

size fraction, then, is also a possible source of organic phosphorus. 

Due to the very low levels of total phosphorus on the impactor samples, 

it was not possible to detennine organic phosphorus as a function of 

particle size directly. However, fran the data presented ID Table 3 and 

in Figures 2 and 4, some inferences can be made. The concentration of 

organic phosphorus ID the marIDe air of Samoa in the rainy season was 

about one half of the concentration ID the dry season. This would suggest 

that these particles were effectively removed by rainout ID the wet 

season, and so were relatively large since removal by rain is more efficient 

for larger particles (Gatz, 1975). 

Figure 4 shows that if two ananalous Samoa poIDts are excluded, there 

is little correlation between the organic phosphorus arxl the organic carbon 

concentrations of Hoffm:m and Duce (1977) measured on simultaneous samples. 

'Ihe TOC in the marine air at SarrDa w:i.s about one half of the concentration 

f ourxl in Hawaii. Organic phosphorus levels, on the other hand, were very 

similar. The two samples at Samoa with high organic phosphorus and TOC 
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Fig. 4 'Ihe concentration of organic phosphorus 

vs. total organic carbon in the marine 

air of Hawaii and Samoa. 0- Hawaii, 

0- Samoa. 
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values were the first two samples taken at the start of the dry season 

sampling pericxi, and it Js possib1e that these samp1es are contaminated 

with construction debris. The :impactor data, however, indicate that 9orne 

fraction of the organic phosphorus may be associated with the fine frac

tion of organic carbon. The increase in total phosphorus on the fo1pactor 

backup filter rna.y be related to the large rna.ss of fine particle organic 

carbon also found on the :impactor filters. 

In summary, the data suggest that the organic phosphorus input to 

these islands is mostly biologically derived particles of greater than 

0.5 µrn in diameter, but that some sm9.ll fraction may be associated with 

the 80% of the organic carbon which is found to be less than O. 5 µrn in 

diameter. 

INPUT OF PHOSPHORUS TO THE WINDWARD VEGETATION 

The.measured input of total available phosphorus is est:imated to 

be 0.14 kg ha-lyr-l based on the precipitation samples taken at Samoa. 

However Ungemach (1972) points out that it is not easy to distinguish true 

input from simple recycling of locally derived material, especially in 

the tropics where biological activity is intense. A calculation of input 

based on atmospheric concentrations, deposition velocities, and rainout 

factors should permit me to estimate the amount of recycled material 

present in the precipitation samples. 

The particle size distribution used in my calculation is that ob-

tained for total phosphorus on the Hawaiian :impactor sample. Using this 

distribution, the average wind velocity at the t:ime of sampling, and the 

data on the deposition velocity as a function of particle size and wind 

velocity of Sehmel and Sutter (1974), I obtain a weighted average deposition 
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velocity of :::3 cm/second. This ism reasonable agreement with the 

average deposition velocity of 2.4 cm/sec for phosphorus canpounds 

measured in an English woodland by White and Turner (1970). It is 

significantly higher than the value of 0.6 cm/sec by Delumyea and 

Petel (1977) for deposition of phosphorus canpounds over Lake Huron~ 

However, the mass median diameter of particles sampled by Delumyea and 

Petel was less than 1 µm vs :::3 µm for my Hawaiian sample. The differences 

m deposition velocity are consistent with this difference in diameter. 

Based on a deposition velocity of 3 cm/sec and an atmospheric con

centration of 500 pg m-3 a dry deposition flux of :5 g ha-ly-l is 

obtained. Additional input will occur in rainout and wasmut. I can 

estimate the wet input using the data of other investigators on the wet/dry 

input ratio of phosphorus at other locations. Nihlgard (1970) and Kluesener 

(1972) have measured precipitation and dry fallout inputs in Sweden and 

Wisconsin, areas which have rainfalls of :So cm/year. Ratios of phos-

phorus input in precipitation to that of dry fallout are 0.33 and 0.65 

respectively. White and Turner (1970) find a ratio of 2.85 for an 

English woodland with a rainfall of 155 cm. Cape JVJatutula, Samoa where 

both the filter and bulk precipitation samples were taken, has an estimated 

rainfall of 250 cm/year. Based on this rainfall, I estimate the ratio 

of phosphorus input by precipitation to that of dry fallout to be between 
• -1 -1 

4 and 5. This gives a total phosphorus input of 0.025 to 0.030 Kg ha y . 

This amount is approximately 20 to 25% of the 0.14 Kg ha-l y-l phosphorus 

input estimated from the bulk precipitation analysis and suggests that 

perhaps 75 to 80% of that phosphorus content was from recycling of locally 

derived material. 

Williams (1967) has reported the results of a phosphorus analysis on 
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one rain sample taken on shipboard 30 miles north of Samoa. The phos-

phorus concentration was found to be 2.5 µg 1-l The composition of the phos

phorus was 50% reactive, 50% organic. B3.sed on rainfall of 133 cm/year 

over the oceans at this latitude (33.urngartner and Reichel, 1975) and an 

estimated rainout to dry deposition ratio of 3:1, I obtain a phosphorus 

input of 0.045 Kg ra-ly- 1 . Since this estimate is based on only one sam-

ple, it is a tenuous number. However, it appears that a true phosphorus 

input rate for these islands is certainly less than 0.1 Kg h'3.-ly-l and 

most likely less than 0.05 Kg ha-ly- 1. 'While this input of phosphorus. 

is small compared to the amounts reported in continental areas, it may 

be important to the nutrient balance of the island vegetation. The 

intense rainfall (up to 500 cm/year) on the windward side of these islands 

results in strongly leached acid soils. Under these conditions, the soil 

phosphorus below the humus layer is tightly fixed and unavailable. 

Atmospheric input may be significant in balancing the nutrient losses that 

occur from runoff or fixation. 

SUMMARY 

The concentration of phosphorus in the prevailing trade winds of the 

Hawaiian and Samoan islands ranges from 300 to 800 pg m-3 , averaging 

about 500 pg m-3 . Reactive phosphorus canprised 20 to 35% of the total, 

organic phosphorus 20-35%, and acid soluble phosphorus 40-60%. Factor 

analysis suggests that the source of the reactive phosphorus is crustal 

material, while the acid soluble phosphorus fraction may be derived from 

the surrounding oceans. The source of organic phosphorus is more canplex. 

This fraction is most likely biological particles from either continental 

or oceanic sources. It appears to have a fairly large particle size and 
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is not a major portion of the total organic carbon content of the marine 

air at these sites. 

The net phosphorus input to the vegetation on the windward sides of 

trese island chains is estimated to be .025 to 0.030 Kg ha-ly- 1, based 

on the atmospheric concentration, a calculated deposition velocity am 

an assumed ratio of input in precipitation to that in dry fallout. This 

value amounts to 15 to 20% of the phosphorus deposition measured in a bulk 

precipitation collected at an island site. I conclude that bulk precipita

tion samples are easily contaminated in tropical regions wrere biological 

activity is intense. 



ACKNOWLEDGEMENTS 

I thank Ian Fletcher, Cliff Weisel, and Byard Mosher for the 

collection of the samples at Samoa and the staff of the National Oc.eanic 

and Atmospheric Administration "Geophysical Monitoring for Climatic Change". 

program for their assistance in Samoa and for providing the air mass tra

jectories for Hawaii. 'Ihis work was supported by. NSF grants DES 74-21472, 

Il)()E GX 33777, and CCE 76-16883. 

'l 

33 



REFERENCES 

Allen, S.E., Grimshaw, H.M. and Holdgate, :M.W. (1967). Factors·affecting 

the availability of plant nutrients on an Antarctic island. J. 

Ecol., 55, 381-394. 

B:lumgartner, A. and Reichel, E. (1975). The World Water B:llance. 

Elsevier, .Amsterdam. 

Bezdek, H.F. and Carlucci, A.F. (1972). Surface concentrations of marine· 

bacteria. Lirnnol. Oceanog., 17, 566-573. 

Black, C .A. (1968). Soil-Plant Relationships. pp. 582-584. John Wiley 

and Sons, New York. 

Blanchard, D.C. (1963). The electrification of the atmosphere by particles 

frcm bubbles in the sea. Progress in Oceanography, _h, 71-202. 

Blanchani, D.C. and Syzdek, L. (1970). Mechanism for the water-to-air 

transfer and concentration of bacteria. Science, 170, 626-628. 

Darns, R., Rahn, K.A. and Winchester, J.W. (1972). Evaluation of filter 

materials and impactor surfaces for nondestructive neutron activation 

analysis of aerosols. Environ. Sci.~ Tech.,_§_, 441-448. 

Delany, A. C. , Delany, Audrey Claire, Pockin, D. W. , Griffin, J. J. , Goldberg, 

E.D. and Reimmn," B.E.F. (1967). Airborne dust collected at Barbados. 

Geochim. Cosmochim. Acta., 31, 885-909. 

Delumyea, R.G. and Petel, R.L. (1977). Atmospheric inputs of phosphorus 

to southern Lake Huron, April-October, 1975, Partial Report, Grant 

R 803086, Environmental Research Lab - Duluth, E.P.A. 52 pages. 

Duce, R.A., Hoffman, G.L., Fletcher, I.S., Ray, B., Fitzgerald, W;F., 

Hoffman, E.J. and Fasching, J.L. (1976). The collection and analysis 

of heaVY metals in atmospheric particles from remote marine locations. 

Given at the WMO Organization Technical Conference on Atmospheric 

34 



Pollution Measurement Techniques, Gothenburg, Sweden, 11-15 

~tober, 1976. 

Duce, R. A. , Hoffman, G. L. , Ray, B. J. , Fletcher, I . S. , Wallace, . G . T. , 

Fasching, J. L. , Piotrowicz, S .R. , Walsh, P.R. , Hoffman, E. J. , Miller, 

J.M., and Heffter, J.L. (1976). Trace metals in the marine atmo

sphere: sources and fluxes. Marine Pollutant Tr'ansfer (Ed. by R. 

wee and H. Windom), pp. 77-120, D.C. Heath, Lexington, Massachusetts. 

Folger, D.W. (1970) Wind transport of land-derived mineral, biogenic and • • 

industrial matter over the North Atlantic. Deep-Sea Res. , 17, 

337-352. 

Fox, R.L., Pluclmett,. D.L. and Whitney, A.C. (1968). Phosphate requirements 

of Hawaiian latosols and residual effects of fertilizer phosphorus. 

Trans. 9th Int. ~- Soil Sci., Adelaide, II, 301-370. 

Gatz, D.F. (1975). Precipitation scavenging - 1974. ERDA Symposium Series,. 

CONF-741010, NTIS, Springfield, Virginia. 

Harmon, H.H. (1967). Modern Factor Analysis. University of Chicago Press, 

Chicago. 

Heffter, J.L., Taylor, A.D., and Ferber, G.J. (1975). A regional

continental scale transport, diffusion, and deposition model. NOAA 

Technical Memorandum, ERI.r--ARL 50. 

Herbes, S.E., Allen, H.E. and Maney, K.H. (1975). Enzymatic characteriza .... 

tion of soluble organic phosphorus in lake water. Science, 187, 432-434. 

Hoffman, E .J. and Duce, R.A. (1977). Organic carbon in marine atmospheric 

particulate matter: concentration and particle size distribution. 

Submitted to Geophys; Res. Let. 

Hopke, P.K., Gladney, E.S., Gordon, G.E., Zoller, W.H., and Jones, A.G. 

(1976). The use of multivariate analysis to identify sources of 

selected elements in the Boston urban aerosol. Atm. Environ., 10, 

1015-1026. 

35 



Johnson, D.L. and Pilson, M.E.Q. (1972). Spectrophotometric determination 

of arsenite, arsenate, and phosphate in natural waters. Anal. Chem. 

Acta, 58, 289-299. 

Jones, E. (1960). Contribution of rainwater to the nutrient economy of soil 

in northern Nigeria. Nature, J_Dndon, 188, 432. 

Jordan, C.F. and Drewry, G.E. (1969). The rain forest project annual 

report. Puerto Rican Nuclear Sci. Center Report PRNC-129, 43 pp. 

Kluesener, J.W. (1972). Nutrient transport and transformation in Lake 

Wingra, Wisconsin, Ph.D. Thesis, University of Wisconsin, 229 pages. 

Menzel, D.W. and Corwin, N. (1965). The measurement of total phosphorus in 

seawater based on the liberation of organically bound fractions by 

persulfate oxidation. Limnol. Oceanog., 10, 280-282. 

36 

Murphy, J. and Riley, J.P. (1962). A modified single solution method for the 

determination of phosphorus in natural waters. Anal. Chim; Acta, 27, 31-36, . 

Nihlgard, B. (1970). Precipitation, its chemical composition and effect 

on soil water in a beech and a spruce forest in south Sweden. Oikos, 

21, 208-217. 

Nye, P.H. (1961). Organic matter and nutrient cycles under moist tropical 

forests. Plant. Soil., 13, 333-346. 

Prospero, J.M. and Bonatti, E. (1969). Continental dust in the atmosphere 

of the eastern equatorial Pacific.~- Geophys. Res., 74, 3362-3371. 

Rahn, K.A. (1976). The chemical composition of the atmospheric aerosol. 

Technical Report, Graduate School of Oceanography, University of 

Rhode Island, Kingston, Rhode Island, 265 pages. 

Rittenberg, S.C. (1939). Investigations on the microbiology of marine 

air. ~- Mar. Res. , ~, 208-217. 

Schnel, G.A. and Sutter, S.L. (1974). Particle deposition rates on a water 

surface as a function of air particle diameter and air velocity. J. 

Recherches. Atmos.,§_, 913-920. 



Sieburth, J. McN. (1963). Abundance of bacteria_ in oceanic surface films. 

Arner. Soc. Microbial., 62rd Annual Meeting, Cleveland, Abstract A-8. 

Sieburth, J. McN., Willis, P .J., Johnson, K.M., Burney, C .M., Lavoie, D.M., 

Hinga, K.R., Caron, D.A., French, F.W. III, Johnson, P.W. and Davis, 

P.G. (1976). Dissolved organic matter and heterotrophic microneuston 

in the surface microlayers of the North Atlantic. Science, 194, 

1415-1418. 

Thornton, J. (1965). Nutrient content of rainwater in the Gambia. • Nature, 

London, 208, 1025. 

Ungemach, H. (1972). Regenwasseranalysen aus Zentralamazonian ausgefuhst 

• in Manaus . Arna zones. Brasi lian . Arnazoniara , 1, 18 6-198 . 

Vijayalakshmi, K. and Pandaiai, K.M. (1963). On the major plant nutrient 

contents of rain water received in the humid Kerala coast. Indian 

Coconut Journal, 16, 158-166. 

White, E.J. and Turner, F. (1970). A method of estimating income of 

nutrients in a catch of airborne particles in a woodland canopy. 

~- Appl. Ecol. , l, 441-460. 

Williams, P.M. (1967). Sea-surface chemistry: organic carbon and organic 

and inorganic phosphorus in surface filrns and subsurface waters. 

Deep-Sea Res., 14, 791-800. 

Woodcock, A.H. (1953). Salt nuclei in marine air as a function of altitude 

and wind force. ~- Meteor., 10, 362-371. 

Young, A. (1976). Tropical Soils and Soil Survey. Cambridge University 

Press, Cambridge, Massachusetts. 

Younge, O.R. and Plucknett, D.L. (1966). Quenching the high phosphorus 

fixation of Hawaiian latosols. Soil Sci. , Soc. , Arner. Proc. , 30, 

653-655, 

37 



Zajic, J.E. (1969). Microbial Biogeochemistry, pp. 305-308. Academic 

Press, New York. 

Zobell, C.F. and Mathews, H.M. (1936). A qualitative study of the 

bacterial flora of sea and land breezes. Proc. Nat. Academy of 

Sciences, U.S., 22, 567-572. 

38 



THE TRANSPORT OF PHOSPHORUS TO 'IRE NORTH 

ATIANTIC BY THE SAHARA DUST PLUME 



ABS'IRACT 

The concentrations of phosphorus and iron have been measured in 

the marine air over the North Atlantic between 15°N and 25°N. Dust 

from the Sahara desert region of North Africa is transported to tre 

Atlantic Ocean in this 10° latitude band. Iron concentrations of 

between 2700 and 6600 ng m-3 were measured in the atmosphere east of 

longitude 40°W, indicating a high concentration of dust in this region. 

Phosphorus concentrations east of 40°W ranged from 44-82 ng m-3 compared • 

to 2-8 ng m-3 in areas of low iron concentrations. Samples collected 

in the region of high dust concentration had a P/Fe ratio of 1.2 x 10-2, 

in good agreement with the P/Fe ratio on the <16 µm radius fraction of 

desert soils frcm Libya. It is estimated that 130 µg of phosphorus 

are released for every gram of Sahara dust that falls into the mixed 

layer of the ocean. Using a previously developed model for the trans-

port of Sahara dust to the North Atlantic, the input of nutrient phosphorus 

to the mixed layer is estimated to range frcm 1230 µM m-2y-l near the 
-2 -1 •• 

African coast to 10 µMm y 5000 km from the coast. The atmospheric 

input of soluble phosphorus near the coast is insignificant compared to 

the estimated input to the surface waters from upwelling. However the 

atmospheric input in the nutrient poor waters 1000-2000 km from the coast 

may be of tre same order of magnitude as diffusive input frcm deep water. 
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A'IMOSPHERIC PATHWAYS OF THE PHOSPHORUS CYCIE 



INI'RODUCTION 

JUrJg=(l956) suggested that the reddish yellow dust observed on 

samples of atmospheric particulate matter collected in Florida might 

rave been transported across the Atlantic fran the Sahara desert. The 

first major study of this material was made by Delany et al. (1967) at 

Barbados. Since then the nature of the dust material has been the sub

ject of continuing investigations both at Barbados (Prospero, 1968; 

Prospero et al., 1970; Carlson and Prospero, 1972; Prospero and Carlson,. 

1972) and on shipboard in the North Atlantic (Jaenicke et al., 1971; 

Schlitz, 1977; lepple, 1975). fuese investigations have concentrated 

on the determination of mass transport, particle size distribution, am 

the mineralogy of the insoluble fraction of the dust. Much less attention 

has been paid to the nutrient fraction of the dust plume. While some 

studies on the release of phosphorus upon contact of aerosol particles 

with sea water have been reported by lepple (1974) and Nehring (1976), 

no estimates of the total input of any nutrient materials to the Atlantic 

Ocean by the Sahara plume are available. 

Nutrient supply through the atmosphere could be of particular impor

tance for tropical waters. fue waters of the Atlantic at 20°N are 

thermally stratified throughout the year (Ryther, 1963). Under this 

condition, the most likely supply of nutrients to the euphotic zone is 

diffusion and advection through the therrnocline or fallout from the atmo

sphere. Thus atmospheric input of nutrients may be significant in sus

taining the productivity that occurs in this region. Phosphorus is likely 

to be the nutrient contributed in greatest quantity by the Sahara plume. 

Abundant phosphate deposits exist in western North Africa and phosphorus, 

unlike nitrogen, has no significant gaseous canponents in its cycle. 
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In this paper I will rrake an- estimate of the flux of soluble phosphorus by 

airborne Sahara dust to the North Atlantic and compare this estimate with 

the phosphorus flux to the mixed. layer from the underlying deep waterq. 

SAMPLING AND ANALYTICAL METHODS 

Samples of atmospheric particulate rratter over the Atlantic Ocean 

were obtained by L. Schlitz on cruise #32 of the Federal Republic of Germany's 

R/V METEOR during O::::tober, November and December of 1973. The cruise 

track and sample locations are shown in Figure 1. The samples were 

collected on Delbag Microsorban 97/99 filters (20 x 25 cm) using GSA 3-S6 

Magnetic high-volume pump. Delbag filters are reported to be 99% efficient 

in the removal of particles ~0.3 µmin diameter (Dams et al., 1972). 

The·sampling was done under quasi-isokinetical comitions. Sampling 

~olumes ranged between 2700 and 6700 m3 of air. 

In addition to the ocean samples, samples of desert soil am dust

fall were collected at Camp Derj and at Sebha 03.sis in the Libyan Arab 

Republic. For details of the collection and particle size analysis of 

these soil samples see Schiltz and Jaenicke (1974). 

Discs of 2.5 diameter were punched from the filter material am 

analyzed for phosphorus and iron. Total phosphorus was determined by 

ashing of the filter discs at 550°C in the presence of excess magnesium to 

prevent loss of phosphorus. The residue was dissolved in 1 ml of lN HCl, 

diluted to 5 ml with deionized water, and filtered. After dilution to 

40 ml with deionized water, phosphorus was determined by the method of 

Murphy and Riley (1962). Laboratory studies using corrrnercially available 

iron and calcium phosphates show that these materials were completely 

recovered by this approach. Cnly 50% of an aluminum phosphate was recov-



Fig. 1 Cruise track of R/V METEOR cruise and 

location of the aerosol filter samples. 
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erect however. The recovery of phosphorus which is occluded or substi

tuted in silicate minerals is not known. 

Organic and deionized water soluble phosphorus fractions were 

determined on four of the filter samples taken directly in the Sahara 

plume. Organic phosphorus was determined as the difference between the 

phosphorus content of a sample disk oxidized with potassium persulfate 

(Menzel and Corwin, 1965) and the content of a similar disk extracted 

with 0.025 N HCl. Water soluble phosphorus was determined by extraction· 

of the disks with doubly deionized water (pH ~6). 

Soil samples were separated in two fractions, greater than and less 

than 16 µm radius. • Five to 200 mg portion, of soil were analyzed for 

phosphorus by methods similar to those used for the filter samples. In 

addition, to estimate the release of phosphorus in sea water, samples of 

soil were agitated in low-phosphorus Sargasso Sea water (pH :8.2) for 

1 hour, then aged for 12 hours before filtration. Analysis for phosphorus 

was by the method of Murphy and Riley (1962). 

Iron was determined by neutron activation analysis using the Trigp. 

reactor at the Johannes Gutenberg University of Mainz. The iron analyses 

were done by K.A. Rahn. Samples of soil were irradiated for 7 hours at 

a flux of 7 x 1011n cm-2s-l and counted one month later using a Ge(Li) 

detector (50 cm3 volume, 2.5 KeV resolution) connected to a 4000 crannel 

Intertechnique analyzer. Count times ranged from 4 to 16 hours. 2. 5 cm 

discs of the aerosol filter samples were irradiated for four seven hour 

periods and counted in the same way as the soil samples. Standanls and 

blanks were prepared and analyzed in the same manner as the samples. 

Uncertainties are estimated to be± 15% :for the phosphorus analysis and 

t 10% for the iron analysis. 
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RESULTS AND DISCUSSION 

The results of the soil an:.i aerosol analyses are presented in 

Tables 1 and 2 am in Figure 2. 'Ihe influence of the Sahara plume on 

the canposition of particulate air samples can be seen between filters 

7 and 15. Both the iron and phospmrus concentrations increase by one 

to two orders of magnitude in concentration in these samples as canpared 

to the concentrations found in the samples from outside the plume (3 

through 6). The P/Fe ratios in the plume agree well with those calculated 

for the two desert.samples. These ratios are significantly lower than 

those found for the samples obtained outside the plume. The P/Fe ratios 

of the non-plume samples agree well with ratios of between 25 and 100 

observed in aerosol samples from the western North Atlantic (Gra.h:un, 

this thesis, Chap. 4). 

While the ratios of P/Fe in the aerosol samples from the Sahara 

plume are similar to those in the Libyan desert samples, the aerosol 

samples conta:in a much higher proportion of water soluble phosphorus 

(Table 3). Organic phosphorus was detected :in only one aerosol sample 

(#13). No organic phosphorus could be detected :in the other three plume 

aerosol samples or in the Libyan soil samples. However, Lepple and Br:ine 

(1976) report that eolian dust £'ran the Samra conta:ins about 3% organic 

carbon by weight. Thus the presence of sorre organic phosphorus would seem 

probable. 

Release of phosphorus in sea water 

About one third of th2 acid soluble phosphorus :in the plume aerosol 

samples is soluble :in doubly distilled water. 'Ihis compares to a solubility 

of only 3% for the Libyan soil phosphorus. 'Ihe f:inest fraction of the 
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'l'l\flLE 1. Phosphor,1s ard Iron in Lllly.m Soils 

Sell P,'lrticle Fe Water Sol. P 
Sample Location Orip-Jn R'idius - µm ppm P-ppb 

12 Sebha Wind erodRd > 32 5,500 2 
surface 

< 32 "6,000 18 

39 Camp Det•J Dust stcnn , 32 12,000 3 
fallout 

< 32 32,1100 23 

Acid 8oluhle Water Sol. P 
P-ppb % of l\cld Sol. P 

60 3-9 

570 3.2 

100 3.0 

740 3.1 

Acid P/Fe 

xl03 

10.9 

12. 4 

8.3 

22.8 

.r= 
\..,7 



Sample 
.:, ,,. 

3 

4 

5 

6 

7 

9 

10 

11 

13 

14 

1~ -:> 

16 

TABLE 2. Phosphorus and Iron Content of Aerosol Samples 

Dates 
Sampled 

Oct 25-27 

Nov 8-10 

~Iov 10-12 

Nov 18-20 

Nov 20-21 

Nov 25-27 

Nov 27-28 

Nov 28-29 

Nov 30-Dec 

Dec 1-2 

Dec 2-3 

Dec 3-4 

1 

Iron 
ng/m3 

98 

270 

58 

40 

660 

3910 

2700 

4100 

3200 

6600 

4300 

390 

~otal 
Phosohorus 

ngim3 

4.2 

7,9 

3.4 

2.3 

18 

56 

44 

82 

49 

56 

54 

15 

P/Fe 
x103 

43 

28 

65 

58 

26 

14 

16 

20 

15 

9 

12 

38 

4G 



Fig. 2 Concentrations of iron and phosphorus 

and the phosphorus iron ratio for 

aerosol samples collected over the 

North Atlantic 
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Filter Organic 
Sample P-ng/m3 

10 NF 

11 NF 

13 16 

14 NF 

MEAN 

NF - not found 

TABLE 3. Phosphorus fractions of Sahara aerosol 

Water Soluble Total Water Soluble P 
P-ng/m3 P-ng/m3 % of Total P 

16 44 33 

30 82 37 

22 49 44 

17 66 30 

21 60 36 
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Libyan soils that oould te obtained by dry sieving is still much coarser 

than the dust collected over the Atlantic. Probably a winnowing effect 

is operating. Schlitz (1977) shows that essentially all particles larger 

than 10 µmin radius fall out of tre plume within the first 1000 km of 

transit over tre ocean. 'Ihe greatest portion of these are lost in the 

first 500 km. I would thus expect to find that the finest, most soluble 

fraction of phosphorus is transported furthest over the ocean. 

Most of the phosphorus deposited in tre Atlantic from the Sahara .is not·. 

soluble and therefore not available as a nutrient. Estimating just what 

fraction of the total phosphorus will becane available in sea water is 

highly subjective, depending on the particle size of the aerosol and its 

settling rate, the turbulence of the mixed layer, and the existence in 

the oceans of processes such as bubble flotation of mineral grains. The 

data presented in Table 4 shows that release of the phosphorus contained 

in Sahara dust does occur. The release appears to be both time dependent 

and sensitive to the differences in pH and ionic strength between sea 

water and distilled water. After 12 hours about twice as much phosphorus 

is released in deionized water at a pH of 6 as in sea water at a pH of 

8-8.3. A study by Nehring (1976) shows that, at much longer times, the 

release of phosphorus into sea water approaches the amount released in 

deionized water. 

The amount of phosphorus released in sea water by the Libyan soil 

and dustfall samples agrees well with the release observed by Nehring 

(1976) for his sample of dustfall (Table 4). The samples collected by 

Lepple (1975) show a higher release from 130 to 330 µg P per gram of 

dust. If I assurrie that: 
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Tl\BrE 4. Solubility of Phosphor'Us from Sah.1ra ~,oil an::! Dust Samp Les 

ExtracLion 
Sample - Particle Diameter Time 

Sebha son - Libya, < 32 µm 

t'ii~aDerj Dust Fall- <32 JJm 

Dustfall between Cape Vert 
and Cape BJanc 

II 

II 

Dakar dune soil, 10-20 µm 

Spanisll Sahara soil, 37 11m 

Filter sample near Dakar 

12 hours 

12 hours 

12 huurs 

34 Jays 

123 days 

12 hours 

12 hours 

12 hours 

Phosphorus Extracted 
µo;Jg dust 

Deionized Water Sea \<l3ter 

27.6 ± 6.6 18.3 ± 8.o 

25.4 ± 7.8 10.8 ± 1.11 

28.8 17.11 

48.1 45.0 

49.6 119.3 

130 

130 

220 

Ratio of P exLr-acted 
Sea \rlatet/De1onj zed ivater 

0.66 

0.112 

0.61 

0.94 

0.99 

-

-
-

Rer·erence 

'lhis paper 

This paper 

Nehring (1976) 

Nehring (1976) 

Nehring (1976) 

Lepple (1975) 

Lepple (1975) 

Lepple (] 975) 

V1 
0 



1. 36% of acid soluble phosphorus in the Sahara dust samples 

over the Atlantic is distilled water soluble (Table 3), 

2. 55% of the water soluble phosphorus fraction is released 

on contact with sea water (Table 4), 

3. The dust plume contains 700 µg acid soluble P per gram of dust, 

I estimate that 130 iig of phosphorus are released to sea water for every 

gram of dust which falls on the ocean surface. 

Flux of soluble phosphorus 

Schiltz (1977) has developed a steady state model for the transport 

of eolian material from the coast of Africa across the Atlantic between 

15°N and 25°N. The model uses steady state transport equations which 

include horizontal zonal transport of the aerosol particles by wind and 

vertical transport by sedimentation and turbulent diffusion. The model 

uses the specific flow con:iitions of the NE tradewind zone and is able 

' to explain the observed particle size distribution and particle con-

centration data. 

Using this model Schlitz and Jenicke (1977) rave estimated the annual 

transport of dust down this 10° latitude band to be about 260 x 106 T yr-l 

at the coast of Africa. At a point 1000 km fran the coast, . the transport 

is estimated to be 83 x 106T y- 1, while approximately 50 x 106 T yr-l 

is estimated to travel past Barbados at longitude 60°W which is 5000 km 

• from its departure point at the African coast. I have used this model. 

to estimate the flux of nutrient phosphorus in the dust plume, by 

assuming that 130 µg of soluble Pare carried by each gram of Sahara 

dust to the surface of the ocean. The resulting transport and fallout 

-2 -2 fluxes are shown in Figure 3. Input ranges from about 1200 µM m yr 
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Fig. 3 Transport of soluble phosphorus to 

and over the North Atlantic from 

Africa. Numbers in ( ) are the 

deposition rates of soluble phosphorus 

. -2 -1 m µMm y 
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near the African coast to 13-110 µM m2 yr -l in the Sargasso Sea area 

between 1000 and 5000 1-0n fran the coast (roughly 27°W to 67°W). 

I can also estimate the input of phosphorus to the North Atlantic 

more directly in a portion of the region under the dust plume. Aerosol 

samples 10, 11, 13 and 14, collected between 25°W and 35°W, contain 

21 ng/m-3of water soluble phosphorus on the average. Assuming a deposi

tion velocity of 1 cm sec-las a first approximation, I calculate the 

-14 -2 fallout of distilled water soluble phosphorus to be 2 .1 x 10 · g cm . 

-l th • 1 t of 200 µM m-2y-l If 50% f thi h h sec or e equiva en o o s p osp orus 

is released in sea water, the input of dissolved phosphorus into the 

-2 -1 mixed layer of the ocean is 100 µM P m y , in reasonable agreement with 

the input calculated for 1000-2000 km from the African coast using the 

transport model. 

The input of insoluble phosphorus canpounds is probably an order of 

magnitude greater than the flux of soluble phosphorus. Glaccum (1977), 

using emission spectroscopy, finds between 1600 and 2200 µg P @11-l of 

Sahara aerosol. Lepple (personal canmunication) has found an average of 

2000 µg @11-l in Sahara aerosol samples analyzed following digestion with 

hydrofluoric acids. These results are two to three times higher than 

the values I find for the <32 µm diameter Llbyan soils and may reflect 

the input of high apatite dust fran the northwest coast of Africa, the 

fact that each study used a different analytical method, or both factors. 

Inputs to the Mixed Layer 

The input of soluble phosphorus near the West African coast appears 

to be negligible compared to the input fran the upwelling trat occurs in 

the coastal waters. Using an average upwelling velocity of 10- 2 to 
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l0- 3cm sec-l (Mittelstaedt et al., 1975) and a phosphorus content of the 

surface water of 0.3 µM 1-l (Szekielda and· Ballestes, 1974), the phosphorus 

input by advection alone is on the order of 100-150 mM m-2yr- 1. 

The input of phosphorus through the permanent thermocline of the Sar

gasso Sea can only be estimated very crudely. The magnitude of the eddy 

diffusion coefficient to be applied is subject to great uncertainty. 

Microstructure investigations in the central gyres of the Pacific give values 

of the eddy diffusion coefficient k of -0.6 to 2.3 x 10- 6 m2 sec-l (Gregg.· 

et al., 1973; Gargett, 1976) in the thermocline. However Schnidt and Evans 

(1977) suggest that salt fingering can result in significant mixing in the 

permanent thermoclines of the central gyres. The mixing due to salt 

finger formation is equivalent to an eddy diffusion value k of about 1 x 10- 5 

m2 sec-l for salt (but not for heat). Thus it appears that salt fingering 

may increase diffusive transport across the thermocline by an order of 

magnitude. 
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The actual sign and velocity of advection that occurs through the 

thermocline is also subject to much uncertainty. Stommel and Webster (1962) 

have suggested that Ekman transport may cause subsidence of the surface waters. 

Under these conditions no advection into the surface layer would occur. 

For purposes of ccmparison with the input of soluble phosphorus from the 

atmosphere, I assume no advection. Phosphorus concentration for the surface 

and deep waters in the area between 15-25°N_and 26-60°W are taken from 

stations occupied during the DISCOVERY II and CRAWFORD IGY cruises (Worthing

ton, 1958; Metcalf, 1958). Fluxes. of phosphorus through the thermocline 

using these data are between 70-170 µM m2yr-l when an eddy diffusion 

coefficient k of 10-6 is used. This is about the same order of magnitude 

as the atmospheric flux. Using k equal to 10- 5 yields an input ten times 

larger, with the atmospheric input draping to 10% or less of the input 

through the thermocline. 



Besides phosphorus, Sahara dust can also carry nitrogen compounds 

which are soluble in sea water (Nehring, 1976). The N/P ratio in the 

sample analyzed by Nehring is 16/1. Thus it appears that bothessential 

nutrients for plankton growth are present in Samra dust. The input of 

Sahara dust into the ocean appears to follow an annual cycle with a 
summer maximum and a winter minim..un (Prospero, 1968; Carlson and Prospero, 

1972; Prospero and Nees, 1977). A study of the nutrient content and 

productivity of waters under the Sahara plume might show fluctuations which 

can be associated with dust fall intensity. 
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THE A'IMOSPHERIC TRANSPORT OF PHOSPHORUS 

TO THE WESTERN Nffi'IH ATLANTIC 



ABSTRACT 

The concentration of particulate phosphorus in the atmosphere 

has been measured over the western North Atlantic and at the island 

of Berrruda. Phosphorus concentrations ranged from 57 ng m-3 near the 

North American coast to 0.6 ng m-3 at Bermuda. The average concentra

tion over the western North Atlantic was 7 ng m-3. The phosphorus over 

this portion of the ocean is evidently contained in particles of crus~ 

tal material from the North American continent and also possibly fran 

the Sahara desert, in soot and fly ash particles fran the burning of 

fossil fuels in North America, and in sea-salt particles ejected from 

the surface of the ocean by bursting bubbles. The net input of phos

phorus into an area bounded by the North American coast, a line along 

25°N latitude, and a line along 65°W longitude is estimated to be between 

10 -1 0.5 and 1.0 x 10 g y . About 36% of this phosphorus is estimated to 

be released upon contact with sea water for a 12 hour period. Thus 

2 to 4 x 109 g y-l of nutrient phosphorus are added to the North 

Atlantic surface waters by atmospheric deposition. This is about 10% 

of the estimated reverine input of dissolved phosphorus to the same 

region of the Atlantic Ocean. 
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INTRODUCTION 

Phosphorus is an essential nutrient for the growth of all living 

things. Consequently the world consumption of phosphate fertilizers 

has doubled every 10 years (Lerman et al., 1975). The fraction of 

fertilizer phosphorus that is transported to the oceans annually is 

unknown. However Stwnm (1973) has smwn that the concentrations of 

phosphorus in major European rivers and the quantity of phosphate rock 

mined annually have both increased exponentially at about the same rate. 

Both Broecker (1971) and Stumn (1973) have suggested that steadily 

increasing inputs of phosphorus to the oceans could have undesirable 

results in coastal areas, including changes in plant and animal life and 

an increase in the fraction of anerobic waters. 

In addition to the transport of phosphorus to the oceans by rivers, 

phosphorus can also be carried to the oceans through the atmosphere. 

Until now, however, sufficient data to permit the estimation of the size 

of this flux have not been available. 

In this paper I will present data I have obtained on the concen

tration of phosphorus in the marine atmosphere of the western North 

Atlantic and show that the source of this 111:'3.terial is mainly crustal 

and anthropogenic material from the North American continent. In 

addition I will estimate the rate of input of phosphorus to this portion 

of the Atlantic Ocean. 

METHODS 

Samples of atmospheric particulate matter were collected over the 

North Atlantic on R/V TRIDENT cruises 161 and 168 in December, 1974, and 
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June, 1975. Additional samples were collected at an atmospheric sampling 

site on the island of Bermuda from May through July 1975. The samples 

were collected on 20 x 25 cm Delbag Microsorban 97/99 filters using 

Cadillac high volume sampling pumps. The filters are reported to have 

an efficiency of 99% for the collection of particles >0.3 µmin diameter 

(Dams et al. , 1972). The TRIDENT samples were collected using an 

atmospheric sampling tower mounted on the bow of the ship. Filter 

holders mounted on this tower were 15 m above the ocean surface and 

forward of the bow, well in front of any bow spray. To prevent con

tamination by ship stack emissions, a directional air sampling system was 

used. Sampling only occurred when the wind was between± 60° off the 

bow. 

The Bermuda sampling site consists of a 20 m high sampling tower 

located on the southwest coast of the island. The sampling unit was 

located at the top of this tower. Sampling only took place during 

periods of onshore winds. At times of off-shore winds or of precipi

tation the system was shut down automatically. 

After collection of the sample, the filter was quartered and the 

quarters stored in sealed polyethylene bags and frozen until analysis. 

Sodium, aluminum, and vanadium were determined by neutron activation. 

One quarter of the filter was pelleted and irradiated for 30s in the 

Rhode Island Nuclear Science Center swirrming pool reactor at a flux of 

4 12 -2 -1 x 10 n cm s . Within two minutes the samples were counted for 

400 son a 20 cm3 Ge(Li) detector (resolution of 2.3 KeV for the 1332 

KeV gamna. ray of 60co, efficiency 7%) coupled to a Nuclear Data 

2200 4096 channel analyzer with computer ccmpatible magnetic tape output 

62 



(Ampex 'IM-7). A computer program (J.L. Fasching, personal corrmunica

tion), was used to process the Ge(Li) spectra acquired. Absolute stan

dards for each element were prepared on blank filters, pelleted, 

irradiated, and counted in the same manner as the unknowns. Constant 

geometry was maintained during the counting of all standards and unknowns. 

Correction$ were made for dead time and ralf life discrimination. 

Total phosphorus was determined by ashing one quarter of the filter 

at 550°C in the presence of excess magnesium. The residue was dissolved 

in 1 ml of 1 N HCl, diluted to 5 ml with doubly distilled (DD) water, and 

filtered through a 0.2 µm Nuclepore filter to remove insoluble particles. 

The ashing beaker and filter were rinsed with two 5 ml aliquots of DD 

water, this was added to the original filtrate. After dilution of the 

filtrate to 40 ml, any arsenate present was reduced to arsenite by the 

methc:x:1 of Johnson and Pilson (1972). Phosphorus was then determined 

by the method of Murphy and Riley (1962). Corrections for filter 

blanks were made on all samples. Blanks were typically 10% of the 

sample values. 

Reactive phosphorus was determined by extraction of one-quarter of 

a filter for 30 minutes in 40 ml of DD water. The sample was then 

filtered through a 0.4 um Nuclepore filter, arsenate reduced, and anal

yzed for phosphorus. 

The difference between the total prosphorus as determined by the 

ashing process and the water soluble reactive phosphorus is the amount 

of organic and acid soluble inorganic phosphorus present in the sample. 

This fraction shall be referred to as AS+O phosphorus. 

Analytical precisions were fown to vary with the amount of mat

erial collected on the filter; precisions were poorer when dust concen-
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trations in the atmosphere were very low. 'lypical analytical precisions 

were: total phosphorus, + 10%, reactive phosphorus, ± 15%, sodium ± 5%, 

aluminum± 6%, vanadium,± 11%. 

In addition to the samples collected on Delbag filters specifically 

for this study, samples collected on Whatman 41 filters during 'IRIDENT 

cruises 134, 137, and 145, and on Delbag filters for 'IR 152 were analyzed 

for total phosphorus only. The Whatman filters have an efficiency of 

>90% for the collection of particles >0.5 µmin diameter (Stafford and 

Ettinger, 1972). Cnly one quarter of a filter was available for analy

sis. The procedure was identical to that described above for the 

analysis of the earlier Delbag filter samples. 

Rain and total fallout samples were also collected in the North 

Atlantic. Two rain samples v'/ere. obtained on Cruise 168, both at about 

32°N, 74°W. Samples of total fallout, i.e., rain and dry fallout; 

were collected at Bermuda during August, September, and October of 1974 

and again in I'lay, June, and July of 1975. The 1975 samples proved to 

be badly contaminated with insects and were not analyzed. 

Both rain and total fallout samples were frozen until the time of 

ana.lysis. Total phosphorus was determined on these samples using the 

persulfate oxidation method of Menzel and Corwin (1965) followed by 

colorimetric analyzing by the method of Murphy and Riley (1962). 

RESULTS 

Concentrations 

The concentrations of total, reactive, and AS+O phosphorus, along 

with sodium, aluminum, and vanadium from cruises 'IR 161, 'IR 165 and 

Bermuda are given in Tables 1, 2, and 3. The distribution of total 

phosphorus is illustrated in Fig. 1. The sodium and vanadium values have 
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< 
'l'ABLE 1. Atmospheric concentrations of phosphorus, so::jjum, . aluminwn am vanaditun collected on 'ITT 161 1 

SAMPLE D.l\'I'E MIDPOIN'1' LOC/\'l'.[QM PHOSPl!OHUS r!11,; m-3 SEA SJ\L'r Na1 Al 
NUMBER COLLEC'I£D LAT/LOWi. 'IDT/\L REACTIVE AS+O µg m-3 ng m-3 

1 12/6/711 32°1'J/68°W 5-5 2.1 3.4 5.5 10 

2 12;7 ;711 32°H/70°W 11. 3 1.1 3.2 3.8 15 

3 12/8/74 33°N/73°W 11.1 2.3 1.8 5.5 85 

4 12/11/74 33°N/73°W 1.3 0.7 0.6 1.5 63 

5 12/13/74 33°N/74°W 5.0 11.11 0.6 3.7 130 

6 12/15/74 32°N/7 11°W 9.3 3.0 6.3 4 .11 61 

7 12/15/711 31 °~1/77°1-1 6.3 2.6 3.7 5.7 51 

8 12/17/711 31°l'J/78°W 5.1 3.1 2.0 3.9 72 

9 12/17/711 28°N/80°W 9.7 3.7 6.0 7 .11 120 

10 12/18.174 27°JV80°W 21.0 5.6 15. 11 3.8 270 

1corrected for crustal Na and V using the ratios of Mason (1966) 

EXCESS v1 

ng m-3 

0.1 

0.1 

1.6 

3.1 

6.8 

3.0 

3.4 

3.1 

3.5 

3.3 

G\ 
\...;7 



TABLE 2. Atmosphe1·ic conce11tratio11s or phospt10r:us, sodium, alumirnun 
and vanadium collected on 'I'R 168 

SAMPT.E DA'.IB MIDPOINT LOCATION PHOSPHORUS nr-; m-3 SEA SALT Mal Al 
NUMBER COLIEC'IED LAT/L01·¥1 'IDTAL REACTIVE AS+O pg rn-3 ng m-3 

- --- ---

1 5/24175 27°11178°W 5.4 4. 11 1.0 8.7 270 

2 5/25/75 29°N/77°W 5.6 4.11 1.2 0.6 290 

3 5/28/75 30°N/7G0 W 1.8 0.5 1.3 1.5 99 

4 5/28/75 30°N/76°W 1.8 1.0 o.8 1.7 32 

5 5/29/75 30°N/76°W 1.5 0.6 0.9 1.2 87 

6 5/31/75 32°N/74°W 2.6 0.2 2.11 1.7 31 

7 6/1/75 33°N/73°W 4.3 0.3 4.0 1.9 510 

8 6/1/75 33°N/73°W 11.3 0.6 3-7 .2.2 560 

9 6/3/75 35°N/70°W 2.2 1.6 0.6 3.2 110 

10 6/4/75 37°N/70°\J 21.7 9.6 12.1 9.2 170 

11 6/5/75 37°N/69°W 17 -3 7-5 9.8 10.2 120 

12 6/6/75 36°N/69°W 7.0 5.0 2.0 6.0 220 

13 617/75 37°N/68°W 21.9 6.9 15.0 3.6 550 

111 6/8/75 37°N/68°W 4.1 1.6 2.5 8.2 380 

15 6/9/75 39°N/69°W 18.0 6.5 11.5 2.6 140 

1corrected for crustal Na and V using the values of Mason(l966) 

E.XCE.SS TfI 
ng m-5 

3.4 

2.6 

1.9 

2.5 

1.6 

2.5 

1.3 

1.11 

1.0 

5.11 

3.4 

2.3 

4.1 

0.3 

15.6 

~>• ..... ~ ... ~~-: •. 

0\ 
0\ 



TABIE 3. Atmospheric concentrations of phosphorus, soditun, 
aluminum and var,adium collected at Bermuda 

SAMPIB DA'IE AVERAGE1 PHOSPHORUS nr: m-3 SEA SALT Nal 

NUMBER COLIEC'IB) TRAJEC'IORY NO. 'rol'/\L REACTIVE AS+o µS m-3 

1 5/21/75 1.8 0.6 0.2 0.1, 1.8 

2 5/211/75 2.8 0.8 o.6 0.2 2.3 

3 5/31/75 3.3 6.1 4.0 2.1 3 ') 
•'-

4 617 /75 3.2 4.4 1.8 2.6 3-5 

5 6/17/75 3-5 7.6 5.9 1.7 2.6 

6 6/22/75 3.1 6.11 11.5 1.9 2.7 

7 6/29/75 3.4 2.8 1.4 1.11 3.3 

8 7/5/75 3.0 9,3 3.0 6.3 2.8 

9 7/9/75 1.5 1.1 0.4 0.7 2.1, 

-
1corrected for crustal Na and V using the values of Mason (1966). 

Al 

ng m-3 

12 

41 

160 

120 

120 

230 

230 

1500 

120 

EXCESS vl 

ng m-3 

0.1, 

o.8 

2.3 

0.9 

2.6 

2.7 

1.4 

1.3 

0.5 

O'\ 
-..J 



Fig. 1 Concentrations of total phosphorus in the 

marine air of the western North Atlantic 

in ng rn - 3. Concentrations in ( ) measured 

at Bermuda. 
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been corrected for a crustal component using the ratios of Na/Al and 

V/Al in crustal material of Mason (1966). Thus the corrected sodium and 

vanadium concentrations can be considered to be representative.of 

the amount of sea salt and anthropogenic material present in the samples. 

Vanadium is an excellent tracer for the emissions from fossil fuel 

combustion sources (Duce and Hoffman, 1976). These corrected concentra

tions are referred to as sea salt sodium and excess vanadium respectively. 

Table 4 lists the concentrations of total phosphorus determined on the 

samples from cruises TR 134, TR 137, TR 145, and TR 152. These data 

are also shown in Fig. 1. In general, total phosphorus concentrations 

appear to be somewhat higher in the region north of a line from Cape 

Hatteras to Bermuda. This difference between these northern and southern 

sectors is more clearly illustrated in Fig. 2, where total phosphorus 

concentration is plotted against the approx:imate distance of the sample 

fran the North American coast. The analytical results have been separated 

into two groups; those fran samples north of a line between Permuda and 

Cape Hatteras (solid squares) and tmse from samples south of this Cape 

Hatteras - Bermuda line (open circles). In addition, samples from 

Permuda and further east (triangular symbols) also appear to fall into 

two groups which fit well with the northern and southern sample sets. 

The equation C = C e-kD has been fitted to each of the sample sets 
0 

illustrated in Fig. 2. In this equation C is the concentration of 

phosphorus at any distance D from the coast, C
0 

is the concentration of 

phosphorus at the coast, while k is the constant. The regression line 

through the samples collected north of Gape Hatteras yields a value for 

C
0 

of 20.5 ± 4.7 ng m-3 and fork of -0.0013 ± 0.0003 Km-1 . For the 
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TABLE 11. 

SAMPLE DA'IE 

CRUISE NO. NUMBER COLIEC'IED 

134 1 li/09/73 

2 4/10/73 
3 4/11/73 
4 4/12/73 
5 4/14/73 
6 4/15/73 

137 1 6/05/73 
2 6/06/73 
3 6/07 /73 
4 6/08/73 
5 6/09/73 

1115 1 10/20/73 
2 10/21/73 
3 10121v73 
4 10/25/73 
5 10/26/73 
6 10/28/73 
7 10/30/73 

152 1 5/09/74 
2 5/11/74 
3 5/14/74 

Atmospheric concentrations of total phosphorus f'rcm ::;amples 
collected on cmises TH J.34, TR 137, 'IR 1115, 
and TR 152 

MIDPOnrr LOCA'I'ION TOTAi, PHOSPHORUS 
IAT/1.0HJ ng m-3 

31°N/66°H 11.9 

30°N/66°W 5.6 
29°N/611°W 15 
30°!J/6l1°W 6.4 
32°N/65°W 4.1 
30°M/65°W 1.3 

32°N/66°W 11.6 
36°N/67°W 3.2 
38°tl/68°W 3.4 
39°N/69°W 3,8 
41°N/70°W 19 

32°tV65°W 3.2 
34°N/70°\'/ 1.1 
36°tl/74°W 16 
37°tl/76°W 23 
37°N/76°W 28 
38°N/711°W 57 
111 °N/73°W 9.6 

41 °N/65°W 11 
35°N/65°W It 4 
33°N/65°W 2.5 

~ 
0 



Fig. 2 Phosphorus concentration as a function of 

distance frcm the North American coast. 
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samples collected below Cape Hatteras, the values are: C, 9.9 + 
0 -

-3. -1 2.2 ng m , k, -0.0023 ± 0.0003 Km . The amount of variation (r 2) 

explained by the regression is 0.70 for the samples north of the Hatteras

Bermuda line and 0.85 for the samples south of this line. The data 

suggest that the average atmospheric phosphorus content along the 

northeastern coast is about twice the concentration along the south 

eastern coast. It also appears that the concentration of phosphorus 

over the ocean south of Cape Hatteras declines more rapidly with dis-. 

tance than the concentration of phosphorus in the sector north of the 

Cape Hatteras - Bermuda line. 

Deposition rate 

The analyses of the total fallout samples collected on Bermuda 

during 1974 are shown in Table 5. Extrapolating the input of phosphorus 

during this period to an annual basis gives an estimated input of 

0.06 Kg ha y-l. This seems to be a very reasonable value when compared 

to the measured deposition rates of total phosphorus in eastern North 

America. Deposition rates over the continent range from 0.2 to 0.9 

Kg ha y-l (this thesis, chapter 6). 

Rain samples were also collected during two rain squalls which 

occurred at about 32°N, 74°W during TRIDENT Cruise 161. The samples 

-1 6 -1 contained 2 ug 1 and 11. ug of phosphorus. Blanchard (1963) 

has estimated that the ratio of aerosol deposition by precipitation to 

deposition by dry fallout is about 2/1 on a global basis. In this 

calculation, Blanchard (1963) used 89 cm y-l as the depth of precipitation 

on a global basis. Precipitation in the Atlantic between 30 and 40°N 

amounts to less than this, averaging about 63 cm y-l (Baumgartner and 
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TABLE 5, Deposition rates of phosphorus at Bennuda 

TOI'AL. PHOSPP.ORUS 
HOUFS PPI'U :rn PRECIPITATION AS BULK DEPOSITIOrf 

SAHPIE EXPOSED cm ug 1-l mg ha-l day-l 

1 24 0.05 3,4 17 

2 24 1.57 1.5 240 

3 94,5 0.41 2.7 28 

4 18 0.15 3,11 38 

5 71 0.79 1.2 33 

6 24 1.22 1.1 130 

7 96 0,53 4.1 55 

8 24 0.74 3,5 250 

9 22 l.60 3,3 570 

10 25 1.37 2.3 300 

11 23 0.94 2.1 200 

12 25 4. 93 2.5 1200 

13 70 1.57 1.8 100 

14 24 0.79 1.5 120 

Total hours exposed= 564.5 

Total input of phosphorus= 3.8 g 

-1 -1 EstLrnated annual input= 0.06 Kg ha y 



Reichel, 1975). I will assume a 1:1 precipitation to dry fallout 

ratio in this region. The annual deposition rates of phosphorus 

estimated from these two rain samples become 0.03 and 0.15 Kg ha y-l 

respectively. While these are only very rough numbers, they appear to 

be in reasonable agreement with the Bermuda estjmate. 

DE'IBRMINATION OF PHOSPHORUS SOURCES 

Fran factor and regression analyses 

I have applied the techniques of factor analysis and multivariate. 

linear regression to the data obtained from the North Atlantic samples. 

Factor analysis is a statistical technique for the grouping of linear 

canbinations of similar variances fran variables that are highly cor

related. The theory of factor analysis has been presented in detail by 

Harman (1967). The results of factor analysis on the concentration of 

reactive phosphorus, AS+O phosphorus, aluminum, sea salt sodium, and 

excess vanadium are given in Table 6. Three factors account for 88% 

of the total variation. The factor containing excess vanadium, which 

can be considered as an anthropogenic source factor, accounts for the 

greater part of the variation of both the reactive and the acid soluble 

plus organic phosphorus fractions. The second factor appears to 

represent a crustal source as it contains most of the aluminum varia

tion. The thiro factor contains most of the sea salt sodium variation 

plus some of the reactive and AS+O phosphorus variations. This factor 

must represent a marine source. 

The results of the factor analysis study suggest that the bulk of 

the phosphorus variation in the marine atmosphere over the western 

North Atlantic can be attributed to crustal, marine, and anthropogenic 



Eigenvalues 

Portion 

Cwn. Portion 

Variance 

Reactive P 

AS + O P 

Sea salt sodium 

Aluminum 

Excess vanadium 

TABIB 6. FAC'I'OR ANALYSIS OF NOR'l1H ATIAr-JTIC SAMPIBS 
OF A™OSPHERIC PARTICULA'IES 

FACTOR 1 
ANTHROPOOENIC 

SOURCE 

2.39 

0.48 

0.48 

0.77 

0. 72 

0.12 

0.01 

0.92 

FACTOR 2 
CRUSTAL 
SOURCE 

1.08 

0.22 

0. 70 

0.09 

0.35 

-0.05 

0.97 

-0.15 

FAC'IDR 3 
MARINE 
SOURCE 

0.91 

0.18 

0.88 

0.49 

0.33 

0.96 

-0.05 

-0.10 

Fil~AL 
COMMill!ALITY 

0.84 

0.76 

0.94 

0.95 

0.88 
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sources. These sources can be examined in more detail using multi

variate regression analysis (Table 7). • This to sorre extent is an over

simplified approach as it assumes a linear relationship between the 

variables. The inability to explain more than 40-60% of the total 

variation suggests that the relationships are more complex. However the 

regression coefficients do provide me with an estima.te of the overall 

change in phosphorus that should occur with a unit change·in sea salt 

sodium, aluminum, or excess vanadium concentration. These ratios of 

P/Na, P/Al, and -P/V can be compared with data from other sources and 

appropriate conclusions drawn. 

The regression coefficient of total phosphorus with sodium has 

a value of (8.4 ± 2.8) x 10-4. This can be interpreted as the ratio 

of phosphorus to sodium on a sea salt particle ejected from the ocean 

by the bursting of bubbles. It is in reasonable agreement with the 

ratios of 1 x 10~4 to 8 x 10-4 found in a field study on Narragansett 

fuy, Rhode Island. In this study, bay water was bubbled and the result

ing ejected droplets of sea water were collected on filters and analyzed 

for phosphorus and sodium (this thesis, Chapt. 4). 

The ratio of total phosphorus to aluminum derived from the regression 

coefficient can be related to the average quantity of phosphorus 

associated with a unit of crustal aluminum. 'The phosphorus may be either 

organic or inorganic in nature. When the ratio of 0.006 ± 0.002 is 

compared with the ratio found for samples taken at Narragansett, Rhode 

Island over a one year period in 1975 (this thesis, Chapt. 6) and with the 

average of various estimates of P/Al in soil and crust (Rahn, 1976) it 

is seen to be low (Table 8). It is not apparent whetrer this low value 

reflects a crustal source which is low in phosphorus or is the result 

of phosphorus loss after leaving the coast. 
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TABIE 7. MULTIVARIA'IE REGRESSION ANALYSIS OJ? N')1''I'H ATLAM'l'IC' 
A'IMOSPJIF.:RJ:C PARTICULATE .SAJVIPLfS 

PHOSPHORUS REFERENCE REGRESSION VARIATION OF SIGNIF IC/1.NCEI % VARIATION2 
FRACTION ELEMENT COEFFICIENT COEFFICIENT He,/- 0 EXPLAINED 

Reactive Sea salt Na 0.00039 ±0. 00011 -999 

Al 0.002 -t0.001 0 .85 

Excess V 0.531 ±0.101 0.999 

Ac i d So I u b I e 
plus organic Sea salt tla 0.00050 0.00023 0.96 

Al 0.004 ±0.002 0.95 

Excess V 0. 702 -t0.213 0.99 

Total Sea salt Na 0.00084 ±0,00028 0.99 

Al 0.006 ±0,002 0.97 

Excess V I. 25 ±0.26 0.999 

1Probability that the coefficient is not equal to zero. 

2The percentage of the total variation explained by the regression which is explained 
by a specific tracer. 

3rhe percentage of the total sample variation explained by the regression. 

38 

4 

58 

28 

18 

54 

30 

12 

52 

TOTAL VARIATION3 
EXPLAINED 

57% 

39% 

54'.I; 
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TABLE 8. CCMPARISON OF TOI'AL P/Al RATIOS 

A™OSPHERIC 
LOCATION TOI'AL P/Al REFERENCE 

Western North Atlantic 0.006 ± 0.002 'This paper 

Narragansett, Rhode 
Island - 0.011 ± 0.003 Grah:lln (Chap. 6, this thesis) 

Average of various 
crustal an:l soil values 0.012 ± 0.002 Rahn (1976) 

-.J 
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The most unexpected result was the large arrount of phosphorus found 

to be associated with excess vanadium. Many data have been published 

on the concentrations of vanadium in fuel oil and coal emissions. The 

difficulty is in locating values for phosphorus in these particles. Snith 

(1962) has measured both phosphorus and vanadium in fuel oil soot 

particles; from his data a P/V ratio of 0.2 is calculated. Linton et al. 

(1976) have measured the phosphorus and vanadium contents, along with 

other elerrents, of coal fly ash particles. Bulk concentrations were 

foun:i to be 600 ]Jg/g for phosphorus and 380 J.Jg/g for vanadium, giving 

a P/V ratio of 1.6. The P/V ratio of the samples collected over the 

North Atlantic is 1.25 ± 0.26 (Table 7). fused on the limited data on 

P/V ratios in canbustion emissions, this ratio suggests that both coal 

and fuel oil particulates are present in the samples. The presence of 

coal fly ash and oil soot in the air over the North Atlantic in the 

temperate zone has been well documented (Folger, 1970; Parkin et al., 

1970). Parkin et al. (1970) found pollution particles to be between 

3 and 27% of the total particles in the open ocean and to actually 

outnumber those from natural sources in the B:l.y of Maine. 

Linton et al. (1976) have also measured the phosphorus concentra

tion on the surface of f]yash particles with an electron microprobe. 

They found the phosphorus concentration on the surface to be 3.8 times 

greater than the bulk concentration. Surface vanadium concentrations 

were found to be twice as high as in the interior. The surface P/V ratio 

is therefore about 3. The surface enrichment of phosphorus on fly ash 

-particles may provide an explanation for the distribution of excess 

vanadium - associated phosphorus between the reactive and AS+O fractions. 

It may be that the phosphorus on the surface of the fly ash particle is 

readily soluble in water, while the phosphorus contained in the interior 
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of the particle is not. 

Fran Air Mass Trajectories 

The trajectories of air masses sampled on Cruises 161 and 168 

were calculated fran 700 mb pressure charts for the appropriate dates. 

Starting at the midpoint longitude and latitude of sample collection, 

trajectories were traced backwards in time until the point of landfall 

and source region was readily apparent. Pressure charts are available 

at 12 hour intervals, a separate trajectory was calculated every 12 

murs for each sample. As sampling times varied, more trajectories 

were calculated for some samples than for others. 

Trajectories for four samples are presented here along with their 

chemical analyses to illustrate the relationship between air mass source 

and aerosol composition. Figs. 3 and 4 show trajectories for two 

samples taken in a similar location in the North Atlantic in December 

1974 and in June 1975. Air flow in the winter period is basically fran 

Mexico across the Gulf, over Florida, and into the Atlantic. In the 

summer, when the Bermuda high has moved northwards, the air in this 

part of the Atlantic appears to cane more typically fran the Caribbean 

passing over Cuba and southern Florida. Aluminum values are similar 

at both times of the year, but sodium and vanadium values are higher in 

the winter samples. Seas are nonrally rougher in the winter; the average 

wind speed during the collection of the winter sample was 5,5 m s-l vs 

3.8 m s-l for the period of collection of the summer sample. The excess 

vanadium concentration is twice as high in the winter samples. Even in 

the southern United States, a significant amount of vanadium is injected 

into the atmosphere from fossil fuel canbustion. The higher phosphorus 
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Fig. 3 Air mass trajectories of Sample 7, 

cruise TR 161, December 1974. 
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Fig. 4 Air mass trajectories of Sample 5, 

cruise 'IR 168, May 1975. 
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concentration in the wlnter sample can then be attFibuted to both 

greater amounts of sea salt and anthropogenic particulates in the atmo

sphere at that time. 

Fig. 5 illustrates a surrnner sample collected off the coast of Cape 

Hatteras. The air masses sampled at this particular location had passed 

over tre midwestern and middle Atlantic states before moving offshore. 

The concentrations of both crustal and anthropogenic material are high, 

with subsequently high phosphorus content. 

The sample illustrated in Fig. 6 contained a relatively large 

amount of phosphorus and excess vanadium compared to the other samples. 

Sea-salt sodium and crustal aluminum, on the other hand, were fairly 

low in concentration. Thus it appears that the high phospmrus concen

tration found in this sample may be due to the presence of particulates 

fran fossil fuel combustion processes. 'Ihe presence of these combustion 

products is indicated by the relatively .high excess vanadium concentra

tion. Vanadium concentrations in the northeast are often extranely high 

due to the large quantities of high vanadium residual fuel oil burned in 

this region (Zoller et al., 1973). Concentrations in the Boston area 

range from 400-2000 ng m-3 (Zoller and Gordon, 1970). Fig. 6 shows 

that tre air masses sampled passed directly over New England. 

Air mass trajectories are also available during the time that samples 

were collected at Bermuda. The computer calculated trajectories were 

supplied to me by the staff of the NOAA "Geophysical Monitoring for 

Climatic Change" program. The six-hourly near-surface (300 to 1200 m) 

trajectories were computed using the Regional-Continental Scale Tra

jectory Program described by Heffter et al. (1975). Samples were 

collected for periods ranging from 4 to 7 days, thus 16 to 28 separate 
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Fig. 5 Air mass trajectories of Sample 13, 

cruise TR 168, June 1975. 
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Fig. 6 Air mass trajectories of Sarrple 15, 

cruise TR 168, June 1975, 
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trajectories were available for each Bennuda sample. Because most 

samples were exposed to air masses from several sources, a weighted 

average trajectory number was calculated for each sample. Basically,. 

the compass was divided in four sectors as shown in Fig. 7. 

Air masses arriving f'ran Sector 1 should be representative of 

uncontaminated marine air. Those arriving from Sector 2 have passed 

over the islands of the Caribbean and also may, when the Bermuda high is 

in the right location, contain particulate matter carried across the 

Atlantic fran the Sahara desert (Bricker and Prospero, 1969). Air 

masses arriving in Sector 3 have left the coast of North America be

tween Florida and Cape Hatteras, while those arriving in Sector 4 have 

passed over the highly populated and industrialized region north of Cape 

Hatteras. These air masses would be expected to contain significant 

particulate matter from anthropogenic sources. Trajectories were 

assigned a value of from 1 to 4 depending on their source region. A 

sample with 4 trajectories from Sector 3 and 4 fran Sector 4 has an 

average trajectory number of 3.5. 

In Figs. 8, 9, and 10, total phosphorus, reactive phosphorus, AS+O 

phosphorus, sodium, aluminum, and excess vanadium are plotted against 

trajectory number. High excess vanadium concentrations are strongly 

associated with air masses fran the north and west, i.e., from North 

America. For excess vanadium the correlation coefficient is 0.72 with 

a probability (P) of having a true value of zero of 0.03. Sodium, on 

the other hand, shows little correlation with trajectory number as would 

be expected from an element with a marine source (r = 0.23, P = 0.55). 

Aluminum shows an intermediate behavior (r = 0.55, P = 0.15) due perhaps 

to the possibility of crustal material being carried to Bennuda not only 
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Fig. 7 Source sectors for air masses arriving 

at Bermuda. 
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Fig. 8 Total phosphorus and AS+O phosphorus 

vs. trajectory number 
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Fig. 9 Reactive phosphorus and excess vanadium 

vs trajectory number. 
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Fig. 10 Sea salt sodium and aluminum vs 

trajectory number. 
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from North America but also from the Sah:l.ra Desert of Africa. Bricker • 

and Prospero (1969) suggest that Sahara material can reach Bermuda in 

the surrnner months when the Bermuda high has moved northward. One. very 

high aluminum value occurs at trajectory number of 3 (Fig. 11). This 

sample may contain dust from the Sahara desert, as about one-half the 

trajectories of the sample are from the SSW in Sector 2, the direction 

from which Saharan material should approach the island. 

The concentrations of reactive phosphorus vary with trajectory 

number in a manner similar to that of the excess vanadium, suggesting 

a North American source for most of this material (r = 0.69, P = 0.04). 

The high value for AS+o phosphorus (Fig. 9) on the other hand, is fran 

the sample that showed the high aluminum concentration. The Sah:l.ra 

aerosol contains rrostly water insoluble phosphates; (this thesis. Chap. 

3). Thus Sahara material may be the source of the phosphorus in this 

sample. 

From particle size distribution measurements 

A Sierra high volume cascade impactor sample was collected at 

Berm1da in parallel with filter sample #7. The sample has an average 

trajectory number of 3.4. According to the manufacturer of the impac

tor, the equivalent aerodynamic radius cutoffs for particles with a 

density of 1 g cc-l are as follows: Stage 1 = 3.6 µm; Stage 2 = 1.5 µm; 

Stage 3 = 0,75 µm; Stage 4 = 0.48 µm; Stage 5 = 0.25 µm; backup filter= 

<0.25 µm. The distribution of sodium, aluminum, excess vanadium, and 

phosphorus over the stages is shown in Fig. 11. The sodium value for 

Stage. 4 appears to be anomalous when compared to other sodium profiles 

obtained at this site (Duce et al., 1976). The total and reactive 
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Fig. 11 Concentration of phosphorus, sodium, 

aluminum, and excess vanadium vs 

:impactor stage as measured at Bermuda. 
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phosphorus distributions show a peak at Stage 2. Material of crustal or 

sea salt origin is usually on this stage. However there also appears to be 

a significant amount of phosphorus on the final filter. The bulk.of 

the excess vanadium is also found on the backup filter. I believe that 

these distributions provide additional evidence for the presence over 

the North Atlantic of relatively large amounts of phosphorus from 

anthropogenic industrial sources. 

TRANSPORT OF PHOSPHORUS TO THE WESTERN NORI'H ATLANTIC 

I calculate the transport of phosphorus from the North American 

continent in three ways. In my first calculation I estimate the amount 

of phosphorus transported over the coast of North America between 25 

and 45°N. This is a linear distance of approximately 2200 Km. I assume 

from Fig. 2 a phosphorus concentration at the coast of 10 ng m-3 between 

25 and 35°N and 20 ng m-3 between 35°N and 45°N. Based on the measure

ments of Gillette and Blifford (1971) and of Shaw (1975) I assume a 

scale height for particulate phosphorus of 1.5 Km between 1 and 4 Km. 

I assume constant concentration above 4 Km to the tropopause. 

The average time for 160 air masses computed for 1974 and 1975 to 

travel between the North American coast above 35°N and Be:rrrnlda was 

88 h, for an average velocity of 3.9 ms-lover the approximately 1200 Km 

of distance. Ninety-three air masses which left the coast below 35°N 

took an average of 103 hand thus averaged 3,7 ms-lover approximately 

1400 Km. I assume a 3.8 m s-l average velocity for air masses leaving 

the North American contment. The resulting flux of phosphorus is 

approximately 7.5 x 109g y- 1. 

fv'{y second approach is to estimate a deposition velocity from the 
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regression curves shown in Fig. 2. Assuming an exponential decrease in 

phosphorus concentration with increasing distance from the coast, I 

estimate the deposition velocity from the equation 

1n C/C
0 

= H/Vt • t 

where C is the final concentration, C
0 

is the initial concentration, H 

is the height of the mixing layer, t is the transit time in hours, and 

Vt is the total deposition velocity. Vt includes deposition due to rainout, 

washout, and dry fallout (Junge, 1963). Implicit in the use of this 

equation is the assumption that all of the decrease in phosphorus is due 

to deposition onto the ocean surface. I assume H to be 2000 m. Above 

Cape Hatteras, I use C
0 

as 20.5 ng m-3 at the coast and 9.8 ng m-3 at 

Benru.da, with a transit time of 88 h. Below Cape Hatteras the values are 

-3 -3 9,9 nm , 1.0 ng m , and 103 h respectively. Deposition velocities 
• -1 

are then calculated to be 0.4 ± 0.2 cm s for the northern sector and 

1.2 ± 0.5 cm s-l in the southern sector.· The lower deposition velocity 

calculated for the northern sector suggests that the phosphorus is contained 

in smaller particles in this sector. This result is in good agreement with 

results of the trajectory studies of the Berrrn.i.da samples and of the analysis 

of the cascade impactor sample collected at Benru.da. These data also 

suggest that much of the phosphorus from the northeastern coast of North 

America is contained in small particles most likely of industrial origin. 

The average concentration of total particulate phosphorus in the marine 

air over the northern sector is ~11 ng m-3, while the average concentration 

over the southern sector is ~5 ng m-3. The area of the North Atlantic 

sarrpled in this study is roughly a triangle bow1ded by the North American 

coast, a line along 25°N latitude, and a line along 65°W longitude. The 

total area of this triangle is roughly 2. 5 x 106 Km2, about 1. 5 x 106 Km2 

is in the southern sector while 1.0 x 106 Km2 lies in the northern sector. 
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Using the deposition velocities, phosphorus concentrations, and ar·eas 

for each sector, the annual phosphorus deposition to the whole triangle 

is estimated to be 4 x 109 g. 

• The final estimate is obtained by simply applying the deposition rate 

-1 6 2 of 0.06 Kg hay measured at Bermuda to the area of 2.5 x 10 Km. An 

annual deposition of 1.5 x 1010g y-l is calculated. Approximately 30% 

of the explicable variance of total phosphorus is explained by the regres

sion with sea-salt sodium (Table 7). Thus I assume that 30% of the 

calculated deposition to the ocean is recycled marine material. The 

net addition to the oceans then is about 1 x 1010g y-l 

Considering the necessary approximations involved in these calcula

tions, the agreement between the three approaches is reasonably good. 

The total depsition samples collected on Bermuda may include Sahara 

material along with that fran North America. Thus this estimate based 

on the deposition rate at Bermuda may overstate the flux from North 

America. The calculation based on deposition velocities may also over

state the phosphorus flux, as no allowance is made for simple dilution 

of the continental air masses by marine air masses of lower phosphorus 

content. However, the two calculations do bracket the estimate of 

phosphorus transported over the North American coast. This suggests 

that the bulk of the phosphorus in air masses from North America is 

deposited in the western portion of the North Atlantic ocean. 

REIBASE JN OCEAN WA'IER 

The exact amount of aerosol phosphorus that will become available 

as a nutrient upon contact with sea water is difficult to estimate. 

Availability probably depends on the types of phosphorus present, the 
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size of the aerosol particle, the turbulence of the mixed layer, and 

the existence in the oceans of such processes as bubble flotation of 

mineral grains. However, the amount of phosphorus released over a 12 

hour period has been determined by extracting 40 aerosol samples collected 

at Narragansett, Rhode Island, and on cruises TR 11~5 and TR 168 with 

low phosphorus (0.1 µM) Sargasso Sea water. Samples were extracted for 

12 hours in the dark and then analyzed for reactive phosphorus. It was 

found that an average of 36 ± 15% of the total phosphorus was released 

over a 12 hour period. Based on this percentage, I estimate_ that 2 

to 4 x 109 gms of nutrient phosphorus are added annually to the western 

North Atlantic between 25 and 45°N. Riverine input from the east coast 

of North America has been estimated to be about 5 x 1014 1 y-l (Judson 

and Ritter, 1964). Using an average total phosphorus content of 60 µg 

-1 · · 10 - -1 1 for phosphorus in rivers (Stumm, 1973), I calculate 3 x 10 g y 

of phosphorus is added to the western North Atlantic. The atmospheric 

input of nutrient phosphorus thus amounts to about 10% of the riverine 

input. However, the riverine input is added to estuaries and coastal 

waters, while atmospheric deposition occurs over a wide area, including 

m1ch of the nutrient poor Sargasso Sea. Thus the atmosphere may be a more 

important souree of nutrient phosphorus to open ocean regions than the 

gross figures would indicate. 
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THE SEA AS A SCXJRCE OF A™OSPHERIC IBOSPHORUS 



ABSTRACT 

The geochemical fractionation of phosphorus on the drops fran 

bubbles bursting in sea water has been studied using a field sampler 

called the Btioble Interfacial Microlayer Sampler (BIMS). The droplets 

fran bursting bubbles were collected on filter samples in Narragansett 

Ba.y, Rhode Island during the surrrner of 1975, Phosphorus was found to. 

be fractionated by the bubble bursting process. The enrichnent factor 

ranged from 4 to 170. Enrichnent was found to increase with decreasing 

surface water phosphorus concentration while it decreased with increas

ing wind velocity. Enrichment was independent of bubbling depth. 

'Ibgether these facts suggest that the sea-surface microlayer is the 

source of the phosphorus on the ejected drops. Organic phosphorus on 

the filter samples was found to be enriched relative to surface water 

phosphorus by factors of 100-200, while reactive phosphorus was enriched 

by factors of only 6-8. This suggests that surface-active organic 

phosphorus canpounds are the source phosphorus in the microlayer. 

The organic phosphorus content of samples of atmospheric particu

lates collected over the phosphate-rich upwelling waters near the Peru 

coast was found to correlate significantly with sea-salt sodium. 

Enrichments calculated using the average phosphorus concentration of the 

surface water in this area agree well with the results of the BJJVIS 

study. Thus it appears that phosphorus fractionation does occur in nature 

an:l may be jmportant in supplying this nutrient to sane coastal regions 

of the world. No evidence, however, was found for the conversion of 

dissolved reactive phosphorus to particulate organic phosphorus by the 

action of bursting bubbles. 
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IN'l1RCDUC'rI0N 

Sea salt particles comprise a major fraction of atmospher.ic part_i

culate matter (Robinson and Robins, 1971). The estimated annual production 

rate of sea salt particles of radii less than 40 µmis between 1015 and 

16 -1 % 10 g yr , of which ~90% is redeposited into the oceans while ~10, 

is transported to the continents (Eriksson, 1959, 1960; Blanchard, 1963). 

Sea salt particles have been shown to have a major influence upon the 

precipitation chemistry of continental coastal areas (Emaneulsson et al., 

1954; Junge and Werby, 1958; Whitehead and Feth, 1964) and of islands 

(Miller, 1961). The early speculations that sea salt particles can 

penetrate far inland (Moore and Browning, 1921) have been confirmed by 

measurements over the inland United States by Crozier et al.(1952) and 

Byers et al. (1955). 

Sea water contains all of the necessary plant macronutrients and 

so the flux of sea salt to the land has been of interest to investigators 

studying the atmospheric input of nutrients to terrestrial vegetation. 

Many of the early analyses of rainwater at coastal stations showed K/Na 

ratios higher than would be expected if sea water were the source of these 

elements (Junge, 1963). About this time Wilson (1959) reported on a 

study of the snows of New Zealand above the vegetation line. Wilson 

found, in the snow, a correlation between excess K (the amount present 

above the amount expected based on the sea water K/Na ratio) and albumi

noid nitrogen. He further found that a sample of ocean foam contained 

excess Kand albuminoid nitrogen in the same ratio as in the snow samples. 

The author hypothesized that both Kand N had been concentrated at the 

sea surface microlayer by biological activity, then injected into the 

atrrosphere on sea salt particles by the bursting bubble mechanisms studied 
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by Kientzler et al. (1954) an:i MacIntyre (1965, 1968). 

While some geochemical fractionation.processes have been inferred 

from the analysis of precipitation and particulate aerosol samples, and 

while small scale laboratory studies have shown that fractionation of 

some elements should be possible; demonstrating that it does jn fact 

occur in nature has proven to be more difficult. Recent studies (Hoffman 

and Duce, 1972; Hoffman et al., 1974) indicate that fractionation of 

potassii.nn does not occur to any degree over the bulk of the ocean sur-:

face. While it may v.ell occur in local highly productive areas (Buat

Menard et al., 1974), other reasons must be found for the K/Na ratios 

found in most precipitation samples. 

Hoffman and Duce (1976) showed in a laboratory study that organic 

carbon is ejected on sea salt particles with a higher ratio of OC/Na 

than the ratio in the source water. Enrichnents averaged 250 when pro

ductive Narragansett Bay water was bubbled and 73 when Sargasso Sea water 

of very low productivity was used. However, the analysis of aerosol 

samples collected to date in the rnarme atmosphere in remote areas (Hoff

man and Duce, 1974; Hoffman and Duce, 1977) has not shown any correlation 

between amounts of organic carbon and sea salt on the filters. 

The organic carbon concentration was relatively constant over a 

wide range of sodium concentrations. The organic carbon appears to be 

present on particles much smaller tran those found in the usual sea salt 

size range (Hoffman and Duce, 1977). Thus while laboratory studies 

suggest that organic carbon should be present in the marine aerosol and 

should show considerable enrichnent on sea salt particles, this process 

has not yet been detected in field sampling programs. 

Piotrowicz (1977) has investigated the fractionation of Fe, Cu, and 

Zn in the field using an "in situ" sampler named the Bubble Interfacial . 
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Microlayer Samplers (BIMS). '111'1e study, carried out in Narragansett Bay, 

Rhode Island, found average enrichments of 72·for Fe, 200 for CU, and 

190 for Zn on bubble produced sea salt particles generated by the BIMS. 

Using factor analysis Duce et al. (1976) have evaluated the concentrations 

of 12 elements determined on 60 aerosol samples collected at Bermuda in 

1973. About 9% of the variation in Fe and 33% of the variation in Zn 

are associated with the factor which contains the bulk of the Na, Mg, Cu, 

and K variations and is thought to be the large particle sea salt aerosol. 

Thus there is some evidence supporting an oceanic input of these two 

metals. Whether the fractionations measured for these metals with the 

BIMS are typical of that occurring in the oceans has not yet been determined, 

however. 

'Ihe fractionation of phosphorus canpounds in sea water was first 

studied by Baylor et al. (1962) and Sutcliffe et al. (1963). These 

investigators studied the effects of intense bubbling of sea water upon 

the concentration and distribution of the phosprate present in the source 

water and in the collected spray droplets. The concentration of total 

phosphorus in the spray droplets was found to be higher than the initial 

concentration in the sea water sample, indicating that fractionation was 

occurring. 'Ihe concentration of reactive phosphorus remianing in the 

sea water sample was found to be related to bubbling time by the equation 

C = C e-kt 
t 0 

where k is a velocity constant which was found to depend on the rate of 

bubbling. 

'Ihe most unusual result of those investigations was the finding 

that phosphorus was evidently converted fran dissolved reactive phosphorus 

to particulate organic phosphorus during the bubbling process. llie con-
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version occurred most noticeably in the spray droplets, but was also 

found to have occurred in the sea water being bubbled. The concentration 

of the particulates in the collected spray droplets was great enough to 

prcduce noticeable cloudiness of the accumulated fluid. Surface pressure 

measurements showed that the spray droplets contained significant amounts 

of surface active material. Sutcliffe et al. (1963) suggested that 

large organic surface-active molecules adsorb onto bubbles and produce 

moncmolecular films which may be aggregated into particulate organic. 

material. During the formation of these particles considerable amounts • 

of dissolved reactive phosphate are adsorbed, bound, or changed in such 

a way as to mask or be unreactive to the analytical method of Strickland 

am Parson (1960). 

MacIntyre made a major laboratory investigation of the bubble 

fractionation of inorganic phosphate using sodium phosphate tagged with 

32P and sodium chloride tagged with 22Na (MacIntyre, 1965; MacIntyre 

and Winchester, 1969). By using a cascade impactor to collect the drops 

produced by bubbling and by measuring the beta and gamma emissions on 

each stage, MacIntyre was able to determine enrichment as a function of tre 

particle size of the ejected drop. The observed enrichments were found to 

be resolvable into two types. The first was a modest enrichment (E) of 

1-10 which was fairly constant over particle radii of 48 µm to 0.75 µm. 
A 

Superimposed on this, however, was a peak enrichment (E) which was cen-

tered at 15 µm when carefully prepared pure water was used as the test 

rredium. This peak enrichment ranged from 1 to 1,000, depending on experi- • 

mental conditions. MacIntyre suggested that the peak enrichnent was due 

to the prcduction of film drops by the bursting bubble, while the source 

of the linear enrichments E was the jet drops ejected by the bubble. 

For sea water, E was found to occur on drops of about 6 µm diameter. 
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'I'he reasons for the shift were not readily apparent. Bubbling runs 

nnde with cationic and anionic surfactants added to the test solutions 

showed that cationic surfactants enhanced the fractionation process, 

while anionic surfactants suppressed it. 'Ihese results were consistent 

with the hypothesis that negatively charged inorganic phosphorus should 

interact with the positively charged groups on surface active macromole

cules. When the surface active macromolecules are adsorbed onto bubble 

surfaces, the phosphorus is carried along to be ejected on drops when the· 

bubble ruptures at the water surface. 

As in the investigations of the fractionation behavior of other ele

ments, field evidence that phosphorus is injected into the atmosphere from 

the oceans and is fractionated in the process has been lacking until now. 

'Ihe purpose of the study reported in this paper has been: 

1. To determine, using a especially designed field sampling· device, 

if phosphorus is fractionated relative to sodium on the droplets ejected 

by bubbles bursting ~t the sea surface. 

2. To measure the degree of fractionation occurring and to determine 

if differences in fractionation behavior exist between the organic and 

inorganic phosphorus fractions of sea water. 

3. To search for evidence of naturally occurring fraction of phos

phorus by sampling the marine aerosol over waters of high phosphorus 

content and vigorous bubble action. 

BJMS SAMPLJNG PROORAM 

'Ihe Bubble Interfacial Microlayer Sampler (BJMS) was used to carry 

out a sampling program for phosphorus and trace metals in Narragansett 

Bay, Rhooe Island. 'Ihe BJMS, shown in Figure 1, is suspended between the 
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Fig. 1 The Bubble Interfacial Microlayer Sampler 
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twin hulls of a 4-meter-long catamaran. It produces bubbles approximately 

1000 µmin diameter by forcing compressed nitrogen at a flow rate of 

-1 approx:l.rnately 7 1 min through seven glass frits, 120 rrnn in diameter, 

at adjustable depths down to 50 cm beneath the sea surface. These bubbles 

rise and burst· at the sea surface creating jet and film drops in the 

atmosphere enclosed within the truncated pyramid of the B]MS. The ambient 

rm..rine atmosphere is excluded from the interior of the BIMS by clean 

air curtains in the front and back, wind screens on either side, and a 

slight positive pressure inside. The artificially produced sea salt 

particles are collected fran the enclosed atmosphere at the top of the 

truncated pyramid on 20 x 25 cm Whatman 41 or Delbag Microsorban 97/99 

filters using a corrnnercial high-volume sampling pump. The Delbag fil-

ters are reported to be 99% efficient for the removal of particles 

>0. 3 µm in diameter (Daws et al., 1972) while the Whatman 41 filters are 

reported to be >90% efficient for removing particles >0.25 rn in diameter 

(Stafford and Ettinger, 1972). The exhaust from the pump is filtered 

through a Delbag filter. This filter offers little resistance to air flow 

but maintains a high particle efficiency. This air is then recycled 

back into tre BIMS as the air supply for the air curtains. The BIMS 

has been described in detail by Fasching et al. (1974) and Piotrowicz 

(1977). 

Samples were collected on seven days between May and August, 1975 

in the West Passage of Narragansett Bay between Rome Point and Green 

Point in water 7-15 min depth. The general sampling area is identified 

as "RP" in Figure 2. Particles produced by bubbles generated at depths 

between 2 and 44 cm were sampled over the seven sampling periods. 

Sampling times ranged from 18 to 45 minutes. Since the air curtains are 
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Fig. 2 General sampling area of BIMS aerosol samples 
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not 100% efficient, at least one and sanetimes two curtain blanks were 

collected each sampling day by collecting a sample with the air curtains 

running but without the bubbler in operation. The analytical results 

for each day's samples are corrected by this curtain blank. Details of 

the BIMS operating procedure have been given in Piotrowicz (1977). 

In addition to the filter samples, surface rnicrolayer and subsur

face water samples were taken at the sampling site, both at the beginning 

and end of the sampling runs. The rnicrolayer sampling used the screen 

technique of Garrett (1965). Reactive phosphorus was determined on the 

samples immediately on return to the laboratory. Samples for total 

phosphorus were transferred to brown glass containers and stored with 

Hg2c12 preservative until analysis. Samples for sodium analysis were 

stored in polyethylene bottles. 

AEROSOL SAMPLING 

Samples of atmospheric particulate matter were collected on RIV 

TRIDENT Cruise 165 in the Peru current near the coasts of Ecuador and 

Peru. This area is high in surface water phosphorus because of the 

coastal upwelling; thus it appeared to be an ideal location in which to 

look for evidence of phosphorus injection into the atmosphere. Figure 

3 shows the cruise track of TR-165. 

Filter samples were taken on the TRIDENI' using an atmospheric sampling 

tower mounted on the bow of the ship. Filter holders mounted on this 

tower are about 15 m above the ocean surface and are slightly forward of 

the bow. The filter holders have been found to be well in front of any 

ll0 

bow spray. Phosphate samples were collected on 20 x 25 cm Delbag Microsorban 

97/99 filters using high-volume air sampling pumps. To eliminate contam-



Fig 3. Cruise track of RIV TRIDENT Cruise 165 
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ination fran the pumps, they were located on the deck well behind the tower 

and connected to the filter holders by flexible tubing. To prevent 

contamination of the sample by emissions fran the ship, a Dire.ctional 

Air Sampling Control System was used. Sampling only occurred when the 

win:i was± 60° off the bow. Sampling times ranged from 24 to 48 hours, 

and air sampling volumes were between 1300 m3 and 3300 m3, STP. 

ANALYSIS OF SAMPLES 

Sodium was determined on the BJJV1S filter samples and water samples 

by neutron activation analysis. Sodium, aluminum, and vanadium were 

determined by neutron activation on the TRIDENT cruise samples. Cne 

quarter of the filter was pelletized and irradiated for 30 sin the Rhode 

Island Nuclear Science Center swimning-pool reactor at a flux of 4 x 10
12 

n cm-2s-l Within two minutes the samples were counted for 400 son a 

Ge(Li) detector (38cc volume, 7% efficiency, resolution 2.3 KeV for the 

60 1332 KeV gamma ray of Co) coupled to a Nuclear Data 2200 4096 channel 

analyzer with a computer canpatible magnetic tape output (Ampex 'IM-7) 

for spectrum analysis. A computer program (J.L. Fasching, personal 

communication) was used to process the Ge(Li) spectra acquired. Abso

lute standards for each elenent were prepared on blank filters, pel

leted, irradiated and counted in the same manner as the unknowns. 

Constant geometry was maintained during the counting of all standards 

and unknowns. Corrections were made for dead time and half-life dis-

crimination. 

Water samples were analyzed for sodium by spotting a lmown amount of 

sea water on a 2.2 cm W-41 disk which was then sealed in polyethylene, 

The samples were irradiated for between 2 and 4 hours and counted two 

days later on a Ge(Li) detector (60cc volume, 11% efficiency, resolution 
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of 2.5 KeV for the 1332 KeV garrma ray of 60co) coupled to a Northern 

8192, 4000 channel analyzer operating with a DEC PDP--11 computer. These 

water sodium values are those of S.R. Piotrowicz (1977) and are used with 

his kind permission. 

After decay of any residual activity, the pelletized filters were 

ashed at 550°C in the presence of excess magnesium. The residue was. 

dissolved in 1 ml of 1 N HCl, diluted to 40 ml and filtered. Phosphorus 

was determined by the ascorbic ·acid method of Murphy and Riley (1962). 

Phosphorus determined in this rranner· is called "total phosphorus". 

For all the cruise samples, and for two of the Bil'flS samples where 

the filters were avilable, an additional quarter of the filter was 

extracted for 30 minutes in doubly distilled water. After filtration, 

phosphorus was determined colorimetrically as above. This phosphorus 

fraction is called "reactive" phospmrus. 

"Total" phosphorus on the filtered water samples was determined using 

the persulfate oxidation method of Menzel and Corwin (1965) followed by 

. the ascorbic acid method of Murphy and Riley (1962). "Reactive" phosphorus 

was determined on filtered water samples by the same method as the 

filter samples. 

"Organic:, phosphorus was caluclated as the difference between "total" 

phosphorus and "reactive" phosphorus. 

The overall sample variations including analytical precisions are 

estimated to be: phosphorus on the filter samples,+ 10%; phosphorus 

in the water samples,± 4%; sodium,± 5%; aluminum,± 6%; vanadium, 

± 11%. 

RESULTS 

I.efinition of Enrichments 

'Ihe discussion on the BIMS field study which follows will use the 
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tenn "enrichment" (E) frequently. - Following the recorrmendations of the 

Working Symposium on Sea-to-Air Chemistry (wee et al., 1972) enrichnent 

is defined as: 

E = (P/Na)aerosol 

(P/Na) t wa er 

- 1 

A value of zero, then, represents no enrichment. 

(1) 

Whenever enrichments in the sea surface microlayer compared to the . • 

urrlerlying water are considered, tre sodium concentrations in the micro""'. 

alyer and subsurface water samples·are assumed to be equal. Equation 

1 then reduces to 

E p . 1 = micro ayer 1 (2) 

Psubsurface 

Results of the BIMS Study 

The amounts of both phosphorus arxi sodium that are collected on 

the filters appear to depend upon wind velocity (Figure 4) and bubbling 

depth (Figure 5) with less material being collected under conditions 'of 

high winds or deep bubbling. The wind velocity given is a subjective 

estimate of the velocity at the time of collection of the sample on a 

1-10 scale. No wind is indicated by 1, while 10 is the maximum wind 

velocity in which the BIMS could be operated (7-8 m s- 1). '.Ihe decrease 

in material collected with increasing wind velocity most likely reflects 

the difficulty in keeping the cone of the BIMS over the bursting bubbles 

under conditions of high wims and rough seas. '.Ihe decrease in material 

collected as the bubblmg depth mcreases may also be due to failure 

to capture all the droplets fran the bursting bubbles. '.Ihe cone is more 



Fig. 4 Effect of wind velocity on the absolute amounts of 

phosphorus and sodium collected on BIMS filters 
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Fig. 5 Effect of bubbling depth on the absolute amounts 

of phosphorus and sodium collected on BIMS filters 
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difficult to hold over bursting bubbles which are generated at depth than 

over those generated just under the water surface. However, bubbles 

generated at 40-50 cm may also coalesce before reaching the surface. 

Thus fewer drops may be ejected from the water surface during deep 

bubbling. 

The phosphorus enrichnents found on each BJJVIS sample are given in 

Table I and shown as a function of bubbling depth in Figure 6 and of sub

surface phosphorus concentration in Figure 7. Figure 6 shows that there 

is no consistent pattern to the observed enrichnents as a function of 

bubbling depth. From these data, I· infer that the correlation between 

the amounts of phosphorus and sodium found on the filters with bubbling 

depth represent a decrease in the number of drops reaching the filter rather 

than a change in concentration of these elements in the drops. In addi

tion, the independence of enrichment and bubbling depth suggests that the 

source of this phosphorus is the sea surface microlayer rather than the 

subsurface water. 

If significant bubble scavenging of P from subsurface water were 

occurring, one would expect to find enrichnents increasing as bubbling 

depth increases. This effect has been found to occur for Zn (Piotrowicz, 

1977). Figure 7 also suggests that the microlayer is the source of 

the phosphorus. Enrichment is seen to be inversely correlated with 

the subsurface phosphorus co~centration. This same correlation was 

found in the laboratory study of MacIntyre (1965). This inverse correla

tion would be expected to occur if the concentration of phosphorus at the 

microlayer were reasonably constant and, within the range of phosphorus 

concentration found in Narragansett Bay~ independent of the subsurface 

concentration. Concentration of organic-phosphorus compounds at the 

sea surface is one wey that this might occur. 
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TABLE I 

RESULTS OF srns BUBBLlliG EXPEHINE.NT.3 IN NJI.RRAGAfJSETI' BAY 

DAY WATER SAMPLES FILTER Sil.!'·IPLES 
SAMPLED 'TOTAL p SODIUM 3UBBLIJ,iG DEPTH TOTAL P SODTu"M E !RI CH!•UIT 

1975 ui;/1 rr.g/1 cm ug mg EC:la) 

:,Jay j l.!5. 3 3930 24 2.ll ? -
-· I 17'.J 

44 IJ.53 2.0 51 
May 29 53,0 9600 2 2.0 14. 8 23 

26 5,2 22.6 41 

48 1.0 5,7 32 
June 27 92.8 9360 6 1.9 11.8 16 

12 0.58 8 ~ .o 6 
18 '.). 76 8.3 8 

18 0.97 3,0 31 
Jul:, 16 75.7 7900 23 0.46 3.7 12 

36 1.1 10.4 10 
44 0.84 5.3 15 

July 23 92.4 9940 20 1. 4 21.3 6 

28 1.5 21.6 s 
41.! 1.0 11.9 8 

,July 30 95.3 9220 12 4.8 11. 4 39 
12 7. I.! 211.3 29 

16 4.7 27.0 16 

20 5.2 31.2 15 
28 5.0 31.3 14 

36 3.1 20.0 14 

44 1.3 10.0 11 

August 13 107 9260 4 2.2 28.5 I.! 

16 4.1 32.3 10 

16 5.1 64.8 6 
24 1. 6 18.4 10 

36 1.2 11.6 8 
44 1. 4 17.2 6 



Fig. 6 Phosphorus enrichment as a function of bubbling 

depth. Aerosol samples collected on the same 

day have the same symbol. 
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Fig. 7 Phosphorus enrichment as a function of 

phosphorus concentration in the sub

surface water. 
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Figure 8 shows enrichment of total phosphorus as a function of wind 

velocity for all BIMS samples collected over water with total phosphorus 

concentration between 92 and 96 µg 1-1 . The two upper points at wind 

velocity 2 represent samples taken while bubbling in a visible surface 

slick. The other samples were all collected over water which had no 

visible surface slick. The enricrrnents found on the non-slick samples 

appear to decrease between wind states 1 and 6. This decrease would 

also be consistent with the microlayer being the main source of phosphorus 

on these samples. Disruption of the microlayer with increasing wind 

velocity should reduce the amount of material at the surface available 

for ejection. 

Similar behavior has been found in the organic phosphorus portion 

of the sea surface microlayer. Unpublished data of phosphorus enrich-

ment in tre microlayer obtained by M~E.Q. Pilson and D.R. Kester have been 

plotted against the wind velocity at the time of sampling. Organic 

phosphorus enrichment is plotted against wind velocity in Figure 9, 

reactive phosphorus enrichment against wind velocity in Figure 10. The 

enrichment of organic phosphorus inihe microlayer is seen to decrease 

with increasing wind velocity. The major decrease in enrichment occurs 

between 0.5 and 2 m s-l wind velocity. The surface-active organic phos

phorus compounds present in sea water should be soluble surfactants. 

The behavior of soluble surfactants in a monolayer at the water surface 

is complex, unlike insoluble surfactants, the soluble surfactants are 

capable of diffusing into the form the bulk water as a function of wind 

stress and wave action (Davies and Rideal, 1961). While the exact 

mechanism is not clear, it appears that, as wind stress .increases, in

creasing amounts of organic phosphorus are driven from the microlayer 

into the subsurface waters. Reactive-phosphorus enrichnent, on the other 
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Fig. 8 Enrichrrent as a function of wind velocity 
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Fig. 9 Enrichment of organic phosphorus in the 

microlayer as a function of wind velocity. 
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Fig. 10 Enrichment of reactive phosphorus in the 

microlayer as a function of wind velocity. 
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hand, appears to be proportional to wind stress, increasing with the 

square of the wind velocity (Figure 10). The number of bubbles bursting 

at the sea surface would also be expected to be proportional to wind 

stress. The behavior of reactive phosphorus with wind stress is expli

cable if reactive phosphorus is scavenged by bubbles which we injected 

into the surface waters. Sane of this phosphorus is then deposited in 

the microlayer when the bubbles burst at the water surface. With this 

mechanism:, high wind stress should lead to greater transport of phosphorus 

to the microlayer, reduced phosphorus in the subsurface waters, and thus 

higher em'ichments. The high enrichnent at the wind velocity of 10 

shown in Figure 8 may due be due to this hypothetical mechanism. 

Both BD/JS aerosol and water samples fran the runs of July 30 and 

August 13 were analyzed for the "organic" and "reactive:' fractions of 

phosphorus. The results are presented in Table II. Organic phosphorus 

is seen to be enriched about one order of magnitude more than reactive 

phosphorus in the aerosol samples. The difference in enrichnents be

tween the organic and reactive phosphorus fractions in the filter samples 

is much greater than.that observed in the microlayer samples. This 

suggests that the true microlayer is much thinner than the 300-400 µm 

that is the reported sampling depth of the screen sampler (Hatcher and 

Parker, 197 4). 

Enrichment values for organic phosphorus of 40-180 are the same 

order of magnitude as the enrichments of Fe, Cu and Zn measured by 

Piotrowicz (1977) and may support the hypothesis that organic associations 

are important in controlling the enrichment of these elements (Piotrowicz, 

1977). 

Reactive phosphorus enrichnents are between 3-8, in good agreement 
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TABLZ II 

i·IICROLAYER /\!JD BIMS AEROSOL 8-lRICHJ>Ei'l'IS OF REACTIVE Am OFDANIC PllOSP~!OP.US f,'fl.J\CTIONS 

SAM:'I.E 

Water S~les 

~3.ctive ? 

?-!icrolayer cor.c-µy'l 

Subsurface conc-u'll 

i:.nrichment 

Qr;anic ? 

i·licrolayer cone-~ €)1 

Si.jJsurface conc-µg/l 

Er.ric:11rent 

Sodium cone mg/1 

Aerosol Sa11ples 

Reactive P - u g 

Organic P - ug 

Sodium - rrg 

Peactive P - S(Ha) 

Organic P - EC.la) 

Total ? - E(lla) 

1 
1. 11 

10. 7 
36,5 
6 

114 
40 

DATE OF SJ!HPLI.NG 
July 30, 1975 August 13, 1975 

52.7 36, 4 

51. 6 28.6 
0.02 0.27 

27.3 31.6 
23,5 23.0 
0.18 0.37 

9220 9260 

2 1 2 
o.37 0.117 0,57 
7.3 ;.i,5 3,4 

17.l 39.0 311,5 
3 3 u 

177 116 38 
62 22 19 

J.26 



with those measured in the laboratory by MacIntyre (1965, 1968). 'Ihe 

much lower enrichments measured for the reactive phosphorus fraction 

indicate a much reduced propensity to concentrate at the microlayer or to 

adsorb onto bubbles. Fran this study, I conclude that the greater part 

of any phosphorus injected into the atmosphere by bubble action in the 

oceans should be organic. 

Evidence for phosphorus injection from the oceans 

The area of the Peru current near the coasts of Peru and Ecuador 

was chosen as the test area to determine if oceanic phosphorus can be 

found in the marine atmosphere. Due to the intense upwelling that occurs 

near the coast, phosphorus concentrations are high in the surface waters. 

The concentration of total phosphorus was determined on filtered surface 

water fran 11 stations in the current. Total phosphorus ranged fran 

6 -1 -1 0. to 2.5 µM 1 , with a mean of 1.2 µM 1 . Wind velocities during 

sampling were between 3.6 and 9.4 m s- 1 , and averaged 7.1 m s- 1. 

Whitecaps and breaking waves were present on the ocean surface at all 

times. 

As the atmospheric particulate filter samples were collected.between 

10 and 2000 1-0n from the coast, the filters contain significant amounts 

of continental material along with the sea salt. Because the phosphorus 

on the filters has no obvious tag indicating its source, it is necessary 

to correlate the phosphorus by statistical techniques to tracers which 

are assumed to represent a specific source region or material. Aluminum 

is a major canponent of the crustal aerosol and is taken in this study 

as an indicator of continental material. Sodium, after correction for 

the contribution of crustal material using the Na/Al ratio from Mason 



(1966) is taken as the sea salt tracer. Excess vanadium, that present 

over the aJTDunt expected based on crustal V/Al ratios (Mason, 1966) is 

used as a tracer for anthropogenic sources. Excess vanadium is an 

excellent indicator of particulate input fran certain canbustion processes 

(Duce and Hoffrran, 1976). Table III gives the concentrations of the 

phosphorus fraction and tracer elements along with the midpoint locations 

of the samples. 

The statistical methods applied to the data are those of factor 

analysis and multivariate linear regression. Factor analysis is a 

statistical technique for the grouping of linear canbinations of similar 

variances fran variables that are highly correlated. 'The theory of 

factor analysis has been presented in detail by Hannan (1967). The 

results of tre factor analysis of the filter samples are presented in 

Table IV. The three factors presented sum to 97% of the total variation. 

The first factor shows a strong association between sea salt sodium and 

organic phosphorus. Sane aluminum variation also appears to be a9sociated 

with this factor, which appears to represent a marine source. Factor 2 

contains rrost of tre variation in excess vanadium and is surely the an

thropogenic input fran local canbustion sources, including shipping in 

the area. Sane reactive and organic phosphorus variation is associated 

with this factor. Soot particles from the canbustion of diesel fuels and 

coal contain phosphorus (Smith, 1962; Linton et al. 1976). The exact 

chemical form of this phosphorus is not known, but it is not surprising 

that it should be water or acid soluble and thus show up in tre phosphorus 

fractions called ;'reactive" and 11organic". The thiro factor is clearly 

one representing a crustal source. The greater part of the aluminum 

and the reactive phosphorus variations are associated with this source. 

I examine the data also using multivariate linear regression equations. 
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TABLE III 

SAMPLE' LOCATIONS AND EIEJ.lENI'AL COl·ICENTRJ\'riot JS OF TR 16:i i\'11·iOSPI lERIC PAm'ICllLATr,: SAMPIES 

MIDPOINI' LOCATION MEAN wnm Pl IOSP! IORUS SODllJM ALUMil-lUM 

SAMPLE LATITUDE LOi·l•JITUDE rns-1 REA<JrIVE ng m-) ORG,\tUC ng rn-3 -3 ng m-3 pg m 

1 5°151S 81°001W 8.3 5.0 6.7 10 350 

2 8°451 S 79°1101W 8.2 4.8 4.6 5.6 290 

3 10°1131 S 79°061w 8.0 5.2 2.7 5.8 420 

4 13°131S 77°481w 8.6 6.2 2.7 4.1 260 

5 13°581s 77°331W 8.6 3.3 2.3 3.G 200 

6 14°551S 77°101w 6. 7 1,.0 1.9 2.9 250 

7 15°051 S 77°1o•w 6.2 4.0 1.4 
8 15°131 S 77°101w 9_11 2.5 0.7 2.7 90 

9 14°031 S 76°071W 6.0 4.5 1.7 3-~ 250 
10 10°021 S 78°541w 4.6 2.3 3.0 11. l 130 
11 5°281s 80°571W 3.6 3.4 3.0 ,,.5 220 

VANADIUM 
ng m-3 

. 2.3 
2.2 
1. 4 
2.1 

1.7 
2.2 

0.6 
2.3 
1.5 
2.9 

I-' 
i\) 
\.0 



Eigenvalues 

Portion 

Cum. Portion 

VARIANCE 

Reactive P 

Organic P 

Sodium 

Aluminum 

Excess Vanadium 

TABIB N 

FAC'IOR ANALYSIS OF TR 165 A™OSPHERIC PARTICULATE SAMPLES 

\.1_) 

FAC'IOR 1 
MARINE 

3.06 

0.61 

0.61 

0.146 

0.889 

0.951 

0.425 

0.132 

FACTOR 2 
ANTHROPOGENIC 

0.94 

0.19 

0.80 

-'-0.240 

-0.374 

0.024 

0.003 

-0.978 

FACTOR 3 
CRUS'I'AL 

0.84 

0.17 

0.97 

0.930 

0.236 

0.282 

0.862 

0.137 

!
(.A.) 
0 



The total phosphorus, organic phosphorus, arri reactive phosphorus con

centrations were individually regressed ~ainst the sodium, aluminum, 

and vanadium tracers. The results of regression analyses of reactive, 

organic, and total phosphorus are given in Table V. Of particular 

interest here is an examination of the coefficients of the individual 

independent tracer element variables. 'Ihese coefficients are ratios 

of the phosphorus fran a given source to the tracer element representing 

that source. 'Ihese ratios can be interpreted by compar:ing them with 

other experi.Irental arrl published data. 

'Ihe ratio of phosphorus to aluminum is 0.010 ± 0.002 in the total-P 

regression and 0.011 ± 0.003 in the reactive-P regression. These two 

values are not significantly different. 'Ihese ratios are very close 

to crustal ratio of P/Al which is 0.013 (JVJason, 1966). It appears, 

then, that the reactive phosphorus source is likely to be crustal material 

from the coastal deserts of Peru and Chile. Fig. 11 shows the dependence 

of reactive phosphorus on aluminum. 

Total phosphorus is also significantly correlated with excess 

vanadium with a coefficient of 1.87 ± 0.55. A phosphorus-to-vanadium 

ratio of 1.6 can be calculated for coal flyash us:ing the data of Linton 

et al. (1976), while a value of 0.2 is obtained from the analysis of 

fuel-oil soot particles reported by &nith (1962). 'Ihus there is evidence 

for an input of anthropogenic phosphorus from combustion sources, and a 

portion of the phosphorus in these aerosol samples appears to be from this 

source. 

'Ihe most important ratics fran the standpoint of this study are the 

coefficients found for the sea salt sodium term. Fig. 12 illustrates this 

dependence for organic phosphorus. 'Ihe ratios are 0.63 + 0.09 for the 
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TABIB V 

RESUIJl'S Or, MUL'I'V/\RI/\'f'E REGRE.'3.SIOII NIALYSIS OF 'l'R 16'5 .l\'IN03Pl[ERIC P!\JfrICULJ\'l'E SN1TPLES 

PHOSPHORUS 
FRAC'l'ION 

Reactive 

Organic 

Total 

REFERENCE 
ETH'lfJ,JT 

Sodium 

Alwn:i.rnm1 

Excess Vanadium 

Sodlwu 

AluminWTI 

Excess Vanadilun 

Sodi1un 

Alurnln1m1 

E)::cess Vanadium 

COEFFICIEN'l' VARI/1.'PIO!I or 
(5 COErr,'ICT.Et·rr 

-0.090 ± 0.168 

0.011 + 0.003 

0.583 :!: 0.587 

0.631 + 0.088 

-0.000(i + 0.002 

1.27 :!: 0.307 

0.566 :!: 0.132 

0.010 + 0.002 

1. 87 :!: 0.55 

1Probab1lity that the coefficient is not equal to zet'O. 

SIGtlIFIC!\J ICE:
1 

lloiO 

0. 39 

0.97 

0.611 

0.99 

0.25 

0.'.)9 

0.99 

0.98 

0.98 

21Ihe percentage of the total var1atlon expla lned by the regression wl'L1.cl1 is explajned 
by a specific tracer. 

3'lhe percentae;e of the total sample variation explained by tile regres::;1011. 

% V/\RI.I\TIOt/ 
EXP[J\ Ilff·:D 

211 

69 

7 

84 

0 

16 

51 

311 

15 

'lUTAL -V~filATim,13 

EXP1J\INED 

70 

95 

91 

i-' 
vJ 
i\.) 



Fig. 11 Reactive phosphorus as a function of 

aluminum in aerosol samples. 
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Fig. 12 Organic phosphorus as a function of 

sodium in aerosol samples. 
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organic phosphorus regression arid 0.57 ± 0.13 for the total phosphorus 

regression. These ratios are not statistically different. From these 

ratios and the mean phosphorus concentration of the surface waters of 

37 ug 1-l I can estimate an enrichnent factor for the marine phosphorus 

ejected from these waters. When I include the uncertainties from the 

statistical regressions in the calculation, I estimate the phosphorus 

enrichment to be between 125 and 220. This range is plotted in Figure 

7 where it can be seen to be a not unreasonable extrapolation of the BIMS 

data. 

I have shown that phosphorus from the ocean can be injected into 

the atmosphere. However, J11'3.rine phosphorus is probably a significant 

nutrient source to terrestrial vegetation only if: (1) source waters 

relatively high in phosphorus are available; (2) winds are strong enough 

to cause significant bubble generation; and (3) winds are onshore a 

significant part of the time. For example, the prevailing winds off 

the west coast of South America are parallel to the coast and deliver 

little marine phosphorus to the land, In other locations conditions may 

be rrore favorable. It is possible that much of the phosphorus found 

in precipitation in Taita, New Zealand (Miller, 1961), in Nigeria and 

the Gambia during the wet season (Jones, 1961; Thorton, 1965) and on 

the Kerala Coast of India during the monsoon season (Vizayalokshni and 

Pandalai, 1963) cones from the adjacent oceans. 

PARTICULATE PHOSPHORUS FORMATION 

When the reports (Baylor et al., 1962; Sutcliffe et al., 1963) that 

suggest that dissolved phosphorus can be converted to particulate phos

phorus by the action of bursting bubbles are reviewnin light of more 
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recent knowledge of the chsnistry and biology of sea water, sane problem 

areas can be identified. 'Ihe major one is the assumption that the sea 

water filtered through 0.45 µm filter was free of biological activity. 

Recent work (Sieburth, personal canmunication, 1977) shows that a 

significant portion of marine bacteria pass through a 0. 45 µm filter. 

Bacteria themselves are enriched in the drops fran bursting bubbles 

(Carlucci and Williams, 1965; Blanchard and Syzchek, 1970). It would 

appear that high concentrations of bacteria coupled with bubbling time 

of up to 24 hours (Baylor et al., 1962) could cause conversion of the 

reactive phosphorus by biological activity alone. 

Intensive bubbling of sea water can cause floes to form in the water, 

some of which are ejected in the drops from the bubbles (Sutcliffe et al., 

1963). While most of the floes are organic, inorganic floe formation has 

also been reported (M3.cintyre, 1965); Bubbling rates in the experiments 

of Sutcliffe et al., (1963) and MacIntyre (1965) were much higher than 

those that occur naturally in the open ocean. Wallace (1976) calculated 

the steady state open ocean surface area input of bubbles to be 3.1 cm3 

-2 -1 ~ - 1 · m sec Baylor et al. (1962) reports using 800 cm711in- of air and 

estimates the mean bubble diameter to be 1 mn. 'Ihis is the equivalent 

2 of 80 cm of bubble surface area per secon:l. 'Ihe water surface area 

bubbled was not given. Since the sample size was 41 and since a labor

atory glass frit was used; a bubble tube diameter of 10 cm does not seem 

to be an unreasonable approximation. A bubble surface area rate of 

4 2 -2 · -1 10 cm m sec is calculated from these data, about four.orders of 

magnitude greater than the open ocean value estimated by Wallace (1976). 

Even allowing I'or errors in these estimations, it appears that these 

experiments were carried out under conditions which would prevail only 
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in severe storms. 

The results of microlayer studies, BIMS studies, and aerosol samples 

discussed in this paper suggest that phosphorus injected :into. the atmo

sphere on sea salt particles is more likely to be surface-active organic 

material present in the sea surface microlayer rather than dissolved 

reactive phosphorus in the water column. This conclusion is supported 

by the work of Wallace (1976), who could f:ind :in foam floatation studies 

no evidence for the conversion of dissolved orgp.nic carbon to particulate 

organic carbon in sea water. 

CONCIDSIONS 

I have used a specially designed field sampler to confhm labora-

tory studies that suggested phosphorus was injected :into the marine 

atmosphere on the drops fran bursting bubbles. I have shown that this 

phosphorus is predominantly organic phosphorus, and that it is highly 

enriched relative to sodium compared to its concentration in the source 

water. Using the statistical techniques of factor analysis and regression 

analysis, I have shown trat phosphorus fran a marine source can be 

identified in the marine atmosphere over a phosphorus-rich upwelling area. 

Finally I have reviewed tre evidence for the conversion of dissolved 

reactive phosphorus to a particulate organic form during the bubbling 

process. My conclusion is that the observed conversion could well be 

an artifact of the laboratory conditions used; and while the occurrence 

of such a process in nature is possible, the data to date suggest that 

it is not probable. 

lJ/ 
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A'IMOSPHERIC PATHWAYS OF THE PHOSPHORUS CYCLE 



ABSTRACT 

Extensive measurements have been made of atmospheric phosphorus 

concentrations and deposition rates :in marine and remote cont:inental 

areas. This data, when comb:ined with other published data on phsophorus 

deposition rates over the continents, have enabled the estimation of 

the atmospheric burden, the sources, the s:inks, and the transfer rates 

of phosphorus through the atmosphere. I estimate that the total atmo~ 

spheric buruen of phosphorus is 2.8 x 109 g, 90% of which is over the 

10 -1 continents. Deposition rates are calculated to be 321 x 10 g y • of 

10 -1 phosphorus onto the continents and 135 x 10 g y onto the surface 

of the ocean. Major sources of particulate phosphorus in the atmo

sphere are estimated to be: 1) soil particles conta:ining both.naturally 

occurring and fertilizer derived phosphorus - 397 x 1010 g y- 1, 

2) phosphorus on sea salt particles - 33 x 1010 g y-l and 3) phosphorus 

fran industrial sources - 26 x 1010 g y- 1 . The major sources of indus

trial phosphorus emissions are the phosphate industry - 15.6 x 1010 g y-l 

and stationary combustion sources - 5,7·x 1010 g y- 1. A net flux of 

102 x 1010 g y-l of phosphorus is transported fran the continents to 

the oceans through the atmosphere. Almost 50% of this transport is due 

to the flux of dust from the Sahara desert to the North Atlantic between 

15° and 25° N. The :input of phosphours which is easily soluble in sea 

water is estimated to be 22 x 1010 g y-l This value is about 10% of 

the :input of dissolved phosphorus to the oceans by rivers. 



INTROIXJCTION 

Phosphorus is an element vital to the life of all ogranisms from 

the smallest virus with its phosphorus containmg ribonucleic acid 

(RNA), to the most complex large mamnal with its calcium phosphate 

skeletal system, adenosine phosphate energy transport system, and 

deoxyribonucleic acid (DNA) and ribonucleic (RNA) processes for the 

storage, replecation, and transcription of genetic information. As 

such, phosphorus is an essential nutrient for both terrestrial and 

aquatic life, and it is often the nutrient controlling plant produc~ 

tivity. 

Besides the importance of phosphorus to the growth and well being 

of all flora and fauna, the magnitude of the fluxes in the geochemical· 

cycle of phosphorus can effect the beravior of the carbon and nitrogen 

cycles and, through the, the oxygen and sulfur cycles. Possible 

interrelationships between the phosphorus cycle and the nitrogen and 

carbon cycles have been discussed by Broecker (1973), Piper and 

Codispoti (1976) and Atlas (1976). 'Ihe interaction of these cycles take 

place mainly in the oceans. 'Ihe important fluxes, then, for the 

understanding of gross marine productivity and its effects on the 

cycles of other elements are those of dissolved phosphorus entering 

the ocean and all forms of phosphorus leaving the ocean. 

Ecologists, agronomists, limnologists, and water quality chemists 

have recognized that the atmosphere can be a source of phosphorus and 

have included measurements of atmospheric phosphorus deposition in their 

nutrient budget, eutrophication and water quality studies (see, for 

example, Allen et al., 1968; Eaton et al., 1973; Gore, 1968; Johnson, 
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1966; Kluesever, 1972; Jones, 1960; Murphy, 1974; Pearson and Fisher, 

1971; Schindler and Nighswander, 1970; Swank and Henderson, 1976; 

'Turner et al., 1976; and Will, 1959, among otrers). From the stand

point of the phosphorus cycle, these studies can be viewed as inves

tigations into subcycles of the main cycle: 

Atmospheric fluxes of phosphorus have generally been emitted from 

published phosphorus cycles. Emery et al. (1955) in their est.imation 

of the dissolved and particulate flux to the oceans assumed that rivers 

contributed all the input of phosphorus. Neither were atmospheric 

phosphorus fluxes in the cycles presented by Sturrm (1973) and Lerman 

et al. (1975). Cnly Pierrou (1976) has presented a phosphorus cycle 

with an atmospheric canponent. !?€cause of limited data, Pierrou 

could only estimate the annual rates of phosphorus deposition to the 

continents and to the oceans. No inputs of phosphorus to the atmo

sphere are presented, nor are any fluxes between the continents and the 

oceans given. 

In this paper I will develop an atmospheric portion of the phos

phorus cycle. I will use data I obtained on the atmospheric phosphorus 

content, sources, and deposition rates in marine and remote continen

tal areas. In addition, I will use the published data or other inves

tigators to assist me in building the continental portions of the cycle 

an:l in estimating the strength of crustal, marine, and anthropogenic 

phosphorus inputs to the atmosphere. I will also estimate the atmo

spheric phosphorus fluxes between the continental and oceanic regions 

of the earth. !?€cause of scarcity of data in certain regions of the 

globe, and because of other assumptions that must necessarily be 

made, the cycle presented should be considered as only an estimate 
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which is probably within a factor of 2 or 3 of the true values. 

SAMPLING AND ANALYTICAL PROORAM 

I collected samples of atmospheric particulate matter over the 

North Atlantic between 1973 and 1975 on RIV TRIDENT cruises 134, ·137, 

145, 161, 168 and at an atmospheric sampling station located on the 

island of Bermuda. Additional samples were obtained from cruises of 

the RIV .ME'IEOR of the Federal Republic of Germany in the fall of 1973 

and the USNS Hayes in the sumner of 1976. Particulates in Pacific 

marine air were collected on 'IRIDENT cruise 165 along the coasts of 

Ecuador and Peru, at a Hawaiian sampling station between August and 

October 1975, and at a station in American Samoa in December, 1975 to 

February 1976 and again in June through October 1976. In addition, 

I received portions of aerosol samples collected by F.K. Lepple on a 

cruise of the USN Mizar during May and June of 1975. 

Samples of atmospheric particulates from continental locations were 

collected at Narragansett, Rhode Island during 1975, at the Northwest 

Territories, Canada during February and M:l.rch of 1975, and at the 

geographic South Pole between December and February 1975. I also 

received portions of two samples collected in New York City by K. Rahn 

in August, 1976. Fig. 1 illustrates my atmospheric sampling network. 

The island sampling stations on Bermuda; Qahu, Hawaii; and Tutuila, 

American Samoa consist of 2Qn high sampling towers located on the wind

ward sides of the islands. These towers are so situated as to sample 

prevailing trade winds. Samples of atmospheric particulates were 

collected on 20 x 25 cm Delbag Microsorban 97/99 filters using Cadillac 
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Fig. 1 Sampling sites arxi general cruise areas 

of the atmospheric phosphorus sampling 

program. 
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high volume sampling pwnps. Delbag filters are reported to be 99% 

efficient for the removal of particles >0.3 µmin diameter (Dams et al., 

1972). To prevent contamination of the samples by the pump exhaust, 

the pumps and auxiliary equipment were located three levels (6 m) below 

the filter holders. The Bermuda and Samoa sampling system contained wind 

direction and precipitation sensing units which shut down the system dur

ing periods of off-shore winds or rain. The Hawaiian sampling system 

was operated manually in a period of steady on-shore trade wind flow. 

Filter samples were collected on the RIV TRIDENT using an atmospheric 

sampling tower mounted on the bow of the ship. Filter holders mounted 

on this tower were about 15 m above the ocean surface and were slightly 

forward of the bow. The filter holders were well in front of any bow 

spray. Samples fran cruises 134, 137, and 145 were collected using 

double 20 x 25 cm Whatman 41 filters, while cruises 161, 165 and 168 

used 20 x 25 cm Delbag Microsorban 97/98 filters. The efficiency 

of Whatma.n filters has been reported to be >90% efficient for the 

collection of particles >0.5 µmin diameter (Stafford and Ettinger, 

1972). Sampling pumps were located below the filter holder to prevent 

ccntamination of the filters by pump exhaust. To prevent contamination 

by ship stack emissions, a directional air sampling control system was 

used. Sampling only occurred when the wind was± 60° off the bow. 

The Northwest Territory and South Pole samples were collected on 

Delbag filters using portable sampling units at these sites. Wind 

direction controllers were used at both sites to minimize local anthro

pogenic contamination of the samples. The New York City samples were 

collected on Whatman 41 filters on the top of the NYU Medical Building 

(15 stories) in Manhattan. 'Ihe Narragansett, Rhode Island samples were 
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collected manually on Delbag filters. The sampling equipment was located 

on the roof of the pump house belonging to the Environmental Protection 

Agency Marine Laboratory. 

The volume of air sampled varied as to location. Sample air volumes 

ranged fran 1000 m3 (STP) in Narragansett and·New York to 10,000 m3 

(STP) or more at the remote oceanic an:i polar sites. 

After collection of the sarr:ple, the filter was quartered and the 

quarters stored in sealed polyethylene bags and frozen until analysis. 

Sodium, aluminum, and vanadium were detennined by neutron activation. 

Cne quarter of the filter was pelleted and irradiated for 30 sin the 

Rhode Island Nuclear Science Center sWIBIITl.ing pool reactor at a flux of 

4 12 -2 -1 x 10 n cm s Within two minutes the samples were counted for 

400 son a 20 cm3 Ge(Li) detector (resolution of 2.3 keV for the 1332 

keV gamma. ray of 60co, efficiency 7%) coupled to a Nuclear Data 2200 

4096 channel analyzer with a canputer compatible magnetic tape output 

(Ampex ™-7) for spectrum analysis. A computer program (J.L. Fasching, 

personal canrnunication) was used to process the Ge(Li)spectra acquired. 

Absolute standards for each element were prepared on bank filters, 

pelleted, irradiated, and counted in the same manner as the urumowns. 

Constant geometry was maintained during the counting of all standards 

and unknowns. Corrections were made for dead time and half-life discrim

ination. 

For total phosphorus analysis, two quarters of the filter were ashed 

individually at 550°C in the presence of excess magnesium. The residues 

were dissolved in 1 ml of 1 N HCl, diluted to 5 ml with doubly distilled 

(DD) water, and filtered through a 0.2 µm Nuclepore filter to remove 

insoluble particulates. The ashing beaker and filter were rinsed with 

two additional 5 ml aliquots of DD water, which was added to the original 
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filtrate. After dilution of the filtrate to 40 ml, any arsenate present 

was reduced to arsenite by the method of Johnson and Pilson (1972). 

Phosphorus was then detennined by the method of Murphy and Riley (1962). 

Corrections for filter blanks were made on all samples. Blank corrections 

ranged from 2-3% on the samples collected at Narragansett, R.I. to 

25-30% on the samples collected in remote areas. 

To determine the amount of atmospheric particulate phosphorus which 

is released upon contact with sea water, the filter samples were treated 

as follows: one quarter of a filter was added to a flask containing 40 ml 

of low phosphate (less than 0.1 µM) Sargasso Sea water. The sample was 

agitated for 30 minutes then stored for 12 hours in the dark. The sample 

was then filtered through a 0.4 µm Nuclepore filter and the phosphorus 

in the filtrate determined by the colorometric method of Murphy and 

Riley (1962). 

Samples received from F.K. Lepple from the Pacific cruise of the 

USN Mizar were collected on glass fiber filters. These samples could 

not be ashed; instead they were added to a beaker with 40 ml DD water 

and then oxidized with 5 ml of a 6.4% potassium persulfate solution 

(Menzel and Corwin, 1965). Following filtration through a 0.4 µm 

Nuclepore filter, phosphorus was detennined as above. 

Analytical precisions were found to vary with the amount of material 

on the filter, precisions were poorer on filters collected in the 

remote areas where the concentration of many elem~nts is extremely low. 

Typical analytical precisions were: total phosphorus,± 10% to± 15%; 

sodium± 5% to± 9%; aluminum± 6% to± 16%; vanadium± 11% to+ 40%. 

Vanadium was undetectable on about one half the samples fran Hawaii and all 

the samples fran Samoa. 

151 



AT!ViQSPHERIC CONCENTRATION OF P .ARTICULATE PHOSPHORUS 

Phosphorus over the continents 

Concentrations of particulate phosphorus in ambient urban air are 

given in Table 1. Concentrations range from 30 to 1450 ng m-3 , and 

• average about 150 ng m-3. Concentrations appear to be scmewhat higher 

in rnidwestern cities than in the east. This may represent higher dust 

loadings frcm agricultural activity in the rnidwestem United States. 

Industrial sources may also be important in some cities. Cincinnati, 

for example, is a major center for the manufacture of powdered detergents 

which, at the time the samples in Table 1 were collected, contained large 

amounts of inorganic phosphates. 

There are fewer data available for non-urban locations. Delumyea 

and Petel (1977) rreasured the total phosphorus content of the air over 

southern Lake Huron. The average phosphorus content was 76 ng m-3. I 

have measured the particulate phosphorus content of the air over a one

year period at a site in Narragansett, Rhode Island. Total phosphorus 

for this period averaged 19 ng m - 3, ranging from 10 ng m - 3 in the winter 

months to 32 ng m-3 in the summer months (Table 2). 

Perhaps the major sources of crustally derived atmospheric particu

late material are the desert regions of the world. Some data are available 

which can be used to estimate the phosphorus concentration of the aerosol 

over the Sahara Desert. Lepple (1975) has measured the concentration of. 

the Sahara dust frcm March to June, 1974 at a sampling site near the city 

of Nouadihibou, Mauritania. The average dust loading over this time was 

8 -3 30 J!g m . Based on one analysis, the phosphorus content of this dust was 

0.11% (Lepple, personal camnunication). Using this value, the phosphorus 

content of the air at the Mauritanian sampling site is calculated to be 
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TABLE 1.. PARTICULATE PIIOSPHORUS CONCENTRATIONS IN URBAN AIR 

LOCATION 

New York, NY 

Denver, CO 

St. Louis, MO 

Washington, D.C. 

Philadelphia, PA 

Chicago, IL 

October 10, 1972 

March 29, 1973 

May 10, 1973 

Urbana, IL 

Cincinnati, 011 

Fairfax, OH 
Los Angeles, CA 

1 Orthophosphate only 

PHOSPl~RUS CONCENTRATION 
ng m-3 

100 - 130 

100 - 200 

100 - 200 

30 - 100 

30 - 100 

100 - 300 

130 ± 48 

78 ± 23 

143 ± 80 

26 - 113 l 

so - 300 

220 

310 
1450 

\ REFERENCE 

This paper 

Blosser (1970) 

Blosser (1970) 

Blosser (1970) 

Blosser (1970) 

Blosser (1970) 

Murphy (1974) 

Murphy (1974) 

Murphy (1974) 

Stein (1969) 

Blosser (1970) 

Lee and Patterson (1969) 

Lee and Patterson (1969) 
Athanassiadis (1969) 

I-' 
\.J7 
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"'1000 ng m-3, or almost an order of magnitude greater than the values 

for most urban areas. Since this site is in the center of the Sahara 

dust plume, the average phosphorus concentration in the atmosphere over 

other deserts of the world is probably a great deal less. While no 

data appear to be available for phosphorus in other desert regions, data 

for silica, calcium, and titanium in atmospheric particulate are available 

for Death Valley, California. A canparison can be made of the concentra

tions of the samples collected over Death Valley and over Scottsbluff, 

Nebraska by Blifford and Gillette as given in Cadle (1973). The near 

surface concentration in the desert regions are no more than a factor of 

two higher than those found in the great plains. This suggests that 

phosphorus concentrations over Death Valley might, in fact, be lower 

than over the plains due to the great amount of agricultural activity 

that occurs in the latter region. As far as the deserts of Asia are 

concerned, there are sfuJ.ply no data available. 

Some limited data on atmospheric phosphorus have been obtained for 

two truly rerrote continental areas (Table 2). Aerosol samples collected 

in the Northwest Territories of Canada in the winter of 1975 average 1.3 

± 0.6 ng m-3 in total phosphorus content. Since biological activity is 

negligible and the ground is snow covered at this time of year, the 

atmospheric phosphorus in this region must be of local anthropogenic ori

gin or transported to the site from other regions. Samples taken at even 

a more remote region, the geographic South Pole, average 0.21 ± 0.08 

ng m-3 in total phosphorus. These values are the lowest continental values 

found. As every effort was made to avoid contamination of these samples 

by the local station emissions, this phosphorus was most likely transported 

to the Pole via long-range transport fran other regions. 
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LOCATION 

Narragansett, R.I. 

Southern Lake Huron 

TABIB 2. PARTICULATE PHOSPHORUS CONCENTRATIONS 
IN NON-UR.B/\N AIR 

PHOSPHO~~S CONC. 
~m REFERENCE 

19 ± 8 This paper 

74 Delt.rrnyea & Petel 
(1974) 

Northwest Territories, Canada 1.3 ± 0.6 'Ihis paper 

South Pole 0.21 ± 0.08 r:Ihis paper 

'--' 
V1 
\..;7 



Phosphorus over the oceans 

The concentrations of phosphorus in the marine air over the North 

Atlantic are shown in Fig;. 2 and 3. Concentrations range over two oroers 

of magnitude, with the highest values found adjacent to the North American 

and West African coasts. The lowest values appear to be in the upper 

North Atlantic. No data are available for the South Atlantic. 

Concentrations of phosphorus in the air over the waters of the 

Pacific are shown in Figs. 4 and 5. The values in Fig. 4 represent the.· 

input of phosphorus from both continental and oceanic sources (this 

thesis, Chap. 5). 

The phosphorus content of the marine air in the remote regions of 

the Pacific is very low even when compared to the North Atlantic values. 

Overall, the data suggest that by far the greater part of phosphorus in 

the marine atmosphere is from continental sources. 

DEPOSITION OF ArrMOSPHERIC PHOSPHORUS 

Deposition onto the continents 

There is a considerable body of data on the deposition of phosphorus 

onto land. Most of the data are in soil science or ecological journals. 

With the concern in recent years about eutrophication, more results are 

appearing in the water quality literature. This relatively large body 

of data is of uneven and often unlmown quality. A variety of sample 

coll~ction, sample storage, and analytical techniques have been used over 

the years. The bulk of the data are from what is generally called "bulk 

precipitation" and are collected over intervals which may vary from a few 

days to a month or more. Problems of sample contamination during collection 

and degradation during storage are considerable. In areas of intense 

biological activity, such as the tropics, contamination by insects is very 
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Fig. 2 Concentrations of atmospheric phosphorus in 

ng m-3 over the western North Atlantic. 

Data in ( ) represent range of values 

measured at Eermuda. 
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Fig. 3 Concentrations of atmospheric phosphorus 

in ng m-3 over the North Atlantic. 
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Fig. 4 Concentrations of atmospheric phosphorus 

in ng m-3 over the coastal waters of 

Peru and Ecuador on TRIDENT cruise 165. 
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Fig. 5 Concentrations of atmospheric phosphorus 

in ng m-3 over the Pacific Ocean. Data 

in ( ) represent concentrations measured 

at the Hawaiian and Samoan islands. 
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difficult to avoid (Ungenach, 1972). Bird feces are another major 

source of contamination. It seems likely that many of the very high 

values reported from tropical regions may be suspect for these reasons. 

The data for Narragansett, R. I. from this study along with that 

reported by other investigators for the eastern portions of the United 

States and Canada are shown in Fig. 6 and given in more detail with 

references in Table 3. Deposition rates of total phosphorus range 

between 0.06 and 0.8 Kg ha-l y- 1. High values are sometimes, but not 

always, associated with urban areas. The average deposition rate is 

about 0.3 Kg ha-ly- 1. l\fuch fewer data are available for the western 

United States and none for the arid regions of the southwest. The data 

that are published are given in Table 4. A high value is found for the 

urban area of Seattle, while the forested areas have deposition rates 

comparable to similar regions in the east. 

A fair number of data points are available from the studies of 

European investigators. English and Swedish investigators have been 

particularly active in studies of the nutrient content of precipitation. 

The results of these European studies are given in Fig. 7 and Table 5. 

As in North America, a wide range of deposition rates are found. A 

comparison of average deposition rates indicates that concentrations of 

phosphorus in western furope are about 60% higher than in North America 

(~0.5 Kg ha-l y-l vs ~0.3 Kg ha-l y- 1 ). 

Sorre data are also available for other areas or' the globe (Table 6). 

Three investigations in New Zealand found deposition rates similar to 

those in North America, as did a study in the Amazon River Basin of Brazil. 

Some very high values have been reported for parts of Africa and the 

Karala coast of India. One would like additional data fran these locations 
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Fig. 6 Deposition rates of phosphorus from the 

-1 -1 atmosphere in North America (Kg ha y ). 
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TABLE 3. DEPOSITION OF TOTAL PHOSPHORUS IN THE EASTERN 

UNITED STATES AND CANADA 

LOCATION 

Narragansett, RI 

New Haven, CT 

Various locations in New York State 

Lake Ontario Basin 

Lake Huron 

Southern Lake Huron 

Lake Superior 

Northern Minnesota 

Clear Lake, Ontario 

Western Ontario 

Sudbury, Ontario 

Cochocton, OH 

Cincinnati, OH 

Chicago, IL 

Walkers Branch, TN 

TOTAL P DEPOSITION 
Kg ha-ly-1 

0.07 

0.12 1 

0.22 O.M 

0.36 

0.10 

0.27 

0.10 

0.14 

0.27 1 

0.36 - 0.66 

0.20 

0.17 

o. 80 1 

0.25 

0.55 

1Calculated from precipitation analysis and annual rainfall 

REFERENCE 

This paper 

Voight (1960) 

Pearson et al (197 I) 

Shiomi and Kuntz (1973) 

Swanson ( 197 6) 

Delumyea and Pctel (1977) 

Swanson (1976) 

Wright (1974) 

Schindler and Nighsi,·ander 
(1970) 

Schlinder et al. (1971) 
Schlinder et al (1973) 

Kramer (1973) 

Taylor (1971) 

Weibel (1966) 

Murphy (1974) 

Swank and Henderson (1976) 
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TJ\BLE 4. DEPOSITION OF TOTAL PHOSPHORUS IN THE WESTERN UN[TED STATES 

LOCATION 

Seattle, WA 

Cedar River, WA 

Western Oregon 

PHOSPHORUS CONCENTRATION 
Kg ha-1 y-l REFERENCE 

1.5 Johnson (1966) 

0.30 Turner et al.(1976) 

0.27 Fredrikson (1972) 

I-' 
O"\ 
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Fig. 7 Deposition rates of phosphorus from the 

atmosphere in Europe (Kg ha-ly- 1). 
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TABLE 5. DEPOSITION OF PHOSPHORUS IN WESTERN EUROPE 

LOCATION 

Northwest England 

Yorkshire coast, England 

Kincardineshire, Scotland 

North Lancashire, England 

Lancashire, England 

Lancashire, England 

Near Stockholm, Sweden 

South Sweden 

Sweden 

Sweden 

Dehlem, Germany 

Gattwgen, Germany 

Sampling network over Poland 

Northwestern France 

"lorthern Italy 

Czechoslovakia 

TOTAL PHOSPH?fUS_DEPOSJTJON 
Kg ha r l 

0.30 - 1.0 

0.80 

0.20 

0 .43 

0 .17 - 0. 34 

0.46 

'v0. 20 

0.07
1

•
2 

.27 

o. 70 

o.1s 1 

0.23 

0.37 - 0. 98 

0.7 - 1.1 

- 2 

o. 041 

1Inorganic soluble phosphorus only 

REFERENCE 

Allen et al. (1968) 

Allen et al. (1968) 

Allen et al. (1968) 

Carlisle et al. 

Goce(l96S) 

White and Turner 

Tamm (1951) 

Nehlgard (1970) 

Pierrou (1976) 

Rigler (1974) 

Ot terman (1965) 

Rupert (197 5) 

Chojnacki (196i) 

(1966) 

(1970) 

Rapp (1969) 

Gargano-Imperato (1964) 

Chaliepa (1960) 

2Calculated from concentration in precipitation and annual rainfall 
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TABLE 6. DEPOSITION RJ\TE or TOTAL PHOSPHORUS AT OTHER GLOBAL SITES 

TOTAL PJ-IOSPIIORUS DEPOSITION 
LOCATION Kg ha-l y-l REFERENCE 

North Island, New Zealand 0.28 Will (1959) 

Manaus, Brazil 

Northern Nigeria 

The Gambia 

Natal Coast, South Africa 

Karala Coast, India 

0.22 

0.22 

0.29 

2.6 

0.14 - 0.28 

4.3 

4.8 

Miller (1961) 

Egunjobi (1971) 

Ungemoch (1972) 

Jones (1960) 

Thornton (1965) 

Ingham (1951) 

Vijayalkshmi and Panchalai 
(1963) 

.., 
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to confirm that the high deposition rates do :indeed occur. For the 

present these values will be excluded from the averages used in later 

calculations. 

Deposition onto the oceans 

Data on the deposition rates of phosphorus onto the ocean surface 

are few. Graham (this thesis, Chap. 2) has estimated the deposition of 

atmospheric phosphorus on the Hawaiian and Samoan islands to be ~0.03 

Kg ha-l y- 1. Total fallout samples were collected at Bermuda :in the summer 

of 1974. A deposition rate of 0.06 Kg ha-ly-l is calculated from the 

phosphorus content of these sanples. Profiles of atmospheric phosphorus 

concentrations over the North Atlantic as a function of distance from the 

North American cont:inent yield deposition rates near the coast of 0.10 to 
• -1 -1 • -1 -1 • • 

0.20 Kg ha y , while rates of 0.02 and 0.05 Kg ha y are estimated 

for locations 1000 Km offshore (this thesis, Chap. 4). 

Two rain samples collected at approximately 32°N, 75°W between 
-1 Berrrn.lda and the U.S. coast contained an average of 6 µg P 1 A sample 

oollected:in the Pacific at 3°N, 80°W conta:ined 5.8 igPl- 1, while ·a sample 

collected by Williams (1967) near Samoa w'as found to contain 2µgPl- 1. 

If I assume an average annual depth of precipitation of 99.6 cm over the 

ocean (Barr:ington and Reichel, 1975), and a wet-to-dry deposition ratio 

of 2 to 1 (Blanchard, 1963), the equivalent deposition rates range between 

-1 -1 0.03 and 0.09 Kg ha y for these three areas. 

Deposition rates of dust fallout in the North Atlantic from the 

Sahara desert plume have been estimated by Lepple (1975) and Schiltz (1977). 

-1 -1 Total :input of dust near the coast ranges from 2300 to 37000 Kg ha y 

168 

while approximately 30 to 40 Kg ha-l y-l fall on the ocean surface 500-2000 Km 

further west. Lepple (personal corrmunication) has measured the total 



phosphorus content of a variety of aerosol samples collected near the 

coast. The phosphorus content of these samples averages 0.20%. 

Assum:ing these samples to be representative, total phosphorus inputs to 

-1 -1 -1 -1 the ocean range fran 7 Kg ha y near the coast to 0.05 Kg ha y at 

a distance of 500 to 2000 Km from the coast. 

No data appear to be available to enable the estimation of phosphorus 

deposition rates in the North Pacific, where an input of dust fran the 

Asian deserts may occur. 

ESTIMATION OF ATM::lSPHERIC BURDEN OF PHOSPHORUS 

As shown above, many more data are available for the deposition rates 

of phosphorus over continents than for the continental concentrations 

of atmospheric particulate phosphorus. Consequently I can arrive at a 

better estimate of the atmospheric phosphorus concentration from the 

available data on deposition rates than fran the few available concentra

tion measurements. To arrive at an average atmospheric phosphorus 

concentration over the continents, I must estimate a deposition velocity 

for the continental phosphate aerosol. 

Junge (1963) has defined the deposition velocity as V = D/C where 

Dis the rate of deposition and C is the air concentration. The total 

deposition rate is given by Dt = D + D + D. where the subscripts p, s, p S l 

and i refer to precipitation, sedimentation and impaction respectively. 

The overall deposition velocity, then, is Vt= V + V + V .. p S l 

I can estimate Vt for sites where I have values for Dt and C. I 

have these values for four sites, two urban and two rural. The values of 

Vt calculated fran this data are given in Table 7 . The average Vt is 

'vl cm sec -1 
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TABLE 7. TOTAL DEPOSITION VELOCITIES CALCULATED f-ROM 
DEPOSITION RATES AND AHIOSPHERIC PHOSPIIORUS CONCENTRATIONS 

LOCATION 

1 
Narragansett, RI 

Southern Lake Huron 

3 
Chicago, IL 

4 
Cincinnati, OH 

1
This study 

ATMOSPHERIC PHOSPHORUS 
CONCENTRATION n_g m-3 

19 

2 
74 

120 

220 

2 
Delumyea and Petel (1977) 

3Murphy (1974) 

4
weibel et al. (1966) 

PHOSPHORUS DEPOSITION 
RATE - Kg_ ha-1 k-1 

0.06 

0.24 

0.25 

0.80 

Average 

DEPOSITION VELOCITY 
cm s- 1 

1.00 

1.03 

0.67 

1.16 --
0.97 

f-' 
--.;; 
C 



For purposes of estimating the average atmospheric phosphorus con

centration over the continents, I have used average annual deposition 

-1 -1 -1 -1 · rates of 0.3 Kg ha y for North America, 0.5 Kg ha y for Europe, 

-1 -1 and a value of 0.25 Kg ha y for the rest of the continental areas. 

I have used a deposition velocity of 1 cm s-l With these assumptions, 

the weighted average continental phosphorus concentration is estimated 

to be 90 ng m-3 (Table 8). 

Scale heights are corrnnonly used in describing atmospheric properties· 

which decrease exponentially with altitude. The scale height represents 

the height at which 1/e or ~37% of the initial value of a property remains. 

For an isothermal atmosphere the scale height represents the height at 

which 1/e of ~37% of the initial pressure remains (Tverskoi, 1965). 

Scale height can also be expressed as the height the atmosphere would have 

were it ccmpressed to a constant density (Tverskoi, 1965). As this 

homogeneous atmosphere is a subset of an isothermal atmosphere, the 

two definitions yield identical scale heights. Aerosols over the con

tinents appear to have scale heights of 1-2 Km up to about 4 Km altitude 

(Junge, 1963; Shaw, 1975). Silica, calcium, and titanium profiles with 

altitude measured over the great plains of the United States yield simi

lar scale heights (Gillette and Blifford, 1971). Above 4 Km, the concen

trations of the elements are reasonably constant up to the highest altitude 

sampled, 9 Km. The behavior over desert regions is considerably dif

ferent, however. Over Death Valley, the concentrations of these.elements 

were much more constant with altitude, and scale heights appear to be 

more on the order of 4 Km with constant concentrations above 6 Km (Gil

lette and Bifford, 1971). 'Ihis shows the effect of the strong convective 

heating which occurs over desert regions. 



CONTINENT 

North America 

Europe 

Rest of Continents 

TABLE 8. WEIGHTED AVERAGE CONCENTRATION or ATMOSPHERIC 
PHOSPHORUS OVER THE CONTINENTS 

DEPOSITION RATE 
Kg_ ha- 1 k-1 

0.30 

0.50 

0.25 

CALCULATED AlMOSPHERIC 
CONCENTRATION ng m-3 

100 

150 

80 

PERCENT OF GLOBAL FRACTIONAL 
LAND MASS CONTRIBUTION 

14% 14 

6% 9 

84% 67 

Weighted 
Average 
ng m3 90 

L......, 

~ 
I\..) 



My assumptions, then, for calculating the atmospheric burden of 

phosphorus over the continents are as follows: 

1. The average concentration of phosphorus in the atmosphere is 

90 ng m-3 between 60°N and 60°S. B:ised on the values measured in the 

Northwest Territories and in Antarctica, I assume a value of zero between 

60° and the poles, 

2. The aerosol scale height over non-desert regions (80% total 

land area) is 1.5 Km, up to an altitude of 4 Km. Using a value of 

90 ng m-3 for the phosphorus concentration at ground level, the concen~ 

tration of phosphorus at 4 Km is then 6 ng m-3. I assume a constant 

concentration of 6 ng m-3 between 4 and 11.3 Km. 

3. The aerosol scale height over desert regions (20% of total land 

area) is 4 Km up to an altitude of 6 Km. Assuming 90 ng m-3 at the 

surface, the phosphorus concentration at 6 Km is then 20 ng m-3. I 

assume this concentration to be constant between 6 and 11. 3 Km. 

4. The land area between 60°N and 60°S is 1.17 x 108Km2 (B:ium

gartner and Reichel, 1975). 

Based on these assumptions, the burden of atmospheric phosphorus 

over tre continents is estimated to be 2.5 x 1010g, 

In calculating the burden of phosphorus over the oceans, I make 

tre following assumptions: 

1. The average concentration of atmospheric phosphorus over the 

North Atlantic between 25 and 45°N is 6 ng m-3. Above 45°N it is 1 ng m-3. 

Between 15°N and 25°N it is calculated to be 57 ng m-3 from the coast 

of Africa to 40°W, while a value of 6 ng m-3 is used between 40°W and 

the Caribbean. Below 15°N, alvalue of 1 ng m-3 is assumed. 

2. The average concentration of phosphorus over the other oceans 
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of the world is 1 ng m-3. While this is higher than the values measured 

in the remote Pacific, I have no samples from the regions of the North 

Pacific where the prevailing westerlies can carry Asian dust as far as 

Alaska (Rahn, personal comnunication). 

3. Using the profiles of Gillette and Blifforo (1971) over the 

Pacific Ocean, I assume a scale height of 0.9 Km up to 1 Km, and constant 

concentration of 33% of the surface phosphorus from that height to the 

tropopause. An exception is made for the area of the ocean under the 

Sahara plume. Here I assume a constant concentration between O and 5 

Km, and no phosphorus above 5 Km. The relatively constant concentration 

in the lower levels of the troposphere results from the intense convective 

heating over the desert (Schlitz; 1977). Thus the aerosol is transported 

high into the troposphere before being swept out over the oceans. I 

will assume this constant concentration to exist fran the African coast 

to 40°W. 

With these assumptions, I obtain a burden of phosphorus over the 

oceans of 3.0 x 109 f?Jl1S, or about 12% of the burden over the continents. 

The total global burden of phosphorus then is estimated to be 2.8 x 1010g. 

GLOBAL DEPOSITION OF PHOSPHORUS FRQVI THE A'IMOSPHERE 

The calculation of the estimate of the annual deposition of phos-

phorus over the globe is shown in Table 9. The continental deposition rates 

used in these calculations are those used previously for the burden calcula

tion. For calculation of deposition onto the oceans, I have chosen 

4 -1 -1 -1 -1 to use a value of 0.0 Kg ha y for the North Atlantic and 0.02 Kg ha y 

for the other oceans of the world. To the deposition total calculated 

for the Atlantic using a 0.04 Kg ha-l deposition rate I add 50 x 106g, 
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TABLE 9. CALCULATION OF THE ANNUAL DEPOSITION OF 
PHOSPHORUS OVER THE GLOBE 

AREA 

North America 

Europe 

Other continental 

Total continental 

North Atlantic 

Other oceanic 

Total oceanic 

Total global 

DEPOSIT ION RATE 
K_g ha-1 y-l 

0.30 

0.50 

0.25 

0.04 

0.02 

1 . 
Data of Baumgartner and Reichel (1975) 

2Excludes land area north of 60°N 

3Excludes land area north of 60°N and Antarctica 

4 10 -1 Includes 52 x 10 g y from the Sahara desert. 

SURFACE AREA1 

106 Km 

16. 719
2 

7.436 2 

93.466 3 

117. 621 

52. 264 

308. 846 

361.110 

' 

TOTAL DEPOSITION 
1 ol O g 

50 

37 

234 

734 

62 

321 

135 

456 

1-
---.:: 
v7 



representing the L1put of phosphorus from the Sahara plume. It is 

possible that there are other highly localized atmospheric inputs of 

phosphorus to the oceans, especially from otrer desert regions. of the 

globe. However, the data are simply not available from these regions. 

SOURCES OF A™OSPHERIC PHOSPHORUS 

Phosphorus may be injected into the atmosphere on soil particles 

as a result of erosion by wind, in the spores~ fungi, and pollen that 

result fran biological activity, on sea salt particles derived from the 

oceans, and as emissions due to man's industrial and agricultural activi

ties. The industrial emissions are the most easily estimated. Concerns 

over air quality deterioration in recent years have led to the compilation 

of data on phosphorus emissions or on the phosphorus content of emissions. 

The 8ITDunt of phosphorus injected on sea-salt particles is more difficult 

to estimate. However, sufficient data are available to enable a reasonable 

approximation to be made. An estimate of the amount of phosphorus carried 

into the atmosphere on terresterially derived material is the most difficult 

to derive directly due to the :rrultiplicity of mineral and biological sources 

of terrestrial phosphorus, and the wide range in the published estimates 

of the global dust flux. 

Anthropogenic inputs of phosphorus 

Both agricultural and industrial activity contribute to anthropogenic 

phosphorus emissions into tre atmosphere. Soil particles containing 

phosphorus are injected into the atmosphere during agricultural and con

struction activity, and by the passage of vehicles over unpaved roads. 

Bryson (1974) has estimated that 100 - 250 x 1012 g y-l of soil particulates 

are injected into the atmosphere on a global basis. Farmland in the United 
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States averaged 0.065% phosphorus in the top soil in 1936 (Black, 1968). 

Phosphorus concentration in soil tend to be highest in the finest frac

tions (Black, 1968). Soil which has been fertilized regularly accumulates 

phosphorus; a soil in Englan:i which had been fertilized over 100 y con

tained 0.13% phosphorus, 2.5 ti.Ires the amount found in the untreated 

soil. 

Statistical techniques can be used to estimate the percentage of 

phosphorus present in crustal or soil-<lerived material collected in aerosol 

samples. In addition to the determination of phosphorus in my aerosol 

samples, I have determined the elements aluminum, sodium, and vanadium. 

Aluminum serves as a tracer for soil or crustal 11E.terial, sodium as a tracer 

for sea salt, and excess vanadium above that which is crustally derived as 

a tracer for inputs fran fossil fuel canbustion sources. I have analyzed 

the Narragansett, R.I. sample set by statistical techniques using these 

tracers. ~'hllti-variate linear regression of phosphorus against these 

three tracers shows a significant regression of phosphorus against aluminum. 

The aluminum coefficient of the regression equation is 0.012 ± 0.003. 

The regression on aluminum is highly significant (0.9996) but only explains 
I 

27% of the sample variation. 'Ihe high unexplained variance is probably 

due to biological and anthropogenic phosphorus inputs into the aerosol 

which are not separable statistically. So while the assumption of a simple 

linear relationship is clearly an oversimplification, it does provide me 

with an estimate of the phosphorus present in soil and crustal 11E.terial in 

the atmosphere. 'Ihe ratio of phosphorus to aluminum of 0.012 ± 0.003 is 

in good agreement with the ratio of phosphorus to aluminum in rock and soils; 

Estimates of this ratio range fran 0.009 to 0.015, with an average of 

0.012 (Rahn, 1976). Aluminum cc:mprises about 8% of rocks and about 7.1% 
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of soils (Rahn, 1976). I assume an average aluminum concentration in 

the aerosol of 7.5%. Thus the percentage of phosphorus in continental 

dust at Narragansett is estimated to be 0.09 ± 0.03%. This range. of values 

appear to be in reasonable agreement with the literature values for soil 

phosphorus previously discussed. I assume soil to contain 0.1% phosphorus. 

Between 10 and 25 x 1010 g y-l are estimated to be injected into the 

atmosphere on soil particles by man's activities. A value of 20 x 1010 

g y-l will be used in this paper. 

Approximately 0.1 x 1012g y-l of particulate matter are emitted in 

the United States annually by the burning of agricultural refuse (EPA, 

1976). I.and under cultivation in the United States comprises about 35% 

of the world total (Compton's Encyclopedia, 1971). The global emissions 

from agricultural burning are estimated to be 0.3 x 1012g y-l Emissions 

from agricultural burning are estimated to contain 0.15% phosphorus 

(M.lrphy, 1974). Phosphorus emissions on this basis are about 4.5 x 108 

-1 g y 

The major sources of industrial emissions of phosphorus are the 

mining of phosphorus rock and the manufacture of fertilizer. U.S. emissions 

of phosphorus by the phosphorus industry are estimated to be 4.5 x 1010 

g y-l for the year 1970 (EPA, 1973). Because of increases in rock pro

duction, I estimate emissions to have increased to 5.8 x 1010g y-l by 1974 

(Stowasser, 1974). Global emissions of the phosphorus industry are thus 

6 10 -1 estim:lted to be 15. x 10 g y . 

Other major sources of industrial emissions of phosphorus are 

stationary combustion processes. U.S. emissions of phosphorus from 

coal combustion are estimated to be o.8 x 1010g y-l (EPA, 1973). Coal 

emissions in the U.S. amount to between 6 and 6.5 x 1012g y-l (Vandegrift 

and Shannon, 1971; Cavender et al., 1973). This is about 14% of the global 
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emissions fran coal burning (Robinson and Robbins, 1971). Global 

phosphorus Emissions from coal combustion are estimated to be 5.7 x 1010 

-1 g y 

Domestic emissions of phosphorus from the iron and steel industry 

amount to 0. 25 x 1010 g y-l (EPA, 1973). Emissions from this industry 

6 -1 in the U.S. amount to 1.4 x 10 Ty , or 17% of the global total 

(Vandergrift and Shannon, 1971; Cavender, 1973; Robinson and Robbins, 

1971). fused on these figures, global phosphorus emissions from the 

iron and steel industry are 1.5 x 1010g y- 1. 

Pierrou (1976) has provided a macabre estimate for emissions of 

2 x 109g y-l of phosphorus from the cremation of human bodies. 

otrer industrial emissions of phosphorus have been estimated using 

the global particulate emission rates of Robinson and Robbins (1971) 

multiplied by an appropriate phosphorus concentration; These estimates 

are given in Table 10. The global anthropogenic inputs of phosphorus 

are summarized in Table 11. 

In addition to the phosphorus released during the burning of agri

cultural fields, naturally occurring and man-made forest fires also emit 

6 12 -1 particulate phosphorus to the atmosphere. About 0. x 10 g y of parti-

culates are emitted annually in the United States by forest wildfires and 

forest managed burning (EPA, 1976). As the United States contains about 

10% of the world's forests (Compton's Encyclopedia, 1971), I assume 6 x 

12 -1· 12 10 g y to be emitted globally. other estimates range from 3 x 10 to 

150 x 1012 g y-l (Robinson and Robbins, 1971). Murphy (1974) suggests usin~ 

0.1% as the phosphorus content of forest fire particulates. Assuming this 

6 10 -1 percentage, I estimate that 0. x 10 g y of phosphorus are injected into 

the atmosphere by forest fires. While it is not always possible to identify 

the causes of forest fires, many if not most are caused by man's activities. 



TABLE 10. MINOR POLLrrrANT EMISSION SOURCES OF 
PARTICULATE PHOSPHORUS 

GLOBAL PARTICULATE EMISSIONS1 

SOURCE 

Cement 

Lime Production 

Fuel Oil Combustion 

Residual Oil Combustion 

Incineration 

Noncommercial Fuel 

1Robinson and Robins (1971) 

2vandergrift and Shannon (1971) 

3Riley and Skirrow (1975). 

1012 g y-1 

6.5 

2.6 

0. 32 

0.81 

4.25 

7. 70 

% 
PHOSPHORUS . 

0.026 2 ' 3 

0.66 3 

o. 404 

o. 404 

0.10 5 

0.10 5 

4smith (1962). Residual oil assumed the same as fuel oil 

5Assumed the sam~ as for pure wood (Murphy, 1974) 

PHOSPHORUS EMISSIONS 
1 ol Og y-1 

0.17 

0.17 

0. 13 

0.32 

0.43 

0. 77 

f-' co 
0 



.. TABLE 11. ESTIMATED GLOBAL ANTHROPOOENIC 
EMISSIONS OF PHOSPHORUS 

ANNUAL EMISSION RATE 
SOURCE 1oJ.Og 

Phosphate manufacture 15.6 

Coal combustion 5.7 

Iron and steel manufacture 1.5 

Cement ID3Ilufacture 0.2 

Lime manufacture 0.2 

Fuel oil combustion 0.1 

Residual oil canbustion 0.3 

Non-corrrnercial fuel 0.8 

Incineration 0.4 

Forest wildfires and controlled burning 

Agricultural burning 

Cremation 

Soil from man's activities 

0.6 

0.05 

0.2 
25,7 

'v20 

'\,46 
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Therefore, forest fire emissions have been shown w-lth other anthropogenic 

emissions in Table 11. 

Inputs frcm volcanoes 

It is quite possible that inorganic phosprates are volitalized at 

high temperatures and emitted by volcanic activity. However nothing is 

known about the emission of volatile phosphorus compounds during 

volcanic activity and no estimate of phosphorus emissions from this source 

can be made. 

Oceanic inputs of phosphorus 

lfl?. 

Sea salt particles comprise a major portion of the particulate natter 

present in the lower troposphere (Robinson and Robbins, 1971). Two major 

studies have provided estimates of the annual flux of sea salt through the 

atmosphere. Eriksson (1959, 1960) estimated the annual production of sea salt 

particles to be 1015g y- 1. Blanchard (1963) arrived at a value one artier of 

·t d t 1016 -l magni u e grea er, g y . 

When droplets of ocean water are ejected into the atmosphere by bursting 

bubbles, chemical fractionation processes can occur. Phosphorus is an ele

rrent which was found to be enriched, i.e., the P/Na ration on the sea salt 

particle is higher than the P/Na ratio in the source sea water. Phosphorus 

enrichment has been found on particles generated by the bubbling of sea water 

in the laboratory (MacIntyre and Winchester, 1968), in a field study in 

Narra.e;ansett Bay, R.I., and m marine aerosol samples collected over the up

welling zones near the Peruvian coast (this thesis, Chap. 5). Enrichments 

typically range from 10 to 200. 

M.lltivariate linear regression analysis has been applied to the phos

phorus data obtained at the Hawaiian and Samoan sampling sites and to the 

data obtained off of the coast of Peru. Regression coefficients of phos

phorus against sodium were found to be (0.7 ± 0.2) x 10- 4 for the remote 



_J.i 
island samples and (5. 7 ± l. 3) x 10 for the Peruvian coastal water samples. 

Both coefficients were significantly different from zero at a 99% confidence 

level. The average concentration of total phosphorus in the Peruvian sur-
• ~ 

face ,waters at the t:ime the aerosol samples were collected was 1.2 µMl . 

The surface waters upwind of the Hawaiian and Samoan islands contain less 

-1 than 0.25 µM 1 of reactive phosphorus (Reid, 1962). I assume that the 

concentration of total phosphorus in these surface waters is similar to 

nutrient poor regions of the Sargasso Sea. Total phosphorus in these 

surface waters av2rages about 0.15 µM 1-l (Pilson and Kester, unpublished 

data). The regression coefficients of phosphorus against scxlium are assumed 

to be representative of the ratio of marine phosphorus to scxlium in the 

aerosol. Using these ratios and the surface water phosphorus concentrations 

discussed above, I estimate the enrichment of phosphorus in the marine 

aerosol to be ~170 near Peru and ~160.at the remote island sites.· An 

average of 165 is used in the calculations to follow. 

The average surface water total phosphorus content of the Atlantic 

Oceari between 60°N and 40°S has been calculated fran the station data 

available for the IGY cruises (Worthington, 1959; Metcalf, 1960; Miller, 

1960; M=tcalf, 1958; Worthington, 1958; Fuglister, 1957). The average value 

4 -1 of the total phosphorus at 178 stations is 0. µM 1 . The average reactive 

-1 phosphate level is calculated to be 0.2 µM 1 , or 50% of total phosphorus. 

4 -1 The average value of 0. µM 1 for total phosphorus does not include any 

contribution from the rich Antarctic waters. Ba.leek et al. (1968) indicate 

that the reactive phosphorus content of these waters ranges from 1 to 

-1 greater than 2 µM 1 I assume that the waters from 50-60°S contain 2µM 1-l 

total phosphate. The area between 50-60°S comprises 7% of the total area of 

the Atlantic between 60°S and 60°N (Baumgartner and Reichel, 1975). 

Including the phosphorus in these waters raises the average value for the 

Atlantic to 0.5 µM i- 1. 



The maps of Reid (1962) were used to estimate the phosphorus in 

the surface waters of the Pacific. A weighted average reactive phosphorus 

value of 0.43 µM 1-l was calculated from these maps. If I assume the 

concentration of organic phosphorus equals that of reactive phosphorus, 

I obtain a value of 0.86 µM 1-l as an average total phosphorus content of 

Pacific waters. 

The Pacific is about twice the Atlantic in area. 01 this basis I 

calculate an all ocean average of total phosphorus in surface waters 

to be 0.74 µM 1- 1. Applying our enrichnent factor of 165, I obtain a· 

ratio of phosphorus to sodium in sea salt of 3.5 x 10- 4. Assuming 

31% scxlium in sea salt particles, this is equivalent to the phosphorus 

concentration of 0.01% on a dry particle basis. Applying this concen-. 

tration to the estimates of Ericksson (1959, 1960) and Blanchard (1963) 

yields an input of phosphorus to the atmosphere of from 10 to 100 x 

1010 -1 g y . 

Crustal aerosol inputs 

A major problem is estimating the input of crustal phosphorus to the 

atmosphere. The total input of crustal material to the atmosphere is 

very poorly known, with a wide range of estimates available. Estimates for 

the amount of windblown dust derived from the continents has been presented 

in the SCEP Report (1970), by Peterson and Junge (1971) and by Robinson 

and Robbins (1971). Some estimates consider fine particles only, while 

others consider all sizes of airborne particles. Thus the estimates 

vary widely. At the lower end of the range is the estimate of 70 x 1012 

g y-l based on the dust fall rate in glacial sediments. This is an 

estimate for fine particles only. Peterson and Junge (1971) site an 



estimate by Goldberg (personal camnmication to the authors) of 500 x 1012 

g y-l This estimate was derived fran deep-sea sediments and aga:ln should 

be considered an estimate of f:ine particle dustfall. Additional dustfall 

estimates given :in Peterson and Junge (1971) are 250 x 10 g y-l for particles 

less than 5 im :in diameter arrl 500 x 1012 g y-l for particles of all sizes. 

Rob:inson and Robbins (1971) assumed dust concentrations and aerosol resi

dence times for dust over the cont:inents and over the oceans. From these 

data they calculate an :input of cont:inental dust to the atmosphere of. 

200 X 1012 g y-l 

Recent studies on the transport of Sahara dust to the waters of the 

North Atlantic suggest that the above estimates may all be low in that. 

they underestimate the total amount of crustal material of all sizes in 

the global atmosphere. The glaciai ice and deep-sea sediment studies reflect 

only the deposiiton of fine particles which were transported long distances 

fran their srurce regions. Rob:inson and Robbins (1971) rely heavily on 

reported measurements of dust concentrations using the mesh technique. 

This technique has been shown to underestimate dust loading :in the atmo

sphere by factors of 3 to 10 (Goldberg, 1971; Prospero and Nees, 1977). 

Two recent :investigations have concluded that transport of dust particles 

less than 40 m diameter fran the Sahara desert aione is approximately 

250 x 1012 g y-l (Lepple, 1975; Schiltz, 1977), Schiltz (personal comnunica

tion) has estimated that 1000 c 1012 g y-l of dust may be injected into 

the atmosphere over the Sahara, while the global value may range from 

4 12 -1 2000- 000 X 10 g y 

Soil samples on the Northwest coast of Africa contain an average of 

0.13% phosphorus, while aerosol samples collected off the Africa coast have 

shown an average of 0.2% (Lepple, personal comnunication). I have analyzed 



the fine fractions ( 16 µm radius) of the Libyan desert, much further 

to the east. These samples contained only 0.07% phosphorus. Thus the 

phosphorus content of the Sahara plume ma.y be strongly influenced by the 

presence of large apatite deposits in western North Africa and may not be 

representative of the total Sahara aerosol. As discussed in the section 

on anthropogenic inputs, soil fran the North American continent and from 

England appear to contain about 0.1% phosphorus. For these calculations, 

a value of 0.1% for the crustal aerosol is assumed. 

Applying this percentage to the annual deposition of phosphorus over 

the continents results in an estjmate of 3000 x 1012 g y-l of dust input to 

the atrrosphere. This of course assumes that all the phosphorus deposited is 

associated with crustal material in one way or another. 

If I assume that the dust contains 0.2% phosphorus as found in the 
. 
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Sahara plume, I obtain an input of dust to the atmopshere of 1 00 c 10 

-1 g y Reversing this calculation by applying the percentage of phosphorus 

in crustal ma.terial to the earlier estimates of dust in the atmosphere gives 

input values of 7 to 500 x 1010 g y-l at the 0.1% phosphorus level or 

twice that at the 0.2% level in dust. 

'Ihis is not nearly enough phosphorus to account for the calculated 

deposition over the globe and suggests that rriuch of the phosphorus deposition 

may be large particle and that the higher estima.tes of the amount of crustal 

particulates of all size ranges present in the global atmosphere ma.y be 

more accurate. In this paper I assume an input that balances the deposition 

of crustal phosphorus over the globe. As calculated in the next section, 

thi • t • t· t d t b 380 x lOlO g y-l. s mpu is es ima e o e 

THE A'IMOSPHERIC PHOSPHORUS CYCIE 

I have made an estimate of the cycle of phosphorus in the atmosphere. 



This cycle is presented in Fig. 8. My assumptions in the est:imate are: 

1. Total deposition of phosphorus over the continents is 321 x 

10 -1 10 -1 10 g y and over the oceans is 135 x 10 g y . 

2. Based on the est:imate of Duce and Hoffman (1976) for vanadium, 

10% of the anthropogenic emissions of phosphorus are deposited in the oceans. 

3. Ten percent of the sea salt phosphorus is deposited on the 

continents (Ericksson, 1959, 1960; Blanchard, 1963). 

4. The input of dust to the- Atlantic Ocean from the Sahara Desert 

is 250 c 106 T y-l (Lepple, 1975; Schlitz, 1977). This dust contains 

0.2% phosphorus (Lepple, personal comnunication). 

5. The Sahara dust plume accounts for one third of the dust input 

to the oceans. The figure is ccmpletely arbitrary. However, it does 

not seem to be unreasonable. If I assume that the Sahara plume accounts 

· 6 -1 . for one third of the oceanic dust fall, 500 x 16 Ty come from other 

regions. This is in reasonable agreement with the estimate based on 

deep sea sediment accumulation rates (Goldberg as cited in Peterson and 

Junge, 1971). 

6. The phosphorus content of the non-Sahara dust is 0.1%. 

7. The input of phosphorus to the atmosphere from the oceans is 

the amount required to balance the oceanic portion of the cycle. 

8. The input of phosphorus to the atmosphere on continental crustal 

rraterial is the amount necessary to balance the cycle. 

The cycle is presented in Table 12 and Fig. 8. Key corrments are: 

1. The larger fluxes in the cycle are given to three figures only 

to provide the esthetic pleasure of balancing the srrall fluxes. The 

fluxes should be treated as rough est:imates probably good within a 

factor of 2 to 3. 

2. The phosphorus flux to the atmosphere on sea salt particles is 

estimated by difference to be 33 x 1010g y-l This appears to be a 
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SOURCE 

Crustal 

Anthropogenic 
Emissions 

,( 

Sea salt 
particles 

TABIE 12. FLUXES OF THE AWIOSPHERIC CYCLE 2F 
PHOSPHORUS IN UNITS OF 1010 g y-

CONTINENTAL REGION OCEANIC REGION 
INPUT DEPOSITION TRANSFER INPUT DEPOSITION TRANSFER 

377 277 -100 -- 100 +100 

46 41 -5 -- 5 +5 

-- 3 +3 33 30 -3 

• I 

~ 
cc 
co 



Fig. 8 The atmospheric phosphorus cycle. The 

numbers in ( ) are the estimated inputs 

of sea water soluble phosphorus through 

rivers and through the atmosphere. 
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10 -1 
reasonable estimate when compared to the values of 10 x 10 g y and 

10 -1 ( 6) 100 x 10 g y calculated from the data of Eriksson 1959, 19 0 and 

Blanchard (1963). 

3. The phosphorus flux to the atmosphere on continental crustal 

10 -1 material is ~380 x 10 g y by difference. As previously noted, 

the values for phosphorus deposition onto the continents support the 

higher estimates of the input of crustal material of all particle sizes 

to the atmosphere. 

4. Anthropogenic and oceanic inputs of phosphorus to the atmosphere 

are of the same order of magnitude and much less important on a global 

basis than the input of crustal material. 

5, About 25% of the crustal phosphorus injected into the atmosphere 

is transported to the oce; s. The Sahara dust plume alone accounts for 

about one half this value .. Excluding the Sahara plume, about 15% of the 

total phosphorus deposition occurs over the oceans. This appears to be 

a reasonable number. 

6. 'Ihe input of industrially derived atmospheric phosphorus into 

the oceans is negligible on a global basis when compared to the input 

of phosphorus on crustal material. However, the input of industrial 

phosphorus emissions may be significant in areas such as the western 

North Atlantic adjacent to the highly industrialized east coast of 

North America (this thesis, Chap. 5). 

7. Estimates of the riverine input of dissolved and particulate 

phosphorus range from 1400 x 1010g y-l (Emery et al., 1955) to 2000 x 

1010g y~1 (Lerman et al., 1975). The atmospheric pathway appears to 

account for between 5 and8% of the total phosphorus transport. 

RESIDENCE TIME OF PHOSPHORUS IN THE ATMOSPHERE 

Based on the atmospheric burdens of phosphorus and the estimated 
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deposition rates, I calculate the residence times for continental and 

oceanic phosphorus to be 3 days and 1 day respectively. The residence 

time for phosphorus over the continents is in good agreement with the 

value of 3 days used by Robinson and Robbins (1971) in their estimation 

of the total global aerosol loading. However, the residence time calcu

lated in this manner is only a gross average. Scale heights of parti

culates in the air over Europe vary frcm 1 to 3 Km (Junge, 1963) suggesting 

a wide range of particle sizes present in the atmosphere at various 

times. Small particle industrial emissions will have a residence time 1i1UCh . 

longer than large particle crustal material, and wi:t.1 be transported 

ITLI.ch further before deposition. 

The residence time for phosphorus over the ocean is much shorter, 

approximately 1 day. This figure may be low due to underestimation of 

the atmospheric buruen of phosphorus over the oceans, as concentration 

data were not available for much of the world's oceans. However, this 

short residence time may also be real. About 30% of the Sahara dust 

plume is deposited in the nearest 325 Km to the African coast, suggesting 

very rapid fallout (Schiltz et al., 1977). Robinson and Robbins (1971) 

suggest that the true residence time of sea salt particles may be 

significantly less than the 3 days used in their calculations. Junge 

(1963) points out that the typical 4-7 day residence time calculated 

for the tropospheric aerosol assLnTies a constant concentration throughout 

much of the troposphere. The profiles of Gillette and Blifford (1971) 

indicate that this assLnTiption is not valid for sea salt, and the scale 

height of 0.9 Km estimated from their data is consistent with a very 

short aerosol residence t:ime. 

RELEASE OF PHOSPHORUS TO THE OCEANS 

Much of the phosphorus deposited on the surface of the ocean is 
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insoluble in sea water and not available as a plant nutrient. The 

exact fpaction that will be released is difficult to determine, as it 

depends to a great extent on the rate of solubility of the phosphorus 

present, the susceptibility of the phosphorus to attack by microorganisms 

at the sea surface, and its residence time in the euphotic zone. An 

estimate of the easily available phosphorus can be obtained, however, 

by extracting samples of aerosol in low phosphorus sea water and measuring 

the amount of phosphorus released. Studies on Saharan aerosol and soil 

samples by Lepple (1975) indicate that ~150 µg of phosphorus are 

released in sea water from a gram of dust. This is about 8% of the total 

phosphorus present. I have detennined the phosphorus released on 37. 

samples of aerosol collected at Narragansett, Rhode Island and over the 

western North Atlantic. I find that 36% ± 15% of the total phosphorus 

is released in sea water. This is about 4 times the amount released by 

the desert aerosols. To estimate the global input of readily soluble 

phosphorus to the oceans, I assume that 8% of the phosphorus attributable 

to the Sahara aerosol is soluble, and 36% of the phosphorus from other 

. 10 10 regions is easily released. 'Ihis amounts to 4 x 10 and 18 x 10 g 

of phosphorus respectively. Estimates of the current riverine input 

of dissolved phosphorus to the worlds oceans range from 170 to 200 x 1010 

g y-l (Sturrm, 1973; Lerman, 1975; Emery et al., 1955; Pierrou, 1976). 

The atmosphere, then, appears to provide about 10% of the nutrient phos

phate flux to the oceans. 

CONCLUSIONS 

The atrrospheric phosphorus fluxes calculated in this paper are at 

best only first approximations of the true fluxes. The data which 

would enable more precise calculations to be made are simply not available 

for much of the globe. Analysis of the available data on phosphorus 
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concentrations in and deposition rates fran the global atmosphere suggest 

that: 

1. An estimated 460 x 1010g y-l of phosphorus are deposited on 

the surface of the earth from the atmosphere. Of this amount 320 x 1010 

g y-l fall on the continents and 140 x 1010g y-l are estimated to fall 

onto the surface of the oceans. 

2. The greater part of this fallout, 380 x 1010g y- 1 , is estimated 

to be of crustal origin. The contribution of the oceans to the atmo

spheric phosphorus flux is estimated to be 33 x 1010g y-l Anthro

pogenic inputs are estimated to be 46 x 1010g y- 1, the largest fraction 

of this input being on soil particles (~20 x 1010g y- 1) with the phosphate 

industry being the second largest source (15.4 x 1010g y- 1). 

3. The residence time of phosphorus in the atmosphere ranges from 

about one day over the oceans to about three days over the continents. 

4. Studies on the release of atmospheric particulate phosphorus 

in sea water give release rates of ~8% of the total phosphorus for 

aerosols derived from the Sahara desert and 36% for aerosols from the 

North American continent. From this data I estimate the atmospheric 

input of easily soluble phosphorus to the oceans to be 22 x 1010 g y- 1, 

or about 10% of the riverine input of dissolved phosphorus. The total 

phosphorus flux through the atmopsheric pathways appears to be between 

5% and 8% of the flux of total particulate and dissolved phosphorus which 

is added annually to the oceans via rivers. 
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CONCWSIONS 

Phosphorus in remote areas 

The concentration of particulate phosphorus in the marine atmosphere 

in remote continental and marine areas is very low, a factor of 103 less 

than the concentration measured in urban areas. Concentrations of 200 

pg m-3 were measured at the geographic South Pole; while in the rEmote 

Pacific concentrations of phosphorus in the marine atmosphere ranged 

from 20 to 800 pg rn-3. Particulate phosphorus in the marine air near 

Hawaii and Samoa comes fran both continental and oceanic sources. The 

reactive phosphorus fraction is most closely associated with crustal 

material and its concentration at Hawaii is about twice the concentra

tion measured on Samoa. An acid soluble inorganic fraction appears to 

have a marine source. The exact source could not be identified. The 

organic phosphorus fraction does not correlate with either aluminum 

or sodium. The material may be _derived from more than one source. 

The deposition rate of phosphorus is estimated to be between 0.02 and 

0.03 Kg ha-1'-l in these island locations, about 10% of the rate of phosphorus 

deposition to the continents in the latitudes between 60°N and 60°S. 

Phosphorus fran the Sahara Desert 
-----· 

A major source of phosphorus input to the North Atlantic appears 

to be deposition of material from the Sahara dust plume. The estimated 

annual input of phosphorus to the North Atlantic between 15°N and 25°N 

10 -1 is 50 x 10 g y . However, the greater part of this material is not 

readily soluble in sea water. Extraction studies of a lnnited number 

of samples by various investigators suggest that 100-200 ug of phosphorus 

are easily released in sea water fran . each gram of dust which falls on 

the ocean surface. 
. -1 

Assuming a release of 135 ug g of dust, a total of 
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3,3 x 1010 g of soluble phosphorus is added to this area of the North 

Atlantic annually. The.rate of release of phosphorus deposited 

from the atmosphere to the sea surface needs to be determined on aerosol 

samples collected at a variety of locations in the North Atlantic in 

the path of the Sahara plume. The input of soluble phosphorus to the 

suface waters near the African coast is negligible when compared to 

the input from upwelling. However, further to the west, in the 

nutrient poor regions of the Sargasso Sea, aeolian deposition may pro

vide nutrients to the surface waters at about the same rate as diffusion 

from nutrient rich deep waters. 

Sources of particulate phosphorus over the western North Atlantic 

Much of the phosphorus in the marine air over the western North 

Atlantic is of anthropogenic origin. A strong correlation is found 

between phosphorus and vanadium. Vanadium is an excellent indicator of 

the presence of combustion particulates in the atmosphere. The ratio 

of phosphorus to vanadium in the marine air of the western North Atlantic 

is 1.2:1; this value lies-about half way between published values for 

fuel oil soot and coal fly ash. A highly significant correlation is 

found between phosphorus and vanadium not only in the reactive phosphorus 

fraction but also in the fraction which is normally considered to be 

organic. 'Ihis indicates that much of the phosphorus in this nominally 

organic fraction was more likely a water insoluble inorganic form. 

The true amount of organic phosphorus can not be estimated from the 

data. Development of additional aralytical methods for phosphorus is 

needed to enable the separation of organic and water insoluble inorganic 

fractions when large amounts of combustion particulates are present. 
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Phosphorus is also found to corTelate significantly with aluminum 

and sea salt sodium, suggesting that phosphorus from crustal and marine 

sources is also present in the marine air of this region. The·transport 

of crustal and anthropogenic phosphorus to the triangular area bounded 

by North America, a line along 65°W longitude and one along 25°N lati

tude is estimated to be between 5-10 x 109 g y- 1 . Extraction studies 

on these filter samples indicate that about 35% of this phosphorus is 

easily released in sea water. Therefore, about 2-4 x 109g of soluble 

phosphorus art added to this geographic area annually. This • appears to 

be about 10% of the riverine input of dissolved phosphorus to the same 

area. 

Phosphorus on sea salt particles 

Field studies in Narragansett Bay using the Bubble Interfacial 

Microlayer Sampler (B:IMS) have shown that phosphorus is carried into the 

atmosphere on the drops fran bursting bubbles and that it is enriched 

relative to sodium on these droplets. Enrichment appears to be a func

tion of the phosphorus concentration in the surface water and of the 

wind velocity, but not of the depth at which bubbles are produced in 

the water. 'Ihis suggests that the source of the phosphorus on the droplets 

is the sea surface microlayer. Enrichment of organic phosphorus in the 

BIMS samples was found to be a factor of ten higher than that of reactive 

phosphorus, indicating that the phosphorus stripped from the microlayer 

is predominately organic. No aluminum or vanadium could be detected 

on the filter samples. This suggests that little if any acid soluble 

inorganic phosphorus was present in the fraction considered organic. 

Aerosol samples collected over the phosphorus rich waters of the 

Peru current were analyzed for reactive and organic phosphorus, along 

with sodium, aluminum, and vanadium. The greater part of the organic 
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phosphorus fraction correlated with the sodium, indicating a marine source 

for this material. Calculated enrichment was in good agreement with those 

found for the BIMS study. The greater part of the reactive phosphorus 

correlated with aluminum, indicating a crustal source for this material. 

A small portion each of the reactive and organic fractions correlated 

with vanadium, incidating the presence of some combustion particulates 

in the samples also. While the "organic" fraction may contain more 

than truly organic phosphorus, the excess vanadium levels are low. The 

organic phosphorus which correlates with sodium is probably truly organic 

as would be expected from the BIMS study. It does appear that in nature 

phosphorus is injected into the atmosphere on sea salt particles. 

The phosphorus cycle 

Using data developed in this study and published in the literature, 

fluxes in atmospheric portion of the phosphorus cycle has been estimated. 

These estimates must necessarily be very tentative, as data on the 

concentrations and deposition rates of phosphorus are missing for much 

of the worlds continents and oceans. 'Ihe global cycle indicates that 

the major flux of phosphorus through the atmosphere is that of crustal 

phosphorus to the ocean. Inputs of anthropogenic phosphorus to the 

oceans and of marine phosphorus to the continents are much smaller 

globally, but may be important in local areas. A complete phosphorus 

cycle with an atmospheric portion has been synthesized in Fig. 1 by 

combining the atmospheric phosphorus cycle developed in this work with 

the cycle of Lennan (1975). Key points in this combined cycle are: 

1. The atmosphere is by far the smallest reservoir in the cycle. 

2. The flux of insoluble phosphorus to the sediments is about 

5% of the particulate phosphorus delivered to the sediments 
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by rivers. 

3. The estimated flux of soluble phosphorus to the ocean surface 

is about 30% of the riverine input of soluble phosphorus. 

However, about two thirds of this phosphorus is estjmated to 

be recycled material present on sea salt particles. Thus the 

estjmated net input of soluble phosphorus from the continents 

to the oceans is roughly 10% of the riverine input at the present 

tlJile. It is possible that major climatic changes could change 

this ratio to an unknown degree. 
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Fig. l A canplete phosphorus cycle obtained 

by combining the cycle of Lerman (1975) 

with the atmospheric cycle presented 

in Chap. 6. Reservoirs are in units 

of 1012g, fluxes in units of 1012 g y-l 
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APPENDIX A 



NOI'ES ON ANALYTICAL METHODS 



PHOSPHORUS ANALYSIS 

General 

All phosphorus determinations were made using the well known 

molybdenum blue technique. 'Ille specific methcd used was the single 

solution ascorbic acid method of Murphy and Riley (1962). All 

measurements were made using one or ten centimeter cells in a Beck

man D.U. spectrophotometer (wavelength of 885 mm, 0.2 slit width, 

red phototube) . 

Samples for total phosphorus were treated as follows: one quarter 

of a 20 x 25 cm Delbag 97/99 polystyrene filter was ashed in the presence 

of excess magnesium for 16 hat 550°C. After cooling of the ashed 

sample 1 ml of 1N HCl was added to the residue. After 30 min. · the 

suspension was diluted with 5 ml doubly deionized (DD) water, and 

filtered through a 0.2 µm Nuclepore filter to ranove insoluble material. 

'Ille ashing beaker and filter were washed with two additional 5 ml 

aliquots of DD water. 'Ille filtrate was diluted to 40 ml and 4 ml of 

the mixed reagent of Murphy and Riley (1962) added. After a minimum 

of thirty minutes reaction time the color was measured spectrophoto

metrically. 

A persu1fate oxidation to oxidize organo-phosphorus canpounds was 

performed be adding 40 ml of DD water and 5 ml of a 6.8% solution of 

potassium persulfate to one fourth of a filter in a 125 ml Erlenmeyer 

flask. 'Ille sample was autoclaved for 25 min at 125°C. 'Ille liquid was 

decanted and filtered through a 0.4 µm Nuclepore filter. Four ml of 

mixed reagent were added and the color was determined as above. 

Reactive phosphorus was detennined by extracting a quarter of a 
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filter with 40 ml DD water and 100>-of 95% ethanol. The sample was 

agitated with a wrist action shaker for 30 mm. The liquid was then 

decanted and filtered through a 0.4 µm Nuclepore filter. After addition 

of the mixed reagent, the color was determined as above. 

Standards containing 1.24 µg and 12.4 µg P were prepared with 

reagent grade, dried KH2Po4 and run with each batch of samples. Separate 

standards were prepared to match the canposition of the solutions derived 

from the ashing, persulfate oxidation, and water extraction techniques. 

All phosphate values fran the persulfate oxidation and water extraction 

detenninations were corrected for the amount of phosphorus lost due.to 

rentention of some of the extracting or oxidizing solution in the filters. 

Filter Blanks 

Delbag Microsorban 97/99 polystyrene filter material was chosen as 

the matrix for the collection of atmospheric particulates in this study. 

The phosphorus content of the Delbag polystyrene filters was significantly 

less than the phosphorus content of either Whatman 41 cellulose or 

Gellman glass fiber filters (Table 1). Whatman 41 filters also appear 

to be much more variable in phosphorus content than the Delbag filters. 

Prevention of phosphorus loss during high-temperature ashing 

If pure (reagent grade) samples of inorganic and organic phosphorus 

canpounds are ashed at high temperature (550°C) over a 16 hr period, 

over two thirds of the phosphorus initially present is lost, presumably 

through volitilization (Table 2). Following the suggestion of Dunlop 

(1960) each filter sample was soaked in 20 ml of a 25 ppm solution of 

magnesium nitrate (Fischer Atomic Adsorbtion Standard diluted 40/1). 

Two drops of ethyl alcohol were added as a wetting agent. The filter 
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TABLE 1. PHOSPHORUS CON'IENT OF VARIOUS 
FILTER MATERIALS 

FIL'IER MATERIAL 

Delbag (polystyrene) 

Whatman 41 (cellulosic) 

Gellman (glass fiber) 

.:..2 
PHOSPHORUS CONTENT ng cm 

PERSULFATE HIGH TEMPERA'IURE 
OXIDATION1 ASHING (550°C) 

Not detectable (4) 2.86 ± 0.59 (28) 

2.56 ± 0.52 (4) 9.41 ± 4.56 (11}' 

8.52 ± o.64 (4) Not determined 

1Method of Menzel and Corwin (1965). 

( )number of samples analyzed 
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TABIE 2. 'I'IIE EPFECT OF MAGI-JESIUM ON THE LOSS OF PHOSPHORUS 
DURn!G HIGH 'I'El'•'lPERA'IURE ASl!WJ 

Cct4POUtJD 

Kll2P04 

Lecithin 

B - Glycero
Phosphoric acid 

Fructose 
1-6 diphosphate 

Amount ~ded 
ng_ i-

40 

4o1 

4o2 

80 

~olecular weight uncertain 

2 Purity 1tncP.rtain 

No Ma£;nes1um J\dded 
Arnount Recovered i Recovered 

n13. 1-l 

12.8 ± 1.8 32.l ± 4.11 

13.l ± 0.6 33.0 ± 3.1 

11.l±l.l. 27.7 ± 5.4 

14.8 ± 5.2 18.6 ± 6.5 

_llli:ir;nesium Added 
Amour 1t Recovered % Recovered 

~ i-l 

42.i, ± 0.3 106 ± 0.8 

36.0 ± 0.7 90.0 ± 3.6 

46.7 ± 0.2 l16.7 ± 1.2 

59,6 ± 0.7 711.6 ± 1. 7 

r\.) 
I-' 
.;:::-



was then dried overnight at 90-95°C. Following this.treatment, the 

filters were ashed at 550°C for 16 hrs. With the exception of the 

fructose 1-6 diphosphate, recoveries were better than 90% of the nominal 

amount added. The reasons for the low recovery of the fructose 1-6 

diphosphate are not known, since a somewhat similar compound, inosital 

hexaphosphate, shows canplete recovery after ashing at 550°C in the 

presence of magnesium (Table 4). 

Low temperature ashing 

An alternative approach to the prevention of phosphorus loss during 

ashing is to ash the filters in a corrmercial low temperature asher such 

as the LFE Corporation unit which uses molecular oxygen excited by a 

radio frequency generated electromagnetic field to ash the samples. 

Unfortunately, Delbag filters do not ash in these devices, evidently 

due to the formation of an impermiable outer layer at the onset of 

ashing which prevents the penetration of molecular oxygen into the 

filter matrix. 

Recovery of inorganic phosphates after high-temperature ashing 

Samples of three comnercially available inorganic phosphates were 

treated with excess magnesium, and ashed at 550°C in a manner identical 

to the procedure used with the filter samples. The phosphate canpounds 

were aluminum phosphate (AlPO4), iron phosphate (FePo4 • xH2O), and· 

calcium phosphate ca10(OH)2(Po4)6. After ashing, the samples were 

digested with 1 ml 1 N HCl diluted to 5 ml with DD water, and filtered 

through 0.2 µm Nuclepore filters. Dissolution of the calcium phosphate 

samples were complete while significant amounts of undissolved material 
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remained in the samples of aluminum and iron phosphates. The recoveries 

of phosphorus for these three materials are given in Table 3. Complete 

recovery of phosphorus was obtained with the calcium and iron phosphates. 

Less than 50% of the aluminum phosphate was recovered in this method. 

Since the iron phosphate was of indeterminate molecular weight, the 

percentage recovery of the sample was calculated based on the phosphorus 

content determined on samples ccmpletely dissolved in concentrated HCl. 

Recoveries of phosphorus from the aluminum and calcium phosphate samples 

are based on the assumption that these materials have a purity of 100%. 

A considerable amount of red acid-insoluble particulate matter is 

present in the iron phosphate samples after ashing at 550°C. However, 

complete recovery of the phosphorus present occurs. These observations 

suggest that an interaction occurs between the iron phosphate and excess 

magnesium present. The phosphorus is converted to magnesium phosphate 

while the iron is then oxidized to iron oxides. A similar process may 

occur to some extent during the ashing of aluminum phosphates, as 

recovery of phosphorus after ashing is about twice as high as the recovery 

obtained by digestion with concentrated HCl (46% vs 26%). 

Calcium phosphates of the apatite family represent by far the 

major amount of phosphorus on the crust of the earth (Van Wazer, 1958). 

The concentrations of the other mineral phosphates are negligible can

pared to that of the apatites. The low recovery of aluminum phosphates 

in this method, then, is not believed to have introduced any significant 

error into the results. 

High temperature ashing vs persulfate oxidation-organics 

Table 4 presents the results of a brief study comparing the 

recoveries of phosphorus obtained by ashing samples of organic phosphorus 
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TABLE 3. RECOVERY OF INCRGANIC PHOSPHATES IN 
THE 'IOTAL PHOSPHORUS MEI'HOD 

PADDED P RECOVERED % RECOVERY 
COMPOUND µg µg 

AlP04 550 220 40 

430 230 53 
350 110 31 

750 440 -12.._ 
46 ± 13 • 

FePo4-XH20 2301 220 96 
2001 230 115 

2501 260 96 

1901 180 95 
101±10 

Ca1o(OH)2(P04)6 390 400 103 
(approximately) 280 290 104 

190 200 105 

150 150 100 --
103 ± 2 

1Assumes 12.7% phosphorus based on complete dissolution of material 
in concentrated HCl. 
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TABLE 11. A CCMPARISOM OF 'IHE HIGII 'I'tHPFRA'IURE ASIIHIG AND 
PERSULFATE OXIDA'l'ION. TECHJJIQUES FOR ORGNHC 
PHOSPHORUS 1\NALYSIS 

Nomlnal Amount 
Added 550°c J\.shu11; 

P,8; 1-l 

Amount Recovered 
Persu l. fate Oxi1ati.on 

µ_g_ 1-MATERIAL 

Lecithin 

8--Glycero
Phosphoric acid 

Adenosine -5'
monophosphate 

Fructose 1-6 
diphosphate 

Inositol 
hexaphosphate 

µg 1-l 

4o1 

4o2 

4o2 

802 

930
2 

11\'lolecular weight t.mcertal41 

2Assumes 100% purity 

36.0 ± 0.07 35.2 ± 2. 11 

l16. 7 ± 0.2 111.1 ± 1.4 

42.0 ± 0.7 36.0t0. I1 

59.6 ± 0.7 50.1 ± 2.2 

1030 ± 100 105 ± 11 

Ratio 
Persul.fate 

Hl-'l'ernp_era cure 

0.98 

0.89 

0.86 

o.84 

0.10 

I\.) 
I--' 
en 



canpounds at 550°C in the presence of excess magnesium with those obtained 

by the persulfate oxidation technique of Menzel and Corwin (1965). For 

most organic phosphates tested, the recovery of phosphorus using the 

persulfate oxidation method is between 85-100% of the recovery obtained 

with the ashing technique. Sugar phosphates appear to be much more 

resistant to oxidation by persulfate. Phosphorus recovery during per

sulfate oxidation of inositol hexaphosphate material amounts to only 10% 

of the recovery obtained when the sample is ashed at 550°C. 

Recovery of phosphorus fran Delbag filters 

High-temperature ashing 

Table 5 shows that an average of 95% of the phosphorus added to 

5 x 6 cm Delbag filter samples is recovered when the filters are ashed at 

550°C in the presence of excess magnesium. 

Persulfate oxidation 

Two sequential persulfate oxidations were made on a series of 

Delbag filter samples collected at Narragansett, R.I. and over the North 

Atlantic. The purpose of the study was to determine if additional phos

phorus was released during a second oxidation step, or if one oxidation 

was sufficient for the release of all persulfate oxidizable phosphorus. 

After correction for the phosphorus-contain:ing solution which is retained 

in the filter after the first oxidation, individual samples had a first 

oxidation recovery varying between 87 and 106% of the phosphorus released 

in two oxidations (Table 6). The average recovery was 97%, with a stan

dard deviation of the mean of 1%. The results of this study indicate 

that the error introduced by doing only one persulfate oxidation of the 

filter samples was small. Only one oxidation was performed on the samples 
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PADDED 
µ 

Blank Filter 

1. 24 µg 

2.48 µg 

4. 96 µg 

TABLE 5. PHOSPHORUS RECOVERY - ASHED DELBAG 
FILTERS 550°C FOR 16 HOURS 

P MEASURED NEI' p % RECOVERY 
JJ JJ 

1.03 ± 0.08 

2.18 ± 0.02 1.15 ± 0.08 92.7 

3,43 ± 0.07 2.40 ± 0.11 96.7 

5.80 ± 0.20 4,77 ± 0.22 96.1 
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SAMPIE 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10 

11 

12 

13 
14 

15 
16 

17 
18 

19 
20 

21 
22 

23 

24 

25 
26 

27 
28 

29 
30 

TABIB 6. RELEASE OF PHOSPHORUS IN SEQUENrIAL 
PERSULFA'IE OXIDATIONS 

TOrAL P REIBASED 'IDTAL P RELEASED P 1 OXID. 
ONE OXIDATION 'IWO OXIDATIONS P 2 OXID. 

µg µg 

4.26 4.30 0.99 
2.94 2.88 1.02 

0.16 0.16 1.00 

5,83 5,77 1.01 

8.85 0.04 0.98. 
3.01 3.07 0.98 

2.88 3.02 0.95 
5.40 5.48 0.99 
2.09 2.12 0.99 
2.66 2.78 0.96 

0.33 0.31 1.06 

4.54 4.60 0.99 
5,92 6.08 0.97 
6.24 6.29 0.99 
2.72 2.86 0.95 
0.20 0.20 1.00 
2.56 2.51 1.01 

1.20 1. 22 0.98 

3,59 3.69 0.97 
4.87 4.97 0.98 

0.29 0.27 1.07 
2.06 2.06 1.00 
6.05 6.27 0.96 
1.54 1.71 o.88 

6.05 6.42 0.94 

0.27 0.31 0.87 

1.72 1.70 1.02 

2.93 2.87 1.02 

2.83 3.06 0.92 
0.99 0.99 1.00 
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SAMPLE 

31 
32 
33 
34 
35 

TABIB 6. RELEASE OF PHOSPHORUS IN SEQUENI'IAL 
PERSUIFATE OXIDATIONS (continued) 

TOTAL P REI.EASED 
ONE OXIDATION 

µg 

1.05 
16.6 
8.30 
4.04 
4.88 

TOTAL P REI.EASED 
'IWO OXIDATIONS 

µg 

1.10 
17.7 
9.00 
4.16 
5.12 

P 1 OXII). 
P 2 OXID. 

0.95 
0.94 
0.92 
0.97. 
0.94 

Mean and cr of mean = • 0. 97 ± 0.1 
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reported in this study, and no correction factor was applied. 

Reactive phosphorus 

Filter quarters were spotted with 0.25, 0.50, and 1.00 µg of phos

phorus as KH2Po4, then extracted with 40 ml DD water for 30 minutes with 

agitation. A small amount (100 A) of 95% ethanol was added as a wetting 

agent. All values were corrected for water retained in the filter matrix. 

Recoveries on the first test appeared to be low (<90%) at the 0.5 and 

1. 0 µg phosphorus levels (Table 7). Two additional checks using filters • 

containing 1.24 µg P showed essentially complete recovery (Table 7). No 

additional corrections therefore were applied to the reactive phosphorus 

values obtained on the field samples. 

Surrmary 

Based on the experiments and tests discussed above, phosphorus 

levels in samples of atmospheric particulate matter were determined as 

follows: 

1. Delbag filters were used to collect the samples. 

2. Total phosphorus was determined by ashing filter sanples at 

550°C in the presence of excess magnesium to prevent loss of volitile 

phosphorus canpounds. Following dilution, phosphorus was determined 

colorimetrically using the method of Murphy and Riley (1962). 

3. Persulfate releasable phosphorus was determined by oxidizing 

filter samples with a potassium persulfate solution per the method of 

Menzel and Corwin (1965). Following oxidation and filtration, phosphorus 

was determined colorimetrically. All results were corrected for solution 

loss during filtration. 

4. Reactive phosphorus was determined by agitating filter samples 
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AMOUNT ADDED 
µg 

0.25 

0.50 

1.0 

1. 24 

1. 24 

TABLE 7. RECOVERY OF REACTIVE PHOSPHORUS FROM 
DEIBAG FJIJIERS 

AMOUNT RECOVERED % . 
µg RECOVERY 

0.26 ± 0.04 103 ± 15 

0.44 ± 0.06 88 ± 12 

0.89 ± 0.06 89 ± 3 

1.21 ± 0.09 98 ± 2 

1. 29 ± o. 01 104 ± 1 
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in doubly distilled water for 30 min, followed by filtration. Phos

phorus in the filtrate was determined colorimetrically. All results were 

corrected for solution loss during filtration. 
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SODTIJM, ALUMilJUM, AND VANADIUM ANALYSES 

General 

Neutron activation analysis was used to determine the amounts of 

sodium, aluminum and vanadium contents of the atmospheric particulate 

matter collected on Delbag filters. The irradiations were done using 

the swimning pool reactor facility of the Rhode Island Nuclear Science 

Center at Narragansett, Rhode Island. This reactor can generate thennal •. 

4 12 -2 -1 .neutron fluxes of up to x 10 n cm s . 

Because of short half-lives of aluminum (2.31 min) and vanadium 

(3.76 min) and the presence in most of the filters of large quantities of 

sea salt, short irradiations were used (30 sec) and the samples were 

counted as quickly as possible after canpletion of the irradiation. 

Longer irradiation times proved to be unworkable due to the high levels 

of background activity fran the sodium and chlorine present in the salt 

particles. Only by using very short irradiations to minimize sodium 

and chlorine activity and by counting the samples very quickly after 

irradiation could the aluminum and vanadium gamna ray peaks be seen. 

Even with this approach, vanadium was not detectable in the samples from 

American Samoa. The specific procedure used was as follows: 

Sarrple preparation 

One quarter of a filter sample was pressed in a teflon lined, 

stainless steel pellet press under ~600 N force to fonn a cyclin-. 

drical pellet about 2.0 cm diameter and 2.0 cm in length. The pellet 

was then sealed in a small polyethylene bag and placed in a 7 dram 

polyethylene vial for irradiation. All filter quartering and pelleting 

operations took place in a liminar flow clean bench. 

226 



Stam.ards were prepared by spotting blank Deibag filter quarters 

with appropriate quantities of standard solutions. Fisher brand atomic 

adsorption standards were used for aluminum and vanadium. To match as 

closely as possible the matrix of the actual field samples, Copenhagen 

water of 19.275%0 chlorinity was used to provide the sodium standards. 

No aluminum or vanadium could be detected in pure sodium standards made 

using this water. After drying in the clean bench the filters were 

pelleted and sealed in the same manner as the samples. 

As a flux monitor, 2 µg of Fisher brand manganese AA standard were 

spotted on W-41 filter paper, dried, and placed in the bottan of the 7 

dram vial before the sealed sample was added. 

Irradiation and counting 

The vial to be irradiated was placed in a polyethylene rabbit which 

was then transported pneumatically to the reactor core. Following return 

of the sample, the pellet was transferred as rapidly as possible to a 

clean, acid-washed 250 ml plastic beaker and counted for 400 s clock 

time on a 20 cc Ge(Li) detector (resolution of 2.3 KeV for the 1,332 

KeV gamma ray of 60co) coupled to a Nuclear Data 2200 4096 channel 

analyzer with a canputer compatible magnetic tape output (.Ampex ™-7). 

Counting began between 105 and 135 seconds after the beginning of a 

30-second irradiation. Constant geometry was maintained for all samples. 

Irmnediately after the finish of the sample count, the vial containing 

the manganese flux monitor was counted for 200 seconds. 

Spectra processing 

A computer program of Dr. J.L. Fasching of the University of Rhode 
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Island Chemistry Department was used to process the Ge(Li) spectra 

acquired. 

Dead time corrections 

In situations such as the counting of a pure short-lived radionuclide 

or of a short-lived radionuclide in the presence of one or more long-

lived radioactivities, exact solutions have been developed to enable one 

to obtain the true counts of the isotope fran the observed counts and · 

the average dead time of the detector (DeSoete et al., 1972). However. 

with a mixture of isotopes of varying half-lives, most corrections 

require a knowledge of the dead time as a function of clock time during 

counting (Schonfeld, 1966; Gavron, 1969). These data are not obtainable 

with the unit that was used in this work. Consequently I have expanded 

a technique provided me by Dr. M.L. Bender of the University of Rhode 

Island Graduate School of Oceanography to arrive at an approximation 

method for dead time corrections. 

(1) 

+ C
1
. exp (A.t) + C.exp (-A. t) 

l J J 

where: DT = instantaneous dead time at time t 

Ci= the fraction of the total dead time 
contributed by element i at time t 

Ai= the decay constant for element i 

and, for radionuclide i: 
tr 

R'. = A
1
. f exp (-A. t) • [1-IJI']dt 

l t . l 
0 

(2) 

where: R' .= observed counts of nuclide i over the 
l counting period 

Ai= errpirical coefficient 
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substituting (1) into (2) and integrating: 

R'i = Ai exp(-A.tf) - exp(-A.t ) + 
l l 0 

A. 
l 

Cl exp[(-Ai + Al) tf] - exp[ (L + 
l Al) to] 

A. + Al l 

C2 exp[(Ai + A2) tr] - exp[(Ai + A2) t
0

] 

Ai+ A2 

... + C. exp(2 \tr) - exp(2 Lt ) 
l l 0 

2A. 
l 

C. exp[(A. + A.) tf)] - exp[ J 
l J 

A. + 
l 

= A.K. 
l l 

'Ihe actual counts (R) are equal to: 

tf 
R. = A. f exp(- A.t) dt 

l l t l 
0 

A. 
J 

= Ai exp (-Ait
0

) - exp (-Aitr) 

Ai 

= A.J. 
l l 

(A.+L)] 
l J 

Solving (4) for Ai and substituting into (6) yields 

R = R' (J. I K.) 
l l 

+ 

t 
0 
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If the instantaneous dead time is known as a function of clock time, 

the coefficients c1, c2 ........ Cj can be evaluated directly. These data 

however are not available in this work. The following approximation 

has been used instead: 

R'. 
Let Ci = k --,----l-

j 

I R' 
i=l 

= fg. 
l 

(8) 

The proportionality constant f is evaluated by substituting into 

equation (1) 

DT = f [g1 exp (-A1t) g2 exp (-A2t) + .... + gi exp (-Ait) + 

g. exp (-L t)J 
J J 

and setting DT equal to the average dead time as measured by pulsar 

counts during the counting period. t + t t. is set equal to t 0 + O f. 
2 

(9) 

The assumption here is that the instantaneous dead time is equal to the 

average dead time half wey through the count. Once f has been estimated, 

the individual C. 'scan be calculated, and equation (3), (5) and (7) 
l 

evaluated. The calculations are tedious and have been prograrrnned in 

Fortran as shown in Appendix B. The program will calculate corrected 

counts for sodium, aluminum, and vanadium. Inputs include the raw counts 

of these three elements plus raw counts of chlorine, manganese, magnesium, 

and bromine. These elEments account for over 90% of the counts in a 

typical sample of marine atmospheric particulates. 

Half-life and flux corrections 

The counts obtained fran all samples, standards, and flux monitors were 

corrected for decay during the time interval between the times of irradia

tion and counting. Using the flux monitors, all samples and standa.rus were 
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coW1ted to a cormnon flux equivalent of 5000 manganese coW1ts. Both the 

decay and flux correction calculations were incorporated into the com

puter program given in Appendix B. 

Adequacy of corrections 

In Figs. 1, 2, and 3, plots are shown of corrected coW1ts as a 

fW1ction of the amoW1t of the element present in the standard. The 

corrections appear to do a reasonably good job of providing a linear 

correlation between counts and amount of material present .. The inter

cepts of the sodium and vanadium regression lives are not significantly 

different from zero; this is consistent with irradiations of blank 

Delbag filters which do not show scxiium or vanadium to be present. The 

presence of aluminum in Delbag filter blanks is reflected in the non

zero intercept of this regression line. 
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Fig. 1 Corrected sodium counts vs weight 

of sodium in standaros. 
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Fig. 2 Corrected aluminum counts vs. weight of 

aluminum :in standards. 
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Fig. 3 Corrected vanadium counts vs weight 

of vanadium in standards. 
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APPENDIX B 



FORTRAN PROORAM FOR DEAD TIME, HALF LIFE, 

AND F1DX CORRECTIONS 



C PROG~A~ WRITTc~ !Y W,F, GRIHAM TC COR~ECT GAM~A R4Y C~UNi~ JF JP fJ 

C SIX t:t':~::tFS i=O~ l:'EAD TI>-1!: AND FLUX VARIATIONS 
C F!P.ST VERSIJN, JULY 1976 

C 

REAL Mi:TAL(6l,LAMBDA(71 
INT~G=P SA"IPLE,TAGW~ 
D l '1:'NSI 01~ HLFLVI 71, EL"1NT (71, PAREO 171, tP;;k fl 71, 

1 C 01\ C NT 161 , FI NC NH o I , TOP I 6 I , BOT 161 , HI CIH t 6 I, 
lSNAMEl31,GRCUP(31,EL~AM217,3l 

C PF.t.D l"J nATd i:cp St.MPLE GROUP, 5t.MPL= = [JO ljF St.MPLi:S, IW,h.i i.:, HI.:. 
C "!U~eE~ JZ: =L'cM::"iTS or, WHICH CGKi=.:::CT ::ou1,rs AP.,: 0':SI:\'.:v, i,JMiU'i l.> iHc. 
C. NUM~Eq OF t::L!:M:NTS IN Te!E OEAO TIME CG'<l<E:CTiu'li, C'-TYM = ..:JU,~i Tl1·1.::, 

C STCFLX • STANOA~D Z:LUX T □ q~ US~D IN CORRECTIONS, 
C HLZ:LV = TH:: HAL~LIVES OF TH~ EL~M~~T IN s::c□ NJS 
C 

C 

10 ~EAD 15,121St.MPLE, NUr<'ET, NUM::LI~, cr-.TYM, STOFLX,STi.iuc:::, 
llG'<OU 0 (Il ,l=l,31 

12 "'~PMAT(3!2,4X,F5,0,2Fl0,0,5X,3A41 
n=tsA•~FL~.LT.11 GG TO ggg 
OJ 15 1=1,NU~El"I 
R ::Ac' I 5, 14 l Ii:: L ,~.:. 1-1.:: (I, JI, J= 1, 3 I , I-IL FL V 11 I 

14 FO'<M~T 13A4,8X,Fl0,0I 
L A•~ B DA ( ! I = 0 • 6 9 3 / H L FL V I I I 

15 C'JNT I NU!? 

C w~TT:: JUT SA'~ 0 L:: f\HCrl P,P•.IT DATA 
C 

C 

19 i:o~~~T ( 1 1 ,7X,!2,5X,3A4,l3,9X,l2,6X,F5,0,4X,F6,01 
·,1;:_~;'.:(f:.,221 

22 =J 0 M.1i ( 1 1',lX,'SAMDU: 5ATCH ll',.c(;i;_w,CI0-·: 1 //b)( 1 ,n, 0i''
1

5>.,'.:.i\JUF', 
!3x,•·~o. T= 1 ,5X,'IK, CF',5X,'CCUIH',3X,'5T.:.NC/t.P.D'/6X,'5;;M,'L,:;i',~2X, 
1 • u•~ K NJ ,,,·J s • , ; x, • i L = 'IE r,;, s , , 3X , , TI Mi: , , s x, , =Lux, 1 

w;.. I i ': ( t,, l q I St. "IP Le , Ir:, F :JUD ( I I , i = l , 3 I , I\IJ'li:. T , NU~.': L ;.•,, ,::, f Y -1, 5 T OF L 1,. 

:..''.l.[i,:(6,271 
2 7 = 'Ji<•:;. T ! 1 

') 

1 

, l 2 X , ' :: L ':'I;:: I\ i 1 

, 8 X, 1 H /. L c L I Fi: 1 

, l 3 X, ' LA "1 3 D; ' I 
2: 24 L = l,~UM~LM 
W '.l. ! T ~ ( 6 , 2 3 I I E L r~ al Mc I L , K I , I< = l , 3 I , H L F L V I L I , L i. ~i 5 J 1 I L I 

23 FO~M6T ( 1 ',lOX,3A4,Fll.0,~22.6) 
24 CO\JT!lliU': 

C 0 ::A[' !'~ DtiTA F:i?. IND!V!'.'l!JAL SA>-IFLi:S, SNA•-;,=:=5.l.~PL.:: '-lu'1c, I ... ~ ... ..,=r _ _;,,..,~;:;, 
C D=:CYT'' =O::Cl1Y Ti'-1:C ,')F SA'IPU:, PULSA!s: = l"uLS.:.:.;, CQUi,TS .:;: S.:.'li'-1..::, 
r: l'ET.lL= cour;:s G!= cLE:'IEtH AT Gl\'l"A P.t.Y i:N.::'<GY OF !IJT':i. ~ST. :::LMi,j =iuHL 
C cout:T<; ,F EL':~c:N" OVE.F. !LL G,H'M/:S, "LXTH', Z:LUX, ;'..'-;:) FL>-f'JL .:.,c fHi. 
C DF'i:t-Y TPic:, FLUX COUNTS, tNO FLIJX 0 ULS.'..K Ri:.,5?i:CT1Vi:LY i.JF rrt:: fLUA 
C l',]11:lT~«. CECYT"I IS IN s::c:NDS, l'LXTY"' II\ M!l~Uit:S. FLXCT= FLUX ~GU,,i 
C 1 !"':'. 15 SEC'J'.'-JO:, 
C 
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C 

El -LAMB~AIJCI * DECTY~ 
:2 = -LA~~jt{JCI * Fl~TV~ 
Cl EX0 1Ell 
C2 = E:l!!>IE2l 
53TIJCI = Cl - CZ 
i:LFAC = ICl-C21/LA~!3CtlJ·:I 
FlCT = FACT • ELFA: 
~~ 80 ~~ = l,NU~:LM 
lClLA" = LA~BDA(JCI ♦ LAMB~i(KCI 
Sl = -TCTLl~ ~ FINTYM 
D2 = -TOTLA~ * DECTY" 
c1 EXD(Dll 
;:z £xorn21 
HH!Si'A = (Fl-F21/TOTLAH 
THJSFA=H~!Si'l*!>ARTCO(KDI 
=ACT= FACT• THISFA 

80 CCNTJNU" 
C~RFAC = ":TALlJCI/FACT 
CC•RCNT(J:,I = CQisFAC • cLFAC 

C CORRfCT SAMPLES FO~ O]FFE~ENCES IN DECAY TIM~ 
C 

C 

TJMFIN = S7DDEC + CNTY~ 
DC l ~ •~r;=l, NU~C: T 
!.1 = -LA"'IBDAlll'll'"STD['EC 
A2 = -LAV.3JA(NNl•TI,._,Fl~ 
TOP(NNI = EXD(Al) - i'XPIA21 

l'l CCNTINU~ 
;,/D!TE(S,114) 

114 c c,,u, ~ r 1 , o •,Bx, • c: LE ~:c '<T • , 4 X, • o = c Av cc,;;_ R c.:. r I J~i • , 
Dr 120 ~M=l,NUMET 
FUDGE= TQPl...,~l/30T("MI 
H!C~T(~V) = cuoG~. C □RC~T(~Ml 

wr:: IT E I 6, l ! 5 I I i: L t.:i ME C ., ,: , "~! I , '-':i = l , 3 I , FU GG:: 

115 "'Ci<'1LT( 1 O1 ,oX,3t.4,5X,F5.3l 
120 CCJ~TINIJ: 

C (ALCULAT; T~~ CLUX c:P~ECT!r~ F0~ THIS S~MPLi. CJ~5T, CJ~~i~T Th~ 
C FLUX FJR O=ClY, 
C 

0 = 0.004~742 * CLXTY~ 
AFLUX =FLUX• EXPIOI 
:GRFLX = A"LIJX • IFLXCT * 60.0)/FLXPUL 
FLXCOP = STDCLX / C'.JkFLX 
Wll!TE (6,1481 HLUX, C'.JP.FLX, FLXCJR 

14B FORML.T '( 1 0 1 ,6X,2F12.0,6X,cb,3) 
DO 150 JJ = l,~U~ET 
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:)C1 750 l = 1,SAMPLi: 
'<.:CAD I5,25IISNA~ 1i:(Jl,J=l,3I,TAGWC,DE:CTY 1~,PUL5.:.il. 

25 FOil.'1tT (3A4,oX,Jl0,2FlO.OI 
R.c-Au (5 1 10ll"!ET4L(Jl,J=l,NUMETI 

30 FQ~"IAT (7Fl0.0I 
RcAD (5,30)I':LMNTIKl,K=l,I\LJ,-.!:L'1) 
~.::~(l 15,351 FLXTY•I, FLUX, FLXPUL,"LXCT 

35 FO~MLT (Fl0.2,3FlO.OI 
C 
C WRIT!: OUT P.ESULTS AND SA"'PLE INPUT CAH 
,: 

wR.JTEl6,ZOJl 
200 ::n;,11AT 1'1' 1 2X 1 '5A"'PLE !1\'CUT INF'JR/J.ATI0'111 1 

l.R!E I 6,22Cl 
220 F:J~'-1AT I'0 1 ,6X, 1 5A"·?LE COD!: 1 ,4X,'TAG"IJRJ',5X,''.J.:CAY ii"'li: 1 ,7.<, 

l 'PULSAR I, 
.I•. I Ti: I 6, 2 3 Cl I S NA..,': I 'I I , M = l , 31 , TAG...-D, D::C TY "I, ~UL SA? 

230 "'.7RMAT I 'O',oX,3A4,l6,7X,F6.0,6X,;:lO.O) 
w~.I TE 16 ,240II "li:TALI JI ,J=l ,NU..,::T I 
WR I TI: ( 6,240 I I c L MNT ( J I , J = 1 , 'lU ,-.EL "11 

240 FG~MtT I '0',7Fl0.0l 
C 
C CALCULATION GF THc l~C!VICUAL C'J.::FFICit~TS 10 SE Ui~C FJ~ IM~ 
C D~AD Tt"IE COR~i::CTIJN. 
C 

C 
C 
C 

!VTY" = JcCTY" + C~TY..,/2.0 
FJ'IITY~ = ::>::TYY + CNTYM 
JP~PT = o.o 
T'.:TCNT = O.O 
D~ 55 JACK= l,~UMEL"I 
TCTCNT = ~L~NT(JA:KI + T1TCNT 

55 C "NTI NUc 
'):' 60 J~ = l ,·'-lU"':L"1 
PbUCO{Jt.l = EL,..,NT(Jt.l/TJTCin 
DGW~R. = -LlYBDA(JAl*LVTY~ 
ADARTIJAI = PA~T:C(JAI~ EXP(DJW~RI 
so~~T = ~PA~T + 4PAKT1Jtl 

60 CO'-:Tl "lU:C 
DT = 11 - PULSAR/(CNTYM•S0.01 I 
l = CT /DPA,n 
□ J 65 J~ = l,NUMEL~ 
PAPTCOIJ~I =A~ PA~TCO (J3l 

65 CONT HWE 

(QP;;:CCT!O~I :•F 

SCJ l 00 JC 
FACT = o.a 
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FINCNT(JOI = HICNT(JOl• FLXCOR 
150 CONTI"JUf. 

we tT E ( 6 , 2 5 0 l 
250 FCR~'.tT 1'0'/6X,'R!:SULTS'//6X'Eli:"4ENT',7X,'Ur(C:JRRi:CTc:v CwJ,HS',8X, 

1 1 CJl<F.ECT::D CJUIHS' I 
D'.J 300 "l=l,NU~;:T 
WR I H ! 6,2 7011 ELNH'.E I V.,Nl ,N=l ,3 l ,HlCNT (Ml, FINCl~T (MI 

270 FO"Y.lT I '0' ,6X,3il4,FlJ.0,H,X,Fl0.0/ l 
300 '.:GNT!NUi: 
750 CONT I r-.;UE 

GO TO 10 
9qq STJP 

~ND 
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APPENDIX C 



A'IlVIOSPHERIC PARTICULA'IE SAMPLES COLLECTED AT 

NARRAGANSETT, RHODE ISIAND 



San:ple §0mpli.ng Q~.!:_e 
I-lo. On Off 

1 10-2~-75 10-25-75 

2 10-29-7 11 11)-30-711 

) 10-31--711 ll-1-711 

:-1 ll-o-7 11 ll-·7-711 

5 ll-S-74 11--9-74 

6 11-21--74 ll--22-7 4 

7 11-25-711 11-26--74 

a 11-26-711 11--27--711 

9 1-22--75 1-23-75 

10 1-23-75 1-2 11-75 

11 1-26-75 1-27-75 

12 1-30-75 1-31-75 

13 1-31-75 2-2-75 

111 2-2-75 2-3-75 

15 2-19-75 2-20-75 

16 2-20-75 2-21-75 

17 2-25-75 2-26-75 

18 2-26-75 2-27-75 

19 2-27-75 2-28-75 

20 2-28-75 3-1-75 

21 3-i-75 3-2-75 

22 3--3--75 J-il-75 

23 3- 11-75 3-5-'/5 

211 3-5-75 3-6-75 

/\'IVIOSPIIERIC P/\R'I'IClJLATE SAM.Pf.ES COLIEC'I'fD A'l' NAPJ'J\GAIISETI', R. I. 

Phosphorus 
·1'a;;a_,·7· • - -"'"Pei·st.iIITi.te·'2ele,:i.siilile Reac b ,,.,~ t' Sen.l'lac~r SoJ.. ::icx:Ut.DTI 

ne; m-3 P, ngm- 3 ng m-3 P, nc; m-3 
_., 

ug m .J 

17 ± l 17 ± 1 fi.3 ± 0.5 -- 3.1 ± 0.3 

6. 3 :t ~-5 6,2 ± 0.5 3.6 :~ 0.J -- 3.1 ±. 0.3 

31 •:: 2 ?.9 :': 2 Hi i: l - 2.3 :;_ 0.2 

22 ::: 2 21 :!: 2 11 .:-. 'J. a ,· .., (; ,, 2.5 ::: 0.2 : . '· -
22 ± c: --- 6. 'j '.: (). L_; - 23 ::: 2 

6.o f 0.5 5.3 _f 0. 11 l. 6 i 0.1 1.9 :'.: 0.2 9 2 ± o.8 

9.6 ± 0.8 G 2 .!: o 6 5 9 ± 0.5 6.3 ± 0.5 3.8 ± 0.7 

6.R l 0.5 (i, 5 .t 0. ':i ;>.6 i· ll ;;, 1.9 ± 0.2 3-3 ± 0.3 

J.2 .t l 10 i 0 8 5 6 ± 0 5 - 3.9 ± 0.3 

?.II :r. 2 ?.II :.!: 2 J.2 l J. -· 3.6 ± 0.3 

7-2 :l: 0.7 6.o f (1.5 2 I i 0.2 - 6.il ± 0.5 

7.7 ± 0.7 5.2 i 0.5 ?. ll ± 0.2 - 1.0±01 

11. 3 ± (). 1.1 - 3 ti :!: o ~ -- 1.5 ± 0.1 

. - 5.3 ± l).4 2.1 ± 0.2 -· 0.30 :!,: 0.03 

22 + 2 ::.3 ±: l 2. f, .t 0. 3 -- 0.72 l: 0 06 

13 ± 1 J2 J: l 7 .11 J: 0 6 -- 2.2 ± 0.2 

J.2 ± 1 11 :J: l :,i. 11 ± 0.3 -- 8.8 ± 0 7 

J.l ± l J.2 ± 1 3.8 :t o. 1, - 3.11 ± 0.3 

10 :!: (J.8 6:110.7 2. 7 :1: 0.1 -· 0.63 ± 0.05 

5. 3 ~: o. 5 3. 6 .~ 0. 3 3.6 ± !l.3 - 2.3 ± o.;! 

13 ± 1 9-9 :!: ll.8 2.1 :!: 0.2 - 0.86 ± o. 07 

7.5 ±: 0.7 7 .5 :!: 0.6 2.6 ± 0.3 --· 1.1 ± 0.1 

20 ± 2 H3 ± l 2.6 ± 0.3 - l.2 ± 0 . .l 

111 ± l - 7.1 ± 0.5 - 2.0 ± 0.2 

Aluminu:n 
ng m-J 

690 ± 4o 

250. ± 15 

680 5: 1!0 

250 "r 15 

480 ± 30 

220 ::: 13 

210 :!: 13 

30C ± 20 

440 i: 30 

1200 ± 70 

]50 = 20 

36c ± 20 

JOC -:- 2C 

290 :!: 20 

720 ± IJ(1 

1300 ± 80 

710 l· 110 

1200 ± 'lO 

490 ± 30 

430 ± 25 

200 :!:: 10 

700 ± 110 

460 ± 30 

690 ± 110 

Vanadium 
ng m-3 

35 ± 2 

20 ± 1 

33 ± ;1 

35 ± 2 

33 ± 2 

5.2 ± 0.3 

27 ± 2 

11 ± 0.7 

34 ± 2 

,'3 ± 11 

9.2 ± 0.5 

21 ± 1 

25 ! 2 

9-9 ± 0.fi 

15 ± 1 

• 23 ± ·l 
10 ± o.6 

6.G ± o. 11 

10 ± 0.6 

9.1 + o.~ 

13 ~= 0.8 

6.6 ± 0.4 

111 ± o.8 

24 ± l 

I'\) 
w 
\0 



Sanple Sa'llpling Date 
No. On Cff 

25 3-6-75 3-7-75 
26 3-8-75 3-9-75 
27 3-9-75 3-10-75 
28 3-11-75 3-12-75 
29 3-13-75 3-14-75 
30 3-16-75 3-17-75 
31 3-18-75 3-19-75 
32 3-19-75 3-20-75 

33 3-20-75 3-21-75 
34 3-21-75 3-22-75 

35 3-22-75 3-23-75 
36 3-23-75 3-24-75 
37 3-24-75 3-25-75 
38 3-25-75 3-26-75 

39 3-26-75 3-27-75 
40 4-30-75 5-1-75 
41 5-1-75 5-2-75 
42 5-5-75 5-6-75 
43 5-12-75 5-13-75 
411 5-13-75 5-14-75 
45 5-111-75 5-15-75 
46 5-15-75 5-16-75 
117 5-16-75 5-18-75 
48 5-18-75 5-19-75 

l\'IMOSPHERIC P/IIB'ICULl\1'E S/\.MPI.I':.S COLIBCTIID I\T NARRAGANSE'IT, R. I. 
(continued) 

Phosrho:--•u:, 
Total_ 3, Per::;ulfate Releasable Reac ti ::3 P, Seawat-=r ~ol. 3cdium 
ng m P, ng m-3 ng m P, ng m- Ill?; m-3 

17 ± 1 17 ± 1 7-5±0.6. - 1Ll ± 0.3 
11 ± o. 9 11 ± 0.8 1.2 ± 0.1 5.0 ± O.ll 14 ± l 

9-3 ± 0.7 8.11 ± 0.6 1.6 ± 0.1 2.9 ± 0.3 1.9 ± 0.2 
7.8 ± o.6 7.1 ± 0.5 4.11 ± 0.3 5.2 ± 0.4 4.0 ± 0.3 
15 ± 1 12 ± 0.9 3.0 :!: 0.3 4.4 ± 0.3 5-9 ± 0.5 
19 ± 1 19 ± 1 6.3 ± 0.5 6.9 ± o.6 3. 11 ± 0.3 

- 4.2 ± 0.3 2.0 ± 0.2 - 5-3 ± 0.9 
2.2 ± 0.3 1.2 ± 0.1 1.0 ± 0.1 - 14 ± 1 
8.9 ± 0.7 4.8 ± o.4 2.5 ± 0.2 1.7 ± 0.2 24 ± 2 
7-7 ± o.6 5-7 ± 0.5 2.8 ± 0.2 1. 7 ± 0.2 3.2 ± 0.3 
5-9 ± 0.5 5-3 ± 0.1➔ 3-1 ± 0.3 3.2 ± 0.3 1.0 ± o.6 
5-5 ± 0.5 4.o ± 0.5 - 1.7 ± 0.2 1.1 ± 0.1 
7-5 ± o.6 5-9 ± 0.5 6.2 ± 0.5 5.4 ± o.4 3-7 ± 0.3 
9.8 ± 0.7 7.0 ± 0.5 - - 5.4 ± 0.5 
18 ± 1 15 ± 1 3-7 ± 0.3 2.8 ± 0.2 4.5 ± o.4 
13 ± 0.9 6.9 ± 0.5 5.1 ± 0.4 11.0 ± 0.3 2.3 ± 0.2 

9-9 ± 0.7 4.4 ± 0.4 3. 11 ± 0.3 2.9 ± 0.2 3.8 ± 0.3 
8.6 ± o.6 4.6 ± 0.11 3-3 ± 0.3 3-3 ± 0.3 16 ± 1 
11 ± o.8 6.1 ± 0.5 4.2 ± 0.3 - 6.o ± 0.5 
12 ± 0.9 7.4 ± o.6 4.5 ± 0.4 - 1.6 ± 0.1 
19 ± 1 13 ± 1 5-3 ± 0.4 - 2.5 ± 0.2 

9.6 ± o.8 5.4 ± 0.4 11.0 ± 0.3 3.6 ± 0.3 2.3 ± 0.2 
27 ± 2 16 ± 1 - - 2.4 ± 0.2 

7 .o ± 0.6 3-9 ± O.J 3.0 ± 0.2 - J.2 :!: 0.3 

Aluminum 
ng m-3 

530 ± 30 
820 ± 50 
610 ± 40 
230 ± 14 
360 ± 20 
850 ± 50 
110 ± 10 
60 ± 5 

250 ± 15 
400 ± 25 
150 ± 10 
340 ± 20 
160 ± 10 
470 ± 30 
900 ± 55 
500 ± 30 
430 ± 25 
260 ± 15 
590 ± 35 
460 ± 30 

1500 ± 90 
190 ± 10 
370 ± 20 

230 .:!: 10 

Vanadium 
ng m-3 

20 ± 1 
6.0 ± 0.11 
14 ± 1 
28 ± 2 

20 ± l 
43 ± 3 

2.8 ± 0.5 
o.6 ± 0.1 

3-3 ± 0.2 
19 ± 1 
14 ± o.8 

8.5 ± 0.5 
42 ± 2 

36 ± 2 
5.6 ± 0.3 
9-3 ± 0.6 
3.4 ± 0.2 
11 ± 0.7 

4.6 ± 0.3 
8.8 ± 0.5 

15 ± 0.9 
11.11 ± 0.3 
8.1 ± 0.5 

13 ± o.8 

I\.) 
.;::-
0 



Sample Sarrple Date 
No. 01 Off 

49 7-22-75 7-23-75 

50 7-28-75 7-29-75 

51 7-30-75 8-l-75 

52 8-12-7'i 8-13-75 

53 8-111-75 8-15-75 
54 9-16-75 9-18-75 

55 9-22-75 9-23-75 

56 9-29-75 10-1-75 

57 10-13-75 10-15-75 

58 10-21-75 10-23-75 

59 10-27-75 10-28-75 
60 11- 11-75 ll-6-7'i 

J\'IM)SP!IERIC PI\ITTICULI\Tf. SN1PLES COLLECTED 1\7 NI\RRI\G/\NSE'IT, R. I. 
(Continued) 

Fhosehorus 
Total P F'ersullate Re.Leasable Heactive P Seawater Sol. Sodium 

ng m-~ _P, rig rn-3 ng m-3 P, ng m-3 Ilg m-3 

36 ± 3 20 ± 1 111 ± 1 8.8 ± 0.7 3.2 ± 0.3 

32 :!: 2 - - - 1.2 ± 0.1 

31 ± 2 20 + .I. 15 :!: 1 - 2.5 ± 0.2 

32 ± 2 21 ± 2 11 ± l. 

37 ± 3 16 ± 1 7.2 ± 0.6 8.5 ± 0.7 1.6 ± 0.1 

19 ± 1 12 ± 0.9 3.6 ± 0.3 3.0 ± 0.2 1.2 ± 0.1 

27 ± 2 16 ± 1 8.9 :!: 0.3 - 0.80 ± 0.06 

23 ± 2 12 ± o.8 7.f):!:0.6 11.0 ± 0.3 0.80 ± 0.06 

26 ± 2 21 ± 2 15 ± 1 - 0.60 ± 0.05 

35 ± 2 23 ± 2 111 ± 1 - 1.6 ± 0.1 

23 ± 2 20 ± 1 10±0.9. 8.1 ± 0.7 1.9 ± 0.2 

20 ± 1 9-2±0-7 5.2 ± 0.4 7.7 ± o.6 0.50 ± 0.011 

/\lwninum 

n~ m-3 

230 ± 10 
400 ± 25 

llOO ± 70 

11100 ± 80 

440 ± 30 

300 ± 20 

240 :!: 15 

570 ± 35 

670 ± 110 

370 ± 20 
670 ± 110 

Vanadium 

ng m-3 

13 ± o.8 

7-5 :!: 0.5 
21 ± 1 

8.2 ± 0.5 

16 ± 1 

9-3 ± 0.6 
7.4 ± 0.4 

11 ± 0. 7 

18 ± l 

.l.9 ± 1 
9.1 ± 0.5 

f\J 
.t::" 
1--' 
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