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ABSTRACT

The flow of particulate phosphorus through the atmosphere‘haé been
studied. The goal of the work was to deduce the magnitude and direction
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 remote
-island sites, and on ship-board over the Atlantic and Pacific Oceans. .-
Samples of precipitation and dry fallout were collected at sémpling sites
at Narragansett, R.I. and Bermuda. 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 determined on the. aerosol samples. Sodium, aluminum,
and vanadium were also determined on the aerosol samples. These eleaments
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

3 -3

ranged from ~100 ng m - in New York City to ~0.2 ng m

-3

at the geographic
in the remote South Pacific. Typical

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

South Pole and douwn to ~0.02 ng m

Northwest Territories, Canada, 1.2 ng m-3; the Western North Atlantic
between North America and Bermuda, 7 ng m_3; the North Atlantic near the
coast of Northwest Africa, 70 ng m-3; over the Peru current near the
coast of Peru, 8 ng m_3; and in the marine air near the islands of Hawaii
and Samoa, 0.5 ng w3,

Particulate phosphorus in the marine air near Hawall 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 aluminum or sodium. The material may have been derived from more
than one source.

The particulate phosphorus found over the North Atlantic near the
northwest coast of Africa appeared to come from the Sahara desert.
Phosphorus to iron ratios.in this aerosol agreed well with the ratiosA
found in a desert soil from Libya. Much of the phosphorus in the mariné 
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 ard organic phosphorus fractions. Much of the phosphorus
in the nominally "organic" fraction was evidently a water insoluble
arganic form. The true amount of organic phosphorus could not be extracted
fram 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 atmosphere
on the drops from bursting bubbles amd that it is enriched relative to
sodium on these droplets. Enrichment of organic phosphorus ranged between
60-150, about ten times greater than that of reactive phosphorus. 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
these samples. The average enrichment was 160.

The estimated global burden of particulate phosphorus in the atmosphere

is 2.8 x 109 . The inputs of phosphorus to the atmosphere are estimated to

e T T
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be: crustal, ~380 x 107 g y_l, marine, ~33 x 10" gy ~, and

0 g y"l. Transport of crustal and anthropogenic

material to the oceans is estimated to be ~100 x 1070 g y—l, while

transport of marine phosphorus to the continents is 3 x lOlO g ynl.

anthropogenic, 46 x 10l

These estimates are only good to a factor of two or three. An estimated
v 20 x lO10 g y_1 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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submitted to Atmospheric Environment.

The fourth manuscript is titled "The sea as a source of atmospheric

phosphorus". This manuscript is to be submitted to Marine Chemistry. The

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

phorus cycle'". This manuscript is to be submitted to Geochimica Cosmochﬁnica- 

Acta. The paper brings together all the available information on the
concentrations, sources, and deposition rates of phosphorus in the atmosphere,
both fram this research and from the literature. Using these data é global
cycle of phosphorus in the atmosphere has been calculated and is presented

in the manuscript.
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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 frdn ground level that
phosphorus was strohgly detected. The source of this phosphorus was
considered to be soil.

Other early accounts of the presence of phosphorﬁs in precipitation
are those of Trieschmann (1919) and Moore and Browning (1921), both
reporting on the analysis of rain samples collected at Mt. Vernon,

Towa. Fram this period until the end of World War II no reports of
phosphorus in the atmosphere or in precipitation have been fourd. A
resurgence of interest occurred in the 1960's, when investigation into
ecological and agricultural nutrient budgets led to several studies.of
phosphorus input through precipitatiop ard 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 fourd.
However, no data on phosphorus in the marine atmosphere were known to
exist previous to the studies reported in this thesis, and the data that
are available have never been integrated into a global view of phosphorus

in the atmosphere.

The 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 and hydrosphere has
been illustrated qualitatively by Goldschmidt (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



cycles are tied together by the need to balance phosphorus input to the
oceans by the burial of phosphorushcontaining 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. Thus the oxygen and
phosphorus contents of the deep water would reach a new equilibrium witﬁ'
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. Stumm (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 1ifé may occur, especially in

coastal waters. Under anoxic conditions the higher forms of life are
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eliminated completely (Stumm, 1973).

Another cycle has been calculated by Lerman et al. (1975) (Fig. 2).
This cycle is a little more complete than Stumm's (Stumm, 1973) as it
includes both dissolved and particulate phosphorus fluxes to the ocean.
Lerman et al, (1975) calculate that, if the input of phosphorus to ﬁhe
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 Stumm (1973) and ILerman 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 thé
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
ard 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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ABSTRACT

Atmospheric particulate phosphorus has been measured in the frade
winds of the Hawaiian and Samoan islands. The concentration of phos-
phorus ranges from 300-800 pg m™3 and averages about 500 pg m3,
phosphorus comprises 20 to 35% of the total phosphorus, persulfate
releasable phosphorus 20-35%, and acid soluble phosphorus 40-60%. The
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. The persulfate
releasable fraction appears to be comprised of organic material. The
net phosphorus input to the vegetation on the windward sides of these
islands is estimated to be 0.025 - 0.030 Kg ha y . The value amounts

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

Reactive

appears that bulk precipitation samples are easily contaminated in regiops

of intense biological activity.



INTRODUCTTION

The inpgt of phosphorus campounds from the atmosphere to fofests,
croplands, and inland water bodies has been widely &easured in temperate
zones as part of ecological and water quality studies. However, data
from tropical regions are much 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 thevatmosphere in.
tropical regions have been made in Ghana (Nye, 1961), Nigeria (Jones,.
1960), The Gambia (Thorton, 1965), and the Kerala coast of India
(Vigayalakstmi and Pandalai, 1963). Phosphorus inputs reported by these
investigations range from 0.14 to 4.3 Kg ha—ly—l.

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
the midst of phogphate rich Antarctic waters, contributed about 0.15
Kg ha'"]‘y_l of phosphorus to the island's vegetation. In a study of
mineral cycles in the El1 Verde Forest of Puerto Rico, Jordan and Drewry
1.-1

(1969) report an input of phosphorus in rain of 1.81 Kg ha ~wk . This

is the equivalent of 94 Kg ha 1y T 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 aﬁd 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. Estimating the magnitude of the atmospheric input 1is the

concern of this paper.

SAMPLING SITES

My study of atmospheric 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.
Both 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 ym in diameter (Dams et al., 1972).
The time of sampling ranged fram 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 Hawaili 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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at 125°C (Menzel and Corwin, 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 compounds found at these
sites is only about 4% of the phosphorus (Walsh, personal comunication).
Phosphorus determined by persulfate oxidation includes reactive phosphorus,
phosphorus that is liberated during the oxidation of organic material; and
inorganic phosphorus which is soluble at the final pH of the oxidation g
reaction (pH 22). Studies with a variety of organophosphorus compounds
showed that the efficiency of oxidation ranged between 85 and 100% for

most organophosphorus compounds. However, the recovery of phosphorus

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

The phosphorus determined in this analytical step is called "total
persulfate phosphorus".

The "persulfate releasable phosphorus fraction is the difference
between the total available phosphorus and the reactive phosphorus. A
fraction called "acid soluble" is defined as the difference between the
total phosphorus value and the total available phosphorus value.

Analytical precisions in the atmospheric samples have been calculated
to be: total P, # 10%; total available P, i 15%; reactive P, 1 20%;
sodium, + 9%; aluminum, + 16%.

Only total persulfate phosphorus was determined on the precipitation
samples using the persulfate oxidation technique after filtration in the
laboratory. Because the samples could not be analyzed immediately 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%.






TABLE 1. Meteorological conditions and concentration of phosphorus in samples of
atmospheric particulate matter from the marine air of Hawaii

; 3
AVG. WINO  PERCENT PHOSPHORUS - pg m

1975 VELOCITY  "GOOD" PRECIP. TOTAL PERSULFATE ™~ so01uy ALUMINYM

LOCATION SAMPLE __ DATE m/s WINDS cm TOTAL _ AVAIL. REACTIVE RELEASABLE ACID SOLUBLE g m ng m-
Hawa i 1 1 Aug 7.1 100 0.03 500 460 90 370 40 2.5 1
éﬁ‘;gg;ﬁ 2 14 Aug 10.0 100 0.13 860 370 300 70 490 4.3 22
1975) 3 18 Aug 8.1 100 0.03 480 380 160 220 100 3.2 8
4 22 Aug 8.4 100 0.20 470 250 60 190 220 3.8 20

5 28 Aug 6.6 95 0.46 420 220 150 70 200 2.2 18

6 3 Sep 8.0 99 0.03 500 220 1o 110 280 3.6 n

7 8 Sep 8.1 100 0.28 390 170 1o 60 220 2.9 7

8 12 Sep 5.4 76 0.10 430 320 190 130 110 1.6 n

9 18 Sep 8.4 100 0.03 770 550 450 100 220 2.9 21

10 24 Sep 7.6 100 0.03 530 350 140 210 180 3.0 13

1 30 Sep 7.2 98 0.20 440 270 220 50 170 2.6 14

12 6 Oct 9.1 100 0.71 380 170 70 100 210 3.5 4

13 12 Oct 7.9 98 0.03 260 130 70 60 130 2.5 5

Mean 7.8 97 0.17 490 300 170 130 200 3.0 13

+5.0. +1.1 +.21 4160 +120 +110 +90 +110 +0.7 +6

1



TABLE 2.

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

AVG. WIND  PERCENT

PHOSPHORUS - pg m™3

1976 VELOCITY  "GOOD" PRECIP. TOTAL PERSULFATE S0DIUY ALUMINYN

LOCATION SAMPLE  DATE m/'s WINDS cn TOTAL __AVAIL. REACTIVE RELEASABLE ACIO SOLUBLE ug m ng m
Samoa 1 11 January 5.8 80 11.53 400 190 60 130 220 2.7 3
égg:ﬂgg 2 18 January 6.8 85 13.38 425 180 130 50 240 3.2 8
1976) 3 25 January 4.2 9% 1.37 330 180 100 80 150 2.3 17
4 1 February 3.9 86 1.42 320 100 70 30 220 1.8 3

5 5 February 4.1 73 3.84 560 140 80 60 430 2.5 1

MEAN 5.0 84 6.3¢ 410 160 90 70 250 2.5 6

+ S.D. +1.3 +5.77  +100 +40 +30 +40 +100 +0.5 +6

Samoa 1 16 June 5.9 94 2.80 510 380 40 340 140 3.4 5
égg‘ggm;er‘ 2 25 June 5.0 86 2.84 590 520 160 360 60 2.9 2
1976) 3 2 July 10.4 87 1.57 510 170 60 110 360 3.7 5
4 9 July 5.9 95 5.03 400 130 20 110 270 3.9 2

5 16 July 6.9 48 3.96 800 200 N.D. 200 600 2.4 13

6 23 July 8.6 80 2.82 340 100 50 50 230 2.7 8

7 1 August 7.0 80 - 440 150 120 30 290 3.1 7

8 8 August 7.1 56 2.64 650 160 N.D. 160 490 2.6 4

9 15 August 12.7 73 0.38 500 140 N.D. 140 400 3.9 14

10 22 August 5.3 92 0.28 620 220 120 100 390 6.2 8

n 28 August 8.9 100 0.25 450 170 20 150 280 3.5 8

12 4 September 4.5 100 0.01 320 140 10 100 190 1.8 6

13 11 September 5.6 86 0.07 410 270 200 70 130 2.3 7

14 18 September 4.9 58 3.10 430 180 170 10 240 1.6 7

MEAN 500 210 70 140 290 3.4 6

+ S.D. +130 +110 +70 +100 +150 +1.1 +4

LT



18

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

HAWATT " samoat A
_____—_8 —
DRY SEASON RATNY SEASOND DRY SEASON!
FRACTION pg m™3 % pE m3 % pg m3 %
Total P 500 100 370° 100 470 100 -
Total Persul- 3
fate P 290 58 160 43 2140 51
Reactive P 160" 34 90 ol 90 19
Persulfate Rel. P 130 26 70° 19 150 32
Acid Sol. P 210 12 210 57 230 19

lExcludes all samples with less than 80% "good" winds

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

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

uSignificantly higher than other values at 98% c.l.

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

6December - February, 1976
Tune - September, 1976

8Ju1y - October, 1976
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TABLE 4. The input of phosphorus in bulk
precipitation at Samoa

TOTAL_AVAILABLE P

DATE DAYS  PPTN IN PPT AS BULK DEPOSITION
SAMPLE ON EXPOSED cm ug 17 mg ha-'day-!
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 7% 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 1.9 0.33
6 17 Jan 76 3 6.48 2.7 0.57
7 20 Jan 76 17 4,37 1.9 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 1.19 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 1 0.03 99 0.25
16 4 Jul 76 2 0.13 58 0.38
17 6 Jul 76 1 0.25 31 0.74
18 9 Jul 76 3 0.18 38 0.23
19 12 Jul 76 1 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 1.14 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

Total Days = 103

Total Input of Available Phosphorus = 40.1 g ha”'

Estimated Annual Input = 0.14 kg ha'1y']



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 amalysis is a statistical technique for the grouping of linear

combinations of similar varlances from 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 atmosphere 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 the Samoan data, and 89% of the pooled data.

The first factor contains most of the sodium variation and most
certainly represents sea salt particles ejected fram 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 phosphates 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.

Inosital phosphates are one possible source of this persulfate resistant
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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 (Rlack, 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 300 to 500 units in length are found in bacteria and algae (Zajic,
1969). Bacteria are known to be highly concentrated in the surface>mi¢ro?
layer of the ocean (Sieburth, 1965; Sieburth et al., 1976), while the abil; - Ti -
ity of bursting bubbles to inject water droplets contalning bacteria into ‘
the atmosphere has been well documented (Blanchard and Syzdek, 1970;
Bezdek and Carlucci, 1972). However, without additional data it 1s 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 indicatesa crustal source for this factor. Reactive phosphorus con-
centration generally increases with increasing aluminum concentration, though
there is a large amount of scatter in the data. The data are plotted in
Fig. 3. Milti-variate linear regression of the pooled data gives a sig-
nificant (99.7%) regression of reactive phosphorus én aluminum. The
regression coefficient for aluminum 1s 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 camparing 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 Geophysicél
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 ard

Mexico. Some of the acid soluble phosphorus variation also appears to be<;
associated with Factor 2 and may represent phosphate minerals in the crustal
material. |

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 the 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 HC1 .(pH =1.6) and the
extracts analyzed for phosphorus. The amount of bhosphorus recovered was
samewhat less than the recoveries from the persulfate analysis (Table -6).
Thus it appears that the phosphorus recovered in the persulfate fraction

is entirely organic in nature.
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values were the first two samples taken at the start of the dry season
sampling period, and it 1s possible that these samples are contaminated
with construction debris. The.impactor data, however, indicate that some
fraction of the organic phosphorus may be associated with the fine frac-
tion of organic carbon. The increase in total phosphorus on the impactor
backup filter may be related tp the large mass of fine particle 6rganic
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 um in diameter, but that some small fraction may be associated with
the 80% of the organic carbon which is found to be less than 0.5 um~in

diameter.
INPUT OF PHOSPHORUS TO THE WINDWARD VEGETATTION

The. measured input of total available phosphorus is estimated to

Ll based on the precipitation samples taken at Samoa.

be 0.14 kg ha ~yr
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 time 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 33 cm/second. This is in reasonable agreement with the
average deposition velocity of 2.4 ecm/sec for phosphorus compounds
measured in an English woodland by White and Turner (1970). It is
significantly higher than the value of 0.6 cm/sec by Delumyea ard
Petel (1977) for deposition of phosphorus campourds over Lake Huron.
However, the mass median diameter of particles sampled by Delumyea and
Petel was less than 1 um vs *3 uym for my Hawaiian sample. The differences
in deposition velocity are consistent with this difference in diameterf
Based on a deposition velocity of 3 cm/sec and an atmospheric con-".'
centration of 500 pg m3 a dry deposition fiux of 5 g ha"ly"1 is |
obtained. Additional input will occur in rainout and washout. I éan
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 A
Wisconsin, areas which have rainfalls of 380 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 Matutula, 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

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

This amount is approximately 20 to 25% of the 0.14 Xg ha-l y-1

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



one rain sample taken on shipboard 30 miles north of Samoa. The phos-

phorus concentration was fourd to be 2.5 ug 1_1. The composition of the phos-
phorus was 50% reactive, 50% organic. Based on rainfall of 133 cm/year

over the oceans at this latitude (Baumgartner and Reichel, 1975) and an
estimated rainout to dry deposition ratio of 3:1, I obtain a phosphorus

-1

input of 0.045 Kg ha_ly 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 ha_ly_l and

most likely less than 0.05 Kg ha_ly_l.

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 ié 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

3, averaging

Hawaiian and Samoan islands ranges from 300 to 800 pg m
about 500 pg m3. Reactive phosphorus comprised 20 to 35% of the total,
organic phosphorus 20-35%, and acid soluble phosphorus 4o-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 camplex.

This fraction is most likely biological particles from either continental

or oceanic sources. -1t appears to have a falrly large particle size and

31



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
these island chains is estimated to be .025 to 0.030 Kg ha~ty~L, based
on the atmospheric concentration, a calculated deposition velocity and
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 where biological

activity is intense.
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ABSTRACT

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 the
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 U0°W, indicating a high concentration of dust in this region. ‘
3 .

Phosphorus concentrations east of U40°W ranged from Ul4-82 ng m ~ 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 um radius fraction of
desert soils from Libya. It is estimated that 130 vg of phosphorus

are released for every gram of Saharé dust that falls into the mixed
layer of the ocean. Using a previously developedAmodel for the trans-
port of Sahara dust to the North Atlantic, the input of nutrient phosphorus

to the mixed layer is estimated to range fram 1230 uM m_2y_1Anear the

African coast to 10 uM m_'gy-1 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 1600-2000 km from the coast

may be of the same order of magnitude as diffusive input from deep water.
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INTRODUCTION

Junge (1956) suggested that the reddish yellow dust observed on
samples of atmospheric particulate matter collected in Flor'ida'mi'ght
have been transported across the Atlantic fram 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 Carlso‘n,_- :
1972) and on shipboard in the North Atlantic (Jaenicke et al., 1971; ‘
Schlitz, 1977; Lepple, 1975). These investigations have concentrated
on the determination of mass transport, particle size distribution, and
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 esﬁjjnates 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. The 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 thermocline 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 camponents in its cycle.












ered 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 um radius. Five to 200 mg portiorsof soil were analyzed fof
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 Triga
| reactor at the Johannes Gutenberg Unilversity of Mainz. The iron analyses
were done by K.A. Rahn. Samples of soll were irradiated for 7 hours at
a flux of 7 x 10tn cm-2sf1 and counted one month later using a Ge(Li)
detector (50 cm3 volume, 2.5 KeV reéolution) connected to a 4000 channel
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. Standards and
blanks were prepared and analyzed in the same manner as the samples.
Uncertainties are estimated to be + 15% for the phosphorus analysis and

+ 10% for the iron analysis.
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RESULTS AND DISCUSSION

The results of the soil and aerosol analyses are presented in
Tables 1 and 2 ard in Figure 2. The influence of the Sahara blw’ne on
the composition of particulate air samples can be seen between filters
7 and 15. Both the iron and phosphorus concentrations increase by one
to two orders of magnitude in concentration in these samples as compared
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 calculéted' ;:l:_:
for the two desert.samples. These ratios are significantly iower 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 fram the western North Atlantic (Graham,
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 contain a much higher proportion of water soluble phosphorus
(Table 3). Qrganic 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 Brine
(1976) report that eolian dust fram the Sahara contains about 3% organic
carbon by weight. Thus the presence of some organic phosphorus would seem

probable.

Release of phosphorus in sea water

About one third of the acid soluble phosphorus in the plume aerosol
samples is soluble in doubly distilled water. This compares to a solubility

of only 3% for the Libyan soil phosphorus. The finest fraction of the


















Libyan soils that could be 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 essentilally all particles larger
than 10 ym in radius fall out of the plume within the first 1000 km of
transit over the ocean. The greatest portion of these are lost in the
first 500 xkm. 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 the Atlantic from the Sahara is'th"”j»*
soluble and therefore not available as a nutrient. Estimating just whaf“ o
fraction of the total phosphorus will beccme available in sea water is
highly subjective, depending on the particle size of the aerosol ard 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
ard sensitivé 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 delonized water at a pH of 6 as in seé 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 ug P per gram of

dust. If I assume that:
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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'ffaction is released
on contact with sea water (Table 1), ‘
3. 'The dust plume contains 700 ug acid soluble P per gram of dust,
I estimate that 130 ug 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 conditions 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) have estimated the annual

6 1

transport of dust down this 10° latitude band to be about 260 x 10~ T yr
at the coast of Africa. At a point 1000 km from the coast, the transport

6 1, while approximately 50 x 106 T yr_l

is estimated to be 83 x 10Ty
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 136 ug of soluble P are carried by each gram of Sahara
dust to the surface of the ocean. The resulting transport and fallout

fluxes are shown in Figure 3. Input ranges from about 1200 pM mf2yr—2
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near the African coast to 13-110 uM m2 yr_l in the Sargasso Sea area
between 1000 and 5000 km from the coast (rbughly 27°W to 67°W).

I can also estimate the input of phosphorus to the North Atlantie
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/mf3of water soluble phosphorus on the average. Assuming a deposi-
tion velocity of 1 cm sec_l as a first approximation, I calculate the

fallout of distilled water soluble phosphorus to be 2.1 x 10"1“« g on™2

sec T or the equivalent of 200 uM m—zy-l. If 50% of this phosphorus_‘
is released in sea water, the input of dissolved phosphorus into the
mixed layer of the ocean is 100 yM P mfzy-l, in reasonable agreement with
the input calculated for 1000-2000 km from the African coast using the
transport model.

The input of insoluble phosphorus campounds is probably an ofder of
magnitude greater than the flux of soluble phosphorus. Glaccum (1977),

1

using emission spectroscopy, finds between 1600 and 2200 ug P gm — of

Sahara aerosol. ILepple (personal cammunication) has found an average of

1 in Sahara aerosol samples analyzed following digestion with

2000 ug gn
hydrofluoric acids. These results are two to three times higher than
the values I find for the <32 um diameter Libyan soils and may reflect
the input of high apatite dust from the northwest coast of Africa, the

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

Inputs to the Mixed lLayer

The input of soluble phosphorus near the West African coast appears
to be negligible compared to the input from the upwelling that occurs in

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

surface water of 0.3 uM 171 (Szekielda and Ballestes, 1974), the phosphorus
2. -1

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

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_(GPEgg o ‘
et al., 1973; Gargett, 1976) in the thermocline. However Schmidt 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.

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 corditions no advection into the surface layer would occur.

For purposes of comparison 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 uM m?yr-l when an eddy diffusion

6 is used. This is about the same order of magnitude

coefficient k of 10~
as the atmospheric flux. Using k equal to 10_5 yields an input ten times
larger, with the atmospheric input droping to 10% or less of the input

through the thermocline.
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ABSTRACT

The concentration of particulate phosphorus in the atmosphere

has been measured over the western North Atlantic and at the island
3

of Bernuda. Phosphorus concentrations ranged from 57 ng m ~ near the

3

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

3

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

this portion of the ocean is evidently contained in particles of crus—-

tal material from the North American éontinent and also possibly from .
the Sahara desert, in soot and fly ash particles from 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 boundéd 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

0.5and 1.0x 107 g y . About 36% of this phosphorus is estimated to
be released upon contact with sea water for a 12 hour period. Thus
2toh x 107 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 fertilizérs
has doubled every 10 years (Lerman et al., 1975). The fraction of
fertilizer phosphorus that is transported to the oceans annually is
unknown. However Stumm (1973) has shown that the concentrations of
phosphorus in major Eurcopean rivers and the gquantity of phosphate rock
mined annually have both increased exponentially at about the same raté;'
Both Broecker (1971) and Stumm (1973) have suggested that stéadily
increasing inputs of phosphorus to the oceans could have undesirable
results in coastal areas, including changes in plant and animal 1ife 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 material 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 atrnospheric 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 um in diameter
(Dams et al., 1972). The TRIDENT samples were collected ﬁsing an
atmospheric sampling tower mounted on the bow of the ship. Filter
holders mounted on this tower were 15 m aboye 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 Bernmuda sampling site consists of a 20 m high sampling tower
located on the southwest coast of the islard. 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
guarters stored in sealed poljrethylene 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 Islard Nuclear Science Center swimming pool reactor at a flux of
4 x 1012n cm—2s—l. Within two minutes the samples were counted for
400 s on a 20 cm3 Ge(Li) detector (resolution of 2.3 KeV for the 1332
KeV gamma ray of 6000, efficiency 7%) coupled to a Nuclear Data

2200 4096 channel analyzer with computer campatible magnetic tape output



(Ampex T™-7). A computer program (J.L. Fasching, personal communica-
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 mamner as the unknowns. Constant
geometry was maintained during the counting of all standards and unknowns.
Corrections were made for dead time and half 1ife 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 HC1, diluted to 5 ml with doubly distilled‘(DD) water, and
filtered through a 0.2 um 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
method of Johnson and Pilson (1972). Phosphorus was then deteﬁnihed
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 phosphorus 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 ASH+O phosphorus.

Analytical precisions were fourd 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. Typlcal analytilcal 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 TRIDENT
cruises 134, 137, and 145, and on Delbag filters for TR 152 were analyzed
for total phosphorus only. The Whatman filters have an efficiency of
>90% for the collection of particles >0.5 um in diameter (Stafford and
Ettinger, 1972). nly 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 were 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 May, 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
analysis. Total phosphorus was determined on these samples using the
persulfate oxidation méthod 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+0 phosphorus, along
with sodium, aluminum, and vanadium from cruises TR 161, TR 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



TABLE 1. Atmospherle concentrations of phosphorus, sodium,
aluninum and vanadium collected on TR 161

SAMPLE DATE MIDPGINT LOCATION PHOSPHORUS ng m™3 SEA SALT Na' Al EXCESS V
MUMBER  COLLECTED LAT/LONG. TOTAL REACTIVE AS+0 wg w3 ng m-3 ng m=3
1 12/6/74 3201/68°W 5.5 2.1 3.4 5.5 10 0.1
2 12/7/74 32°M1/70°W 4.3 1.1 3.2 3.8 15 0.1
3 12/8/74 33°N/73°W 4.1 2.3 1.8 5.5 85 1.6
4 12/11/74 33°H/73°W 1.3 0.7 0.6 1.5 63 3.1
5 12/13/74 33°M/7hou 5.0 by 0.6 3.7 130 €.8
& 12/15/74 3201/ 740 9.3 3.0 6.3 b4 61 3.0
7 12/15/74 31°N/77°u 6.3 2.6 3.7 5.7 51 3.4
8 12/17/74 31°N/78°W 5.1 3.1 2.0 3.9 72 3.1
9 12/17/74 28°H/80°W 9.7 3.7 6.0 7.4 120 3.5
10 12/18/74 27°1/80°U 21.0 5.6 15.4 3.8 270 3.3

lCorrected for crustal Na and V using the ratios of Mason (1966)
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TABLE 2. Atmospheric concentrations of' phosphorus, sodium, aluminum
and vanadium collected on TR 168

SAMPLE DATE  MIDPOINT LOCATLOHN PROSPIIORUS rys nr3 SEA SALT Mal AL EXCESS VI
NUMEFR COLLECTED LAT/LOMG TOTAL REACTIVE AS+0 ug, m3 ng w3 ng w3
1 5/24/75 27°11/78°W 5.4 4.y 1.0 8.7 270 3.4
2 5/25/75 29°N/T7°W 5.6 yh 1.2 0.6 290 2.6
3 5/28/75 30°N/76°W 1.8 0.5 1.3 1.5 99 1.9
y 5/28/75 30°N/76°W 1.8 1.0 0.8 1.7 32 2.5
5 5/29/75 30°N/76°W 1.5 0.6 0.9 1.2 87 1.6
6 5/31/75 32°N/T4%W 2.6 0.2 2.4 1.7 31 2.5
7 6/1/75 33°N/73%W 4.3 0.3 4.0 1.9 " 510 1.3
8 6/1/75 33°N/T3°% b.3 0.6 3.7 2.2 560 1.4
9 6/3/75 35°N/70°U 2.2 1.6 0.6 3.2 110 1.0
10 6/4/75 37°N/T0°W 21.7 9.6 12.1 9.2 170 5.4
11 6/5/75 37°1/69°W 17.3 7 9.8 10.2 120 3.4
12 6/6/75 36°N/69°W 7.0 5.0 2.0 6.0 220 2.3
13 6/1/75 37°N/68°UW 21.9 6.9 15.0 3.6 550 4.1
14 6/8/75 37oN/68% §1 1.6 2.5 8.2 380 0.3
15 6/9/75 39°N/69°W 18.0 5 11.5 2 140 15.6

1

Corrected for crustal Ma and V using the values of Mason(1966)
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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
combustidn 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, totai phosphorus concentrations
appear to be somewhat higher in the region north of a line fram 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 épproximate distance of the sample
-fran the North American coast. The analytical results have been separated
into two groups; those from samples north of a line between Bermuda and
Cape Hatteras (solid squares) and those from samples south of this Cape
Hatteras - Bermuda line (open circles). In addition, samples from
Bermuda and further east (triangular symbols) also appear to fall into
two groups which fit well with the riorthern and southern sample sets.

The equation C = Coe_kD has been fitted to each of the sample sets
illustrated in Fig. 2. In this equation C is the concentration of
phosphorus at any distance D from the coast, Co is the concentration of
phosphorus at the coast, while k is the constant. The regression line
through the samples collected north of Cape Hatteras yields a value for

C, of 20.5 ¢ 4.7 ng m > and for k of ~0.0013 # 0.0003 kmt. For the












samples collected below Cape Hatteras, the values are: Co, 9.9 +

2.2 ng m3; k, -0.0023 % 0.0003 Kn

. The amount of variation (r2')
explained by the regression is 0.70 for the samples nérth 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 anmmual basis gives an estimated input of

1 . This seems to be a very reasonable value when compared

0.06 Kg ha y
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 sgualls which
occurred at about 32°N, 7U°W during TRIDENT Cruise 161. The samples

1 and 11.6 ug-l of phosphorus. Blanchard (1963)

contained 2 ug 1~
has estimated that the ratio of aerosol deposition by precipitation to
deposition by dry fallout is abbut 2/1 on a global basis. 1In this
calculation, Blanchard (1963) used 89 cm y-1 as the depth of precipitation
on a global basis. Precipitation in the Atlantic between 30 and 4o°N

amounts to less than thls, averaging about 63 cm y T+ (Baumgartner and
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Reichel, 1975). I will assume a 1:1 precipitation to dry fallout
ratio in this region. The annual depositibn 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 estimate.

DETERMINATION 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 sampies.
Factor analysis is a statistical technique for the grouping of linear
canbinations of similar variances fram 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+0O 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 féctor appears to
represent a crustal source as it contains most of the aluminum varia-
tion. The third factor contains most of the sea salt sodium variation
plus some of the reactive and ASH+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









TABLE 7.

MULTIVARTATE REGRESSTION ANALYSTS OFF NORTH ATTANTIC
ATMOSPHERIC PARTICULATE SAMPLES

PHOSPHORUS REFERENCE REGRESSION VARIATION OF SIGNIF LCANCE! % VARIATIONZ TOTAL VARIATION3
FRACTION ELEMENT COEFFICIENT COEFFICIENT Ho # 0 EXPLAINED EXPLAINED
Reactive Sea salt Ha 0.00039 +0.00011 .999 38 57%
Al 0.002 +0.001 .85 L
Excess V 0.531 +0.10] .999 58
Acid Soluble
plus organic Sea salt la 0.00050 0.00023 .96 28
Al 0.004 +0.002 .95 18 39%
Excess V 0.702 +0.213 .99 Sk
Total Sea salt Na 0.00084 +0.00028 .99 30
Al 0.006 +0.002 .97 12 547
Excess V 1.25 +0.26 .999 52

2The percentage of the total variation explained by the regression which is explained

by a specific tracer.

Probability that the coefficient is not equal to zero.

3The percentage of the total sample variation explained by the regression.
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The most unexpected result was the large amount 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. Smith
(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 elements, of cdal fly ash particles. Bulk concentrations were
fourd to be 600 pg/g for phosphorus and 380 pg/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). Based on the limited data on
P/V ratios in cambustion 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 Bay of Maine.

Linton et al. (1976) have also measured the phosphorus concentra-
tion on the surface of flyash 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 - assoclated phosphorus between the reactive and AS+O fractions.
It may be that the phosphorus on thelsurface of the fly ash particle is

readily soluble in water, while the phosphorus contained in the interior
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concentration in the winter sample can then be attributed to both
greater amounts of sea salt and anthropogenic particulate; in the atmo-
sphere at that time. '

Fig. 5 illustrates a summer sample collected off the coast of Cape
Hatteras. The air masses sampled at this particular location had passed
over the midweste;n 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 fairl&
low in concentration. Thus it appears that the high phosphorus concen-
tration found in this sample may be due to the presence of particulates
fran fossil fuel combustion processes. The presence of these combustion
products is indicated by the relatively high excess vanadium concentra-
tion. Vanadium concentrations in the northeast are often extremely 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 m3 (Zoller and Gordon, 1970). Fig. 6 shows
that the 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 "Geophyslcal Monitoring for
Climatic Change" program. The six-hourly near-surface (300 to 1200 m)
trajectories were computed using the Regional-Continental Scale Tra-
Jjectory 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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trajectories were avallable for each Bermuda 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 fram 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 fram 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 significaht
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 fram Sector 4 has an
average trajectary number of 3.5.

In Figs. 8, 9, and 10, total phosphorus, reactive phosphorus, AS+0
phosphorus, sodium, aluminum, and excess vanadium are plotted against
trajectory number. High excess vanadium concentrations are strongly
associated with air masses from 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 Bermuda not only
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from North America but also from the Sahara Desert of Africa. Bricker
and Prospero (1969) suggest that Sahara material can reach Bermuda in
the summer 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+0 phosphorus (Fig. 9) on the other hand, is from
the sample that showed the high aluminum concentration. The Sahara
aerosol contains mostly water insoluble phosphates; (this thesis. Chap.
3). Thus-Sahara material may be the source of the phosphorus in this

samplé .

From particle size distribution measurements

A Sierra high volume cascade impactor sample was collected at
Berruda 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 um; Stage 2 = 1.5 um;
Stage 3 = 0.75 um; Stage 4 = 0.48 um; Stage 5 = 0.25 um; backup filter =
<0.25 ym. 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 anamalous when compared to other sodium profiles

obtained at this site (Duce et al., 1976). The total and reactive
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phosphorus distributions show a peak at Stage 2. Material of crustal or
sea salt origin 1s usually on this stage. However there also appeéfs 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 ovér

the North Atlantic of relatively large amounts of phosphorus from

anthropogenic industrial sources.

TRANSPORT OF PHOSPHORUS TO THE WESTERN NORTH 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
3

from Fig. 2 a phosphorus concentration at the coast of 10 ng m ° 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 ¥m 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 Bermuda was
88 h, for an average velocity of 3.9 m s—l over the approximately 1200 Km
of distance. Ninety-three air masses which left thecoast below 35°N
took an average of 103 h and thus averaged 3.7 m s-l over approximately

1400 ¥km. I assume a 3.8 m g1

average velocity for air masses leaving
the North American continent. The resulting flux of phosphorus is
approximately 7.5 x 103g y_l.

My secord approach is to estimate a deposition velocity from the
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INTRODUCTION

Sea salt particles comprise a major fraction of atmospheric parti-
culate matter (Robinson and Robins, 1971). The estimated annual production
rate of sea salt particles of radii less than 40 pym is between 1015 and

lO16

g yr_l, 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) ard
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) reparted 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 K and albuminoid nitrogen in the same ratio as in the snow samples.
The author hypothesized that both K and N had been concentrated at the
sea surface microlayer by biological activity, then injected into the

atmosphere on sea salt particles by the bursting bubble mechanisms studied



by Kientzler et al. (1954) ard 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 possibie; demonstrating that it does in fact
occur in nature has proven to be more difficult. Recent studies (Hoffman
and Duce, 1972; Hoffman et al., 1974) indicate that fractionation of
potassium does not oceur to any degree over the bulk of the ocean sur-
face. While 1t may.well 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. Enrichments 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 marine 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 than 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 enrichment 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). The study, carriled 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 concéntrations
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 varlations 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 measufed for these metals with the
BIMS are typical of fhat occurring in the oceans has not yet been determined,
however.

The fractionation of phosphorus compounds 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 phosphate 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. The concentration of reactive phosphorus remianing in the

sea water sample was found to be related to bubbling time by the equation

~kt

C =Coe 1

t
where k is a velocity constant which was found to depend on the rate of !
bubbling.

The most unusual result of those iﬁvestigations was the finding

that phosphorus was evidently converted from dissolved reactive phosphorus

to particulate organic phosphorus during the bubbling process. The 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
produce 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
monomolecular 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 chaﬁged in such
a way as to mask or be unreactive to the analytical method of Strickland
ard 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 the
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 um to 0.75 um.
Superimposed on this, however, was a peak enrichment (ﬁ) which was cen-
tered-at 15 wm when carefully prepared pure water was used as the test
medium. This peak enrichment ranged from 1 to 1,000,depending on experi-
mental conditions. MacIntyre suggested that the peak enrichment was due
to the production 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 um diameter.












twin hulls of a U-meter-long catamaran. It produces bubbles approximately
1000 um in diameter by forcing compressed nitrogen at a flow rate of

approximately 7 1 min L

through seven glass frits, 120 mm 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 BIMS. The ambient
marine 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 fram 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 commercial high-volume sampling pump. The Delbag fil-
ters are reported to be 99% efficient for the removal of particles
>0.3 um in diameter (Daws et al., 1972) while the Whatman U1 filters are
reported to be >90% efficient for removing particles >0.25 m'in dlameter
(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 the BIMS as the air supply for the air curtains. The BIMS
has been described in detail by Fasching et al.‘(197U) 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 m in 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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not 100% efficient, at least one and sametimes 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 fillter samples, surface microlayer and subsur-
face water samples were taken at the sampling site, both at the beginning .
and end of the sampling runs. The microlayer 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 contalners and stored with
Hg2012 preservative until analysis. Samples for sodium analysis were

stored in polyethylene bottles.

AEROSOL SAMPLING

Samples of atmospheric particulate matter were collected on R/V
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 TRIDENT using an atmospheric sampling
tower mounﬁed 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.
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-
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ination fram the pumps, they were located on the deck well behind the tower
and connected to the filter holders by fléxible tubing. To prevent
contamination of the sample by emissions fram the ship, a Directional

Air Sampling Control System was used. Sampling only occurred when the

wind 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.

ANALYSTIS OF SAMPLES

Sodium was determined on the BIMS filter samples and water samples
by neutron activation analysis. Sodium, aluminum, and vanadium were
determined by neutron activation on the TRIDENT cruise samples. One
quarter of the filter was pelletized and irradiated for 30 s in the Rhode

Island Nuclear Science Center swimming-pool reactor at a flux of 4 x‘lO12

n cm_2s-l. Within two minutes the samples were counted for 400 s on a
Ge(Li) detector (38cc volume, 7% efficiency, resoluﬁion 2.3 KeV for the
1332 KeV gamma ray of 60Co) coupled to a Nuclear Data 2200 4096 channel
analyzer with a computer compatible magnetic tape output (Ampex TM-7)
for spectrum analysis. A computer program (J.L. Fasching, personal
communication) was used to process the Ge(Ii) spectra acquired. Abso-
lute standards for each element 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 known amount of
sea water on a 2.2 cm W~U41 disk which was then sealed in polyethylene,
The samples were irradiated for between 2 and U4 hours and counted two

days later on a Ge(Ll) detector (60cc volume, 11% efficiency, resolution
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of 2.5 KeV for the 1332 KeV gamma 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. Plotrowlcz (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 HC1, diluted to 40 ml and filtered. Phosphorus '
was determined by the ascorbic acid method of Murphy and Riley (1962).
Phosphorus determined in this manner is called "total phosphorus".

For all the cruise samples, and for two of the BIMS samples where
the filters were avilable, an additional quarter of the filter waé
extracted for 30 minutes in doubly distilled water. After filtration,
phosphorus was determined colorimetrically as above. This phosphorus
fraction is called "reactive" phosphorus.

"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 samble variations including analytical precisions are
estimated to be: phosphorus on the filter samples, + 10%; phosphorus
in the water samples, * U4%; sodium, + 5%; aluminum, + 6%; vanadium,

t 11%.

RESULTS

Definition of Enriclments

The discussion‘on the BIMS field study which follows will use the
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term "enrichment" (E) frequently. Following the recommendations of the
Working Symposium on Sea-to-Air Chemistry (Duce et al., 1972) enrichment

is defined as:

E = (P/Na)aerosol -1 : (1)

(P/Na)water

A value of zero, then, represents no enrichment.

Whenever enrichments in the sea surface microlayer compared to the'
urderlying water are considered, the sodium concentrations in the micro- .. f.i'f
alyer and subsurface water samples' are assumed to be equal. Equation |

1 then reduces to

E = gnicrolayer - 1 (2)
subsurface

Results of the BIMS Study

The amounts of both phosphorus and 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-l). The 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 winds and rough seas. The decrease in matérial
collected as the bubbling depth increases may also be due to failure

to capture all the droplets from the bursting bubbles. The cone is more
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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 enrichments found on each BIMS sample are given in
Table I and shown as a function of bubbling depth in Figdre 6 and of sub-
surface phosphorus concentration in Figure 7. Figure 6 shows that there
is no consistent pattern to the observed enriclments és a function of . o
bubbling depth. From these data, I - infer that the correlation betwéen
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 indeperdence 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 fram subsurface water were
occurring, one would expect to find enrichments 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 corrélated with
the subsurface phosphorus concentration. 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 campounds at the

sea surface 1s one way that this might occur.
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with those measured in the laboratory by MacIntyre (1965, 1968). The
much lower enrichments measured for the reactive phosphorus fraction
indicate a much reduced propensity to concentrate at the microlayer or to
adsorb onto bubbles. Fram 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 Ecuadof .
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 from 11 stations in the current. Total phosphorus ranged fram

1 with a mean of 1.2 uM 171, Wind velocities during

sampling were between 3.6 and 9.4 m s_l, and averaged 7.1 m s-l.

0.6 to 2.5 uM 1.

Whitecaps and breaking waves were present on the ocean surface at all
times.

As the atmospheric particulate filfer samples were collected between
10 and 2000 km from the coast, the filters contain significant amounts
of continentél 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 camponent of the crustal aerosol and 1s 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
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(1966) is taken as the sea salt tracer. Excess vanadium, that present
over the amount 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 fram certain canbustioﬂ processes
(Duce and Hoffman, 1976). Table III glves 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 agalysis is a |
statistical technique for the grouping of linear cambinations of simiiar
variances from variables that are highly correlated. The theory of
factor analysis has been presented in detail by Harman (1967). The
results of the factar 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. Same aluminum variation also appears to be associated
with this factor, which appears to represent a marine source. Factor 2
contains most of the variation in excess vanadium and is surely the an—
thropogenic input fram local cambustion sources, includihg shipping in
the area. Some reactive and organic phosphorus variation is associated
with this factor. Soot particles from the cambustion 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 ar acid soluble and thus show up in the phosphorus
fractions called ‘reactive" and "organic'". The third 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.






TABLE IV

FACTOR ANALYSIS OF TR 165 ATMOSPHERIC PARTICULATE SAMPLES

FACTOR 1 FACTCR 2 PACTOR 3

MARTNE ANTHROPOGENIC CRUSTAL

Eigenvalues 3.06 0.94 0.84

Portion 0.61 0.19 0.17

Cum. Portion 0.61 0.80 0.97

VARTANCE

Reactive P ’ 0.146 -0.240 0.930
Organic P 0.889 -0.374 0.236
Sod ium 0.951 0.024 0.282
Aluminum 0.425 0.003 0.862
Excess Vanadium 0.132 -0.978 0.137

0ET
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The total phosphorus, organic phosphorus, and reactive phosphorus con-
centrations were individually regressed against the sodium, aluminum,
and vanadium tracers. The results of regression analyses of regctive,
arganic, 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. These coefficients are ratios

of the phosphorué-from a given source to the tracer element representing
that source. These ratios can be interpreted by comparing them with
other experimental and published data. |

The 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. These ratios are very close
to crustal ratio of P/Al which is 0.013 (Mason, 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 using the data of Linton
et al. (1976), while a value of 0.2 is obtalned fram the analysis of
fuel-oil soot particles reported by Smith (1962). Thus 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.

The most important ratics from the standpoint of this study are the

coefficients foud for the sea salt sodium term. Fig. 12 illustrates this

dependence for organic phosphorus. The ratios are 0.63 + 0.09 for the
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organic phosphorus regression ard 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 watgrs of
37 ug l"l I can estimate an enrichment 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
7T 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, marine phosphorus is probably a signifiéant
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 more 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 (Vizayalokéhni and

Pandalai, 1963) comes from the adjacent oceans.

PARTTICULATE PHOSPHORUS FCRMATION

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 reviews in light of more
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recent knowledge of the chemistry and biology of sea water, same problem
areas can be identified. The major one is the assumption that the sea
water filtered through 0.45 um filter was free of biological activity.
Recent work (Sieburth, personal cammunication, 1977) shows that a
significant portion of marine bacteria pass through a 0.45 um filter.
Bacteria themselves are enriched in the drops fram bursting bubbles
(Carlucei 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 flocs to form in the water,
some of which are ejected in the drops from the bubbles (Sutcliffe et al.,
1963). While most of the flocs are organic, inorganic floc formation has
also been reported (MacIntyre, 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 cm8

2sec_l. Baylor et al. (1962) reports using 800 c:m3min-1 of air and

-
estimates the mean bubble diameter to be 1 mm. This is the equivalent
of 80 cm? of bubble surface area per second. The 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

loucmgmfzséc-l

is calculated from these data, about four orders of
magnitude greater than the open ocean value estimated by Wallace (1976).
Even allowing for errors in these estimations, it appears that these

experiments were carried out under conditions which would prevail only



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 find in foam floatation studies
no evidence for the conversion of dissolved organic carbon to‘pafticqlate

organic carbon in sea water. -

CONCIUSIONS

I have used a specially designed field sampler to confirm labora-
tory studies that suggested phosphorus was injected into the marine
atmosphere on the drops from bursting bubbles. I have shown thaf 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 statistiéal techniques of factor analysis and regression
analysis, I have shown that phosphorus fran a marine source can be
identified in the marine atmosphere over a phosphorus-rich upwelling area.
Finally I have reviewed the 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.
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ABSTRACT

Extensive measurements have been made of atmospheric phosbhorus
concentrations and deposition rates in marine and remote continental
areas. This data, when combined with other published data on phsophorus
deposition rates over the continents, have enabled the estimation of
the atmospheric burden, the sources, the sinks, and the transfer rates |
of phosphorus through the atmosphere. I estimate that the total atmo- . 

spheric burden of phosphorus is 2.8 x 109 g, 90% of which is over the -

0

continents. Deposition rates are calculated to be 321 x 101 g y"1 of

phosphorus onto the continents and 135 x 1010 o y-1 onto the surface

of the ocean. Major sources of particulate phosphorus in the atmo-

sphere are estimated to be: 1) soil particles containing both naturally

occurring and fertilizer derived phosphorus - 397 x 1010 g y-l,

10 1

2) phosphorus on sea salt particles - 33 x 100° g y — and 3) phosphorus

10

fram industrial sources - 26 x 10 g y-l. The major sources of indus-

trial phosphorus emissions are the phosphate industry - 15.6 x 1010 g y-l

10 1

and stationary combustion sources - 5.7°x 107 gy ~. A net flux of

10 g y-l of phosphorus is transported from the continents to

102 x 10
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 100 g yL. This value is about 10% of

the input of dissolved phosphorus to the oceans by rivers.
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INTRODUCTION

Phosphorus is an element vital to the life of all ogranisms from
the smallest virus with its phosphorus containing ribonucleic écid
(RNA), to the most complex large mammal 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 1s 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 behavior 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 discuséed by Broecker (1973), Piper and
Codispoti (1976) and Atlas (1976). The interaction of these cycles take
place mainly in the oceans. The 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 depositipn in their
nutrient budget, eutrophication and water quality studies (see, for
example, Allen et al., 1968; Eaton et al., 1973; Gore, 1968; Johnson,






which is probably within a factor of 2 or 3 of the true values.

SAMPLING AND ANALYTICAL PROGRAM

I collected samples of atmospheric particulate matter over the-
North Atlantic between 1973 and 1975 on R/V TRIDENT cruises 134, 137,
145, 161, 168 and at an atmospheric sampling station located on the

island of Bermmda. Additional samples were obtained from cruises of

the R/V METECR of the Federal Republic of Germany in the fall of 1973 -

and the USNS Hayes in the summer of 1976. Particulates in Pacific
marine air were collected on TRIDENT cruise 165 along the coasts of
Ecuador and Peru, at a Hawalian 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 19'75, at the Northwest
Territories, Canada during February and March 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 Berruda; Gahu, Hawaii; and Tutuila,
American Samoa consist of 2(m 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

147









high volume sampling pumps. Delbag filters are reported to be 99%
efficient for the removal of particles >0.3 um in diameter (Dams et al.,
1972). To prevent contamination of the samples'by the pump exhaust,

the pumps and auxillary equipment were located three levels (6 m) below
the fllter 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 R/V TRIDENT using an atmospheri¢

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 fraom cruises 134, 137, ard 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 Whatman filters has been reported to be >90% efficient for the
collection of particles >0.5 um in diameter (Stafford and Ettinger,
1972). Sampling pumps were located below the filter holder to prevent
contamination of the filters by pump exhaust. To prevent contamination
by ship stack emlisslions, a directional air sampling control system was
used. Sampling only occurred when the wind was + 60° off the bow.

The Northwest Territary 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. The 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 Envirormental Protection
Agency Marine Iaboratory.

The volume of air sampled varied as to location. Sample air volumes
ranged fram 1000 m3 (STP) in Narragansett and New York to 10,000 m3
(STP) or more at the remote oceanic and polar sites.

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 30 s in the
Rhode Island Nuclear Science Center swimming pool reactor at a flux of
4 x 1012 n cm_2s—l. Within two minutes the samples were counted for
400 s on 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 camputer compatible magnetic tape output
(Ampex TM~7) for spectrum analysis. A computer program (J.L. Fasching,
personal camunication) 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 unknowns.
Constant gecmetry 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 HC1l, diluted to 5 ml with doubly distilled
(DD) water, and filtered through a 0.2 pm 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 Jéhnson and Pilson (1972).
Phosphorus was theh determined 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 witﬁ sea water, the filter samples were treafed :
as follows: one quarter of a filter was added to a flask containing 40 ml
of- low phosphate (less than 0.1 uM) 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 um Nuclepore filter and the bhosphorus
in the filtrate detennined 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 um
Nuclepore filter, phosphorus was determined 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 elements 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 from Hawaii and all

the samples from Sahoa.
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ATVMOSPHERIC CONCENTRATION OF PARTICULATE 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 somewhat higher

in midwestern cities than in the east. This may represent higher dust
loadings from agricultural activity in the midwestern United States.
Industriél sources may also be important in some cities. Cincinnati, 'h
for example, is a major center for the manufacture of powdered de?ergents'
which, at the time the samples in Table 1 were collected, contained large
amounts of inorganic phosphatés.

There are fewer data available for non-urban locations. Delumyea
and Petel (1977) measured 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
3 3

for this period averaged 19 ng m -, ranging from 10 ng m > in the winter

3 in the summer months (Table 2).

months to 32 ng m
Perhaps the major sources of crustally derived atmospheric particu-

late material are the desert regions of the world. Some data are availéble
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 from March to June, 1974 at a sampling site near the city
of Nouadihibou, Mauritania. The average dust loading over this time was
830 ug m_3. Based on one analysis, the phosphorus content of this dust was

0.11% (Lepple, personal communication). Using this value, the phosphorus

content of the air-at the Mauritanian sampling site is calculated to be



TABLE 1. PARTICULATE PHOSPHORUS CONCENTRATIONS IN URBAN AIR

PHOSPIIORUS CONCENTRATION

LOCATION ng m-3 REFERENCE
New York, NY 100 - 130 This paper
Denver, CO 100 - 200 Blosser (1970)
St. Louis, MO 100 - 200 Blosser (1970)
Washington, D.C. 30 - 100 Blosser (1970)
Philadelphia, PA 30 - 100 Blosser (1970)
Chicago, IL 100 - 300 Blosser (1970)

October 10, 1972 130 + 48 Murphy (1974)

March 29, 1973 78 + 23 Murphy (1974)

May 10, 1973 143 + 80 Murphy (1974)
Urbana, IL 26 - 113] Stein (1969)
Cincinnati, Of 50 - 300 Blosser (1970)

220 Lee and Patterson (1969)

Fairfax, OH 310 Lee and Patterson (1969)
Los Angeles, CA 1450 Athanassiadis (1969)

1 Orthophosphate only

£4T
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Phosphorus over the oceans

Thé concentrations of phosphorus in the marine air over the North
Atlantic are shown in Figs. 2 and 3. Concentrations range over twb orders
of magnitude, with the highest values fourd 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 thé~
input of phosphorus from both continental and oceanic sources (this |
thesis, Chap. 5).

The phosphorus content of the marine air in the remote regiohs 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 ATMOSPHERIC PHOSPHORUS

Deposition onto the continents

There 1s 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 unknown quality. A variety of sample
collection, 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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difficult to avoid (Ungemach, 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
1 y—l_

between 0.06 and 0.8 Kg ha” High values are sometimes, but not .

always, associated with urban areas. The average deposition rate is
about 0.3 Kg ha_ly_l. Much 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 éaét.

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 Europe are about 60% higher than in North America

1 ys 00.3 Kg na~t y‘l). .

(v0.5 Kg ha™ y

Some data are also available for other areas of the globe (Table 6).
Three investigations in New Zealand found deposition rateé 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

Karalé coast of India. One would like additional data fram these locations
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TABLE 3. DEPOSITION OF TOTAL PHOSPHORUS IN THE EASTERN
UNITED STATES AND CANADA

TOTAL P _DEPOSITION

LOCATION Kg ha-ly-! REFERENCE

Narragansett, RI 0.07 This paper

New Haven, CT 0.12! Voight (1960)

Various locations in New York State 0.22 - 0.64 Pearson et al (1971)

Lake Ontario Basin 0.36 Shiomi and Kuntz (1973)

Lake Huron 0.10 Swanson (1976)

Southern Lake Huron 0.27 Delumyea and Petel (1977)

Lake Superior 0.10 Swanson (1976)

Northern Minnesota 0.14 Wright (1974)

Clear Lake, Ontario 0.271 Schindler and Nighswander
(1970)

Western Ontario 0.36 - 0.66 Schlinder et al. (1971)
Schlinder et al (1973)

Sudbury, Ontario 0.20 Kramer (1973)

Cochocton, OH 0.17 Taylor (1971)

Cincinnati, OH 0.80! Weibel (1966)

Chicago, IL 0.25 Murphy (1974)

Walkers Branch, TN 0.55 Swank and Henderson (1976)

lCalculated from precipitation analysis and annual rainfall












TABLE 5. DEPOSITION OF PHOSPHORUS IN WESTERN EUROPE

TOTAL PHOSPHORUS DEPOSITION

LOCATION Kg ha”" y~ REFERENCE
Northwest England 0.30 - 1.0 Allen et al. (1968)
Yorkshire coast, England 0.80 Allen et al. (1968)
Kincardineshire, Scotland 0.20 Allen et al. (1968)
North Lancashire, England 0.43 Carlisle et al. (1966)
Lancashire, England 0.17 -~ 0.34 Goce (1968)

Lancashire, England 0.46 White and Turner (1970)
Near Stockholm, Sweden ~Q. 20 Tamm (1951)

South Sweden 0.07172 Nehlgard (1970)

Sweden .27 Pierrou (1976)

Sweden 0.70 Rigler (1974)

Dehlem, Germany 0.151 Otterman (1965)
Gattwgen, Germany 0.23 Rupert (1975)

Sampling network over Poland 0.37 - 0.98 Chojnacki (1967)
Northwestern France 0.7 -1.1 Rapp (1969)

Northern Italy 1 -2 Gargano-Imperato (1964)
Czechoslovakia 0.041 Chaliepa (1960)

llnorganic soluble phosphorus only

2
“Calculated from concentration in precipitation and annual rainfall
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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 - ‘
Keg hat y-l. Total fallout samples were collected at Bernuda in the suﬁmér -
of 1974. A deposition rate of 0.06 Kg ha™ly™! is calculated from the
phosphorus content of these samples. Profiles of atmospheric phosphorus
concentrations over the North Atlantic as a function of distance from the
North American continent 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 esfimated

for locations 1000 Km offshore (this thesis, Chap. 4).
Two rain samples collected at approximately 32°N, 75°W between

Bermuda and the U.S. coast contained an average of 6ug P 1—1 A sample

1 ey
, While a sample

collected by Williams (1967) near Samoa was found to contain 2ugP]fl.

callected in the Pacific at 3°N, 80°W contained 5.8 igP1™

If T assume an average annual depth of precipitation of 99.6 cm over the
ocean (Barrington and Reichel, 1975), and a wet-to-dry deposition ratio

of 2 to 1 (Blanchard, 1963), the equivalent deposition rates range between

0.03 and 0.09 Kg ha > y'1 for these three areas. .

Depositlon rates of dust fallout in the North Atlantic from the

Sahara desert plume have been estimated by Lepple (1975) and Schiltz (1977).
Total input of dust near the coast ranges from 2300 to 37000 Kg ha‘ly'l

while approximately 30 to 40 Kg ha™* y™= fall on the ocean surface 500-2000 Km

further west. Lepple (personal comunication) has measured the total
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phosphorus content of a variety of aerosol samples collected near the
coast. The phosphorus content of these samples averages 0.20%.
Assuming these samples to be representative, total phosphorus inputs to

-1 hear the coast to 0.05 Kg ha"ly-1 at

the ocean range fran 7 Kg ha™t y
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 from the

Asian deserts may occur.

ESTIMATION OF ATMOSPHERIC 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 from 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
D is the fate of deposition and C is the air concentration. The total
deposition rate is given by Dt = Dp + DS + Di where the subscripts p, s,
and i refer to precipitation, sedimentation and impaction respectively.
The overall deposition velocity, then, is V£ = Vb + Vé + Vi'

I can estimate Vf 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
V% calculated fram this data are given in Table 7. The average Vf is

: -1
n] cm sec .
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For purposes of estimating the average atmospheric phosphorus con-
centration over the continents, I have used average annual deposition

rates of 0.3 Kg ha ™ y L for North America, 0.5 Kg ha™> y ™ for Furope,

and a value of 0.25 Kg ha._ly_1 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 > (Table 8). R
Scale heights are commonly used in describing atmospheric propertigskv )

which decrease exppnentially 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 compressed to a constant density (Tverskoi, 1965). As this

homogeneous atmosphere is a subset of an isothermal atmosphere, the

two definitions yleld identical scale heights. Aerosols over the con-

tinents appear to have scale heights of 1-2 Km up to about 4 Km altitgde

(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). This shows the effect of the strong convective

heating which occurs over desert regions.
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My assumptions, then, for calculating the atmospheric burden of
phosphorus over the continents are as follows:

1. The average concentration of phosphorus in the atmospheré is
90 ng m™3 between 60°N and 60°S. Based 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 m73 for the phosphorus concentration at ground level, the concen-

tration of phosphorus at 4 Km is then 6 ng m3,

I assume a constant
concentration of 6 ng m™> 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 m3. I
assume this concentration to be constant between 6 and 11.3 Km.

I, The land area between 60°N and 60°S is 1.17 x 108Km2 (Baum-
gartner and Reichel, 1975).

Based on these assumptions, the burden of atmospheric phosphorus
over the continents is estimated to be 2.5 x 10'0g,

In calculating the burden of phosphorus over the oceans, I make
the following assumptions:

1. The average concentration of atmospheric phosphorus over the
North Atlantic between 25 and U45°N is 6 ng m3. Above 45°N it is 1 ng m3.
Between 15°N and 25°N it is calculated to be 57 ng m= from the coast
of Africa to U0°W, while a value of 6 ng m3 is used between 40°W and
3

the Caribbean. Below 15°N, alvalue of 1 ngm -~ is assumed..

2. The average concentration of phosphorus over the other oceans
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of the world is 1 ng m73. 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 communication).

3. Using the profiles of Gillette and Blifford (1971) over the
Pacific Ocean, I assume a scale heiéht 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 urnder the -
Sahara plume. Here I assume a constant concentration between O and 5
Kn, 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 (Schiitz; 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 from the Africah.coast
to UOo°W.

With these assumptions, I obtain a burden of phosphorus over the
oceans of 3.0 x 109 gms, or about 12% of the burden over the continents.

The total global burden of phosphorus then is estimated to be 2.8 x 101°g.

GLOBAL DEPOSITION OF PHOSPHORUS FROM THE ATMOSPHERE

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
to use a value of 0.04 Kg ha “yL for the North Atlantic and 0.02 Kg ha ™ty
for the other oceans of the world. To the deposition total calculated

for the Atlantic using a 0.04 Kg ha-1 deposition rate I add 50 x 106g,



TABLE 9. CALCULATION OF THE ANNUAL DEBEPOSITION OF
PHOSPHORUS OVER THE GLOBE

1

DEPOSITION RATE SURFACE AREA TOTAL DEPOSITION
AREA Kg ha-1 y~! 108 Km 1010 ¢
North America 0.30 16.7192 ) 50
Europe v 0.50 7.4362 37
Other continental 0.25 93.4663 234
Total continental 117.621 321
North Atlantic 0.04 52.264 734
Other oceanic 0.02 308.846 62
Total oceanic 361.110 135
Total global 456

1Data of Baumgartner and Reichel (1975)

2Excludes land area north of GO°N

3Excludes land area north of 60°N and Antarctica

1

4Includes 52 x 10 0g y—1 from the Sahara desert.

GT
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representing the input of phosphorus from the Sahara plume. It is
possible that there are other highly localized atmospheric inputs of
phosphorus to the oceans, especially from other desert regions,of the

globe. However, the data are simply not available from these regions.
SOURCES OF ATMOSPHERIC 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 from biological activity, on seé 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. Conéerns
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 amount of phosphorus injected on sea-salt particles is more difficult
to estimate. However, sufficient data are available to enable a reasonable
approximatioh 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 multiplicity 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 the atmosphere. Soil particles cohtaining
phosphorus are injected into the atmosphere during agricultural and con-
struction activity, and by the passage of vehicles over unpaved roads.

-1

Bryson (1974) has estimated that 100 - 250 x 1012 gy — of soil particulates

are injected into the atmosphere on a global basis. Farmland in the United












TABLE 10. MINOR POLLUTANT EMISSION SOURCES OF
PARTICULATE PHOSPHORUS

GLOBAL PARTICULATE EMISSIONS® % PHOSPHORUS EMISSIONS

SOURCE 1012 4 y-1 PHOSPHORUS 1010g y-1

Cement 6.5 0.026%°3 0.17
Lime Production 2.6 0.663 0.17
Fuel 0il Combustion 0.32 0.40* 0.13
Residual 0il Combustion 0.81 0.404 0.32
Incineration 4.25 0.10° 0.43
Noncommercial Fuel 7.70 ; 0.105 0.77

1Robinson and Robins (1971)

2Vandergrift and Shannon (1971)

3. .

Riley and Skirrow (1975).

4Smith (1962). Residual o0il assumed the same as fuel oil

5Assumed the same as for pure wood (Murphy, 1974)

0gtl
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island samples and (5.7 + 1.3) x 10-u 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 time the aerosol samples were collected was 1.2 uM 1—1.
The surface waters upwind of the Hawaiian and Samoan islands contain less
than 0;25 uM 1"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 averages about 0.15 uM l—l (Pilson and Kester, unpublished
data). The regression coefficients of phosphorus against sodium are assumed
to be representative of the ratio of marine phosphorus to sodium in the
aerosol. Using these ratios and the surface water phosphorus concentrations
discussed above, I estimate the enrichlment 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
Ocean between 60°N and 40°S has been calculated from the station data
available for the IGY cruises (Worthington, 1959; Metcalf, 1960; Miller,
1960; Metcalf, 1958; Worthington, 1958; Fuglister, 1957). The average value
of the total phosphorus at 178 stations is 0.4 M 17, e average reactive )
phosphate level is calculated to be 0.2 uM l_l, or 50% of total phosphorus.
The average value of 0.4 uM 1_1 for total phosphorus does not include any
contribution from the rich Antarctic waters. Baleck et al. (1968) indicate
that the reactive phosphorus content of these waters ranges from 1 to
greater than 2 uM 171, 1 assume that the waters from 50-60°S contain 2uM 17t
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 1in these waters raises the average value for the

Atlantic to 0.5 uM 17T,



The maps of Reid (1962) were used to estimate the phosphorus in
the surface waters of the Pacific. A weighted average reactive phosphorus

1 was calculated from these maps. If I assume the’

value of 0.43 uM 1~
concentration of organic phosphorus equals that of reactive phosphorus,
I obtain a value of 0.86 uM 1_l as an average total phosphorus content of
Pacific waters.
The Pacific is about twice the Atlantic in area. On this basis I

calculate én all ocean average of total phosphorus in surface waters
to be 0.T74 qul_l. Applying our enrichment factor of 165, I obtain a -
ratio of phosphorus to sodium in sea salt of 3.5 x 10—4. Assuming,

31% sodium 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 ¢ 571,

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 avallable. 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 10-°
g y—1 based on the dust fall rate in glacial sediments. This is an

estimate for fine particles only. Peterson and Junge (1971) site an
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the fine fractions ( 16 um 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 may 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 from 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 ovéf
the continents results in an estimate of 3000 x 10%2 g y~l of dust input to
the atmosphere. 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
Sahara plume, I obtain an input of dust to the atmopshere of 1600 c 1012
g y_l. Reversing this calculation by applying the percentage of phosphorus
in crustal material to the earlier estimates of dust in the atmosphere gives

10 1 at the 0.1% phosphorus level or

input values of 7 to 500 x 107" gy
twice that at the 0.2% level in dust.

This is not nearly enough phosphorus to account for the calculated
deposition over the globe and suggests that much of the phosphorus deposition:
may be large particle and that the higher estimates of the amount of crustal
particulates of all size ranges present in the global atmosphere may 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,

this input is estimated to be 380 x 10%0 g y_l.

THE ATMOSPHERIC PHOSPHORUS CYCLE

I have made an estimate of the c¢ycle of phosphorus in the atmosphere.
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deposition rates, I calculate the residence times for contihental 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 1n this manner is only a gross average. Scale heights of parti-
culates in the air over Europe vary from 1 to 3 Km (Junge, 1963) suggesting
a wide range of particle sizes presént in the atmosphere at various |
times. Small particle industrial emissions will have a residence time much
longer than large particle crustal material, and will be transported
much 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 burden 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 typlcal U-7 day residence time calculated
for the tropospheric aerosol assumes a constant concentration throughout
much of the troposphere. The profiles of Gillette and Blifford (1971)
indicate that this assumption 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 time.

RELEASE CF 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 fraction 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 ILepple (1975) indicate that ~150 ug of phosphorus: are |
released in sea water from a gram of dust. This is about 8% of the total
phosphorﬁs present. I have determined 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 abéut I times the amount releaéed 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. This amounts to 4 x 107 and 18 x 107 g

of phosphorus respectively. Estimates of the current riverine input
of dissolved phosphorus to the worlds oceans range from 170 to 200 X 1010
gy~ (Stumm, 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 atmospheric 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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CONCLUSIONS

Phosphorus in remote areas

The concentration of particulate phosphorus in the marine atmosphere

3

in remote continental and marine areas is very low, a factor of 10~ 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 m_3 . Particulate phosphorus in the ma_rine‘ air near
Hawaii and Samoa comes fram both continental and oceanic sources. Thev
reactive phosphorus fraction is mosi;, closely associated with cr'ustai
material and its concentration at Hawail 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 1s estimated to be between 0.02 and
0.03 Kg ha" -1 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 fram the Sahara Desert

.,

A major source of phosphofus 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

is 50 x 107" g y"l. However, the greater part of this material is not

readily soluble in sea water. Extraction studies of a limited number
of samples by various investigators suggest that 100-200 ug of phosphorus
are easily released in sea water from each gram of dust which falls on

1

the ocean surface. As‘suming a release of 135 ug g = of dust, a total of









phosphorus fraction correlated with the sodium, indicating a marine source
for this material. Calculated enrichment ﬁas 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'A
organic phosphorus which correlates with sodium is probably truly organic’
as would be expected from the BIMS study. Iﬁ 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. The 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 Lerman (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

208.



209

by rivers.

The estimated flux of soluble phosphorus to the ocean surface

1s about 30% of the riverine input of soluble‘phosphorus.
However, about two thirds of this phosphorus is estimated to

be recycled material present on sea salt particles. Thus the
estimated net input of soluble phosphorus from the continents

to the oceans is roughly 10% of the riverine input at the present
time. It is possible that major climatic changes could change

this ratio to an unknown degree.
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PHOSPHORUS ANALYSIS

General

A1l phosphorus determinations were made using the well lknown
molybdenum blue technique. The specific method 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 h at 550°C. After cooling of the ashed
samble 1 ml of 1IN 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 um Nuclepore filter to remove insoluble material.
The ashing beaker and filter were washed with two additional 5 ml
aliquots of DD water. The filtrate was diluted to MO‘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 persulfate oxidation to oxidize organo-phosphorus compounds 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. The sample was autoclaved for 25 min at 125°C. The liquid was
decanted and filtered through a 0.4 um Nuclepore filter. Four ml of
mixed reégent were added and the color was determined as above.

Reactive phosphorus was determined by extracting a quarter of a



filter with 40 ml DD water and 100X of 95% ethanol. The sample was
agitated with a wrist action shaker for 30 min. The liquid was then
decanted and filtered through a 0.4 um Nuclepore filter. After addition
of the mixed reagent, the color was determined as above.

Standards containing 1.24 pg and 12.4 ug P were prepared with |

reagent grade, dried KHzPou and run with each batch of samples. Separate

standards were prepared to match the composition of the solutions derived .

from the ashing, persulfate oxidation, and water extraction techniques.
A1l phosphate values from the persulfate oxidation.and water extraction
determinations 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 chosén 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 celiuloSe 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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remained in the samples of aluminum ard iron phosphates. The recoveries
of phosphorus for these three materials aré 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 campletely dissolved in concentrated HCL.
Recoveries of phosphorus from the aluminum and calcium phosphate sampies‘ )
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 ard excess
magnesium present. The phosphorus is converted to magnesium phosﬁhate
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 HC1 (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 com-
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



TABLE 3. RECOVERY OF INORGANIC PHOSPHATES IN
THE. TOTAL PHOSPHORUS METHOD
P ADDED P RECOVERED % RECOVERY
COMPOUND ug Ug
ALPO, 550 220 40
430 230 53
350 110 31
750 Lo 59
46 + 13
FePO), - XH,0 2301 220 96
200+ 230 115
o501 260 9%6
1901 180 95
10T £ 10
Cay o (OH)5(POy)g 390 100 103
(approximately) 280 290 104
190 200 105
150 150 100
103 + 2
1

in concentrated HC1.

Assumes 12.7% phosphorus based on complete dissolution of material












TABLE 6.

RELEASE OF PHOSPHORUS IN SEQUENTIAL
PERSULFATE OXIDATIONS

TOTAL, P RELEASED  TOTAL P RELEASED P 1 OXTD.
ONE OXTDATION TWO OXTDATTONS 55 OXID.

SAMPIE ug ug
1 4.26 4.30 0.99
2 2.94 2.88 1.02
3 0.16 0.16 1.00
4 5.83 5.77 1.01

5 8.85 0.04 0.98 .

6 3.01 3.07 0.98
7 2.88 3.00 0.95
8 5.40 5.48 0.99
9 2.09 2.12 0.99
10 2.66 2.78 0.96
11 0.33 0.31 1.06
12 4.54 .60 0.99
13 5.92 6.08 0.97
14 6.24 6.29 0.99
15 2.72 2.86 0.95
16 0.20 0.20 1.00
17 2.56 2.51 1.01
18 1.20 1.22 0.98
19 3.59 3.69 0.97
20 .87 4.97 0.98
21 0.29 0.27 1.07
22 2.06 2.06 1.00
23 6.05 6.7 0.96
2l 1.54 1.71 0.88
25 6.05 6.42 0.94
26 0.27 0.31 0.87
o7 1.72 1.70 1.02
28 2.93 2.87 1.02
29 2.83 3.06 0.92
30 0.99 0.99 1.00
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SODIUM, ALUMINUM, 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 swimming pool reactor facility of the Rhode Island Nuclear Science
Center at Narragansett, Rhode Island. This reactor can generate thermal
neutron fluxes of up to U x 1072 n em™%s72. ‘

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 campletion of the irradiation.
Longer irradiation times proved to be' unworkable due to the high levels
of background activity fram 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 gamma ray peaks be seen.

Even with this approach, vanadium was not detectable in the samples from

American Samoa. The specific pr'ocedgre used was as follows:

Sanmple preparation -

One quarter of a filter sample was pressed in a teflon lined,
stainless steel pellet press under ~600 N force to form 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 ard placed in a 7 dram
polyethylene vial for irradiation. All filter quartering and pelleting

operations took place in a liminar flow clean bench.



Stardards were prepared by spotting blank Delbag filter quarters
with appropriate quantities of standard solutions. Fisher brand atomig
adsorption standards were used for aluminum and vanadium. To match as
closely as possible the matrix of the actual figld samples, Copenhagen
water of 19.275%o 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 ug of Fisher brand manganese AA standard were
spotted on W-41 filter paper, dried, and placed in the bottam of the 7

dram vial before the sealed sample was added.

Irradiation and counting

The vial to be irradiated was placed in a polyethylene rabbif which
was then transported pneumatically to tﬁe 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 camputer compatible magnetic tape output (Ampex T-7).
Counting began between 105 and 135 seconds after the beginning of a
30-second irradiation. Constant geometry was maintained for all samples.

Immediately 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(Ll) spectra

acquired.

Dead time corrections

In situations such as the counting of a pure short-lived radiohuclide
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 fram 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 corregtions‘
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.

let; DI'=C

exp (= WE) + C, exp (-h, £) + ... (1)

1 2
+ Gy exp (Ait) + Cjexp (—Aj t)

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 1
and, for radionuclide 1i:
te
R'y =4; [ exp (= t) - [1-DTJat (2)
i i
t .
o)
where: R'.= observed counts of nuclide 1 over the

counting period

Ai = empirical coefficient
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If the instantaneous dead time is known as a function of clock time,

12 Co eveennnn Cj can be evaluated directly. These data

however are not available in this work. The following approximation

the coefficients C,, C

has been used instead:

let C; = k i = fg. (8)

The proportionality constant f is evaluated by substituting into
~ equation (1)
M=f[%em(4f)%em(4§)+“”+giapbﬁﬂ+

gy exp (—AJ t)] ' . ' (9)

and setting.DT equal to the average dead time as measured by pulsar
counts during the counting period. t. is set equal to to + t0 * tf.
The assumption here is that the instantaneous dead‘time is equil to the
average dead time half way through the count. Once f has been estimated,
the individual Ci's can be calculated, and equation (3), (5) and (7)
evaluated. The calculatlions are tedious and have been programmed 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-1life and flux corrections

The counts obtained from 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 standards were
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counted to a common flux equivalent of 5000 manganese counts. 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 counts as a
function of the amount 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 sodium 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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STCFLX = STANDAXD FLUX T
HLFLV = TH:S HALFLIVES OF

10

RIAD (5,12)5AMDLE, N

1{GROUP{I) +1=1,3)
12 FORMAT(312,4X4F5,002F10.0:+5X9344)

14

15

IS(SAMFLZ LT.1) GG T
D3 15 I=1,NUMELM
RZAC(5,14)(CLNaKM=(],
FORMAT (354448X,F10.0
LAMBDA(I) = 0,693/ H
CIONTINUS

WRTTZ DUT SAMOLT RATCH ]

19

22
1

EORMAT (' 1,7TX412,5X
ARTTI(6,22)

SaOMAT ('1t,1X,'SAMP
3%y *NG, IF1,5X, THT,.

ICH CGRFZICT JOUNTS ARc DESIRZU,y nwJdMaLM Is ThRE
£ DEAD TIME CORREZTIUN, CRTYM = JJUNT Tlrmco
3 8% UScD IN CORRECTIONS,

THz ELZMENT IN SZCONDJS

UVMET, NUMZLM, CNTYM, STOFLXySTuucl,

0 999

Jhpd=143 ), RLFLVI(T)

)

LFLVET)

NPUT DATA

13844 13+9X912+5X9F5.004X1F5.,01

LE BATCH INFORMELTICHT//6X"H]s GF'soRke ToRIUF T,y
CRESXy YCCUNT Fy 3Xy "STANDARDY /6Ky ' 5aMPLEST 22Xy

LYUNKNIWNS 'y 3Xy TELEMENTS 143X ' TIMEY , 5X, P 5LUX! )
WRITZ(AW19) SAYPLE, (GFIUPHLT) »0=1y3) ¢ NIMET ) NUMELM CNTY A, S3TOFLK

27

23
24

#7T=l642T)
EARNAT (Y)Y, 12X, PELEM
©2 24 L = 1,NUMZLM
WIITE (6423 ELNAMEL
FOIMLT (' ',10X,344,
CONTINYS

CAT "o BXy "MLLELIFEY v 123Xy ' LAM3DLY)

LeK)oK=1,3)  HLFLV L)y LANBDS(L)
Fll.04522.0)

IN DATA FOR INDIVID'UJAL SAMPLES, SNAWMI=SAMPLZ NaMoy TmoausTasnuf iy

r
YT =DECAY TIMZ OF SA

¥ETAL= COUNTS GF cLEMENT
COUNTS CF ELSVENT OVEZR A

DFCL

MON]
TIvE

Y TIMts FLUX COUNTS,
T34, DECYTmM IS IN S3
IS SECIONDS

YPLE, PULSAR = PULSas JJULTS JF 3AwPLz,
AT GaMME BaY ENZRGY OF INTS-Z5T. zLMnd =7uTal
LL GAMMAS, SLXTYM, FLUXsy 2%3 FLXPJUL Arc THL
ANC FLUX PULSS& RESFECTIVEZLY UF THE FLUA

CCNDS. FLXTY® IN MINUTES. FLXCT= FLUX COUni
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[aNeXel

(e NalaNal

El = -LAMBIA{(JYC) * DzCTY™¥
£2 = -LAMBLA(JC) % FINTYM
Cl = gxo(g])
C2 = EXP({E2)

53T(JC) = S1 - €2

ELFAC = (C1-C2)/LAMBLALJL)

FACT = ®aCT + ELFAZ

SO RC XD = 1,NUMELM

TCTLAM = LAMBDA(JC) + LAMBOAIKE]

Tl = -TCTLAM » FINTYM
02 = ~-TOTLAM *= QEZCTYV
€1 = exp(l1)
F2 = £X0(02)

HHISFA = (F1=-F2)/TOTLAM
THISFA=HHISFA2D2RTCO(KE)
SACT = FALT + TRHISF:2
BO CONTINUE
CORFAC = WiTa
CORCNT (I =
100 CONTINUE

JCY/FACT
£

Lt
CORFAC * ELFAC

CORRECT SAMPLES FOR DIFFERENCES IN DECAY TIML

TIMFIN = STODDEC + CNTY™
BC 18 NY=1,RUMET
£1 = -LAMBDA(NN)*STDDEC
A2 = =LAMBIA(NN)I*TIMFIN
TOPINN) = ZXP(ALl) -~ EXPLA2)
18 CCNTINUZ
WOITE(S5,116)
114 FORMAT( 'O 48X, 'ELEMENT 94X, 'D=CAY CORRECTIIN'?
D0 120 MM=1,NUMET
FUDGE = TOP(MM} /30T (MM)
HICNT(wVY) = FUDGz » (CRIRT(MM)
WETITE(G6y 115 {ELHAME( MY VN ) izl 92D, FUDGE
115 “CRMET{ D' 15X432445X4F5,3)
120 CIONTINUZ

CALCULATE THZ FLUX CIPRAECTICN FOR THIS SaMPLL, FIAST,
FLUX F3R QzlLY,

Q2 = 0.00%44742 * FLXTYM

AFLUX = FLUX = EXPLQ)

TORFLX = AFLIX = (FLXLT * 60.0)/FLXPUL

ELXCOP = STOFLX / CORFLX

WRITE (6,148) AFLUX, CORFLX, FLXCOR
148 FORMLT [ '92',6Xy2F124046X,56,3)

DO 150 4D = 1.NUMET

COxxcelT

The
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D050 1 =

ReAD (5,435

1,5AMPLE

READ {5+25) (SNAME(JD) 9d=143) s TAGHL,DECTYHM, PULSAR
25 FORMAT (344,8X,110,2F10.0)

READ (5,30 {METALIJ) vJd=1yNUMET)
30 FIRMAT (7F10.,0)

BEZAD (54300 {SLMNTIK) 9yK=1 o NUMELYM)

} FL

XTYMy, FLUX, FLXPUL,FLXCT

35 FORMLT (F10.2,3F10.901)

C
C WRITE OQUT RESULTS AND SAMPLE INPUT LCATA
¢
WRITE(6,203)
200 SNAMAT [ '1',2X,'SAVMPLE INPUT INFIRMATION')
WRITZ(64220)
220 FORMAT (*0',6X,'SAMOLE CODE'4X e 'TAGHIRI ' ¢ 5Xy "DICAY TiMe'y 7K,
1'PULSAR")
WRITEL6923C) (SNEMELY) ¢y M=1,3),TAGADy DCTYM, PULSAR
230 EORMAT ('07,8X3A4,1647XsF6,046X917F10.01
WEITE(E 240V (MZTALIJ) yJ=1NUMET)
WRITE{(6,240) (ZLMNT(J)yd=1,NUMELM)
240 FCORMAT ('0',7F10.0) '
¢ .
C CALCULATION CF THZ INCIVICUAL COSFFICIENTS T2 B8k USZD FOR in:
C DZAD TIME CORPECTION,
c
AVTYVY = JECTYH + CNTYM/ 2.9
FINTYM = DEZTYY + ONTYM
OPAPT = 0,0
TCTCNT = 0.0
D7 855 JATK = 1,NUMELM
TOSTONT = 2UMNTLJAZK) + TITONT

55 CONTINUT
N 60 JA =
PARTCOG(IA)

1oNUMILM

= FE
I

LMNT(JAY/TOSTCN

DOWER = —LAMBDA(JAY*LVTYH

APART( JA)

= P8

ARTCOUJRI* EXP(2IWERY

DPART = NDPART + APART(JZ)

60 CONTINUZ

DT = (1 -
A = CT/DPA
N3 65 JB =

DACTCO(JXY)
65 CONTINUE

C
C COFRZCTION CF
C

PULS
AT

AR/LINTYM*50,0))

1o RNUMELM

= &

THZ

= 1,

* PARTCO (J3)

COUNTS FOR THE DBEAC TIMc JF THE SAMPL:

NUMET
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ATMOSFHERIC PARTICULATE SAMPLES COLLECTED AT NARRAGANSETT, R.I.
(continued)

Phosphorus

Sanple Sampling Date Total P, Persullale Releasable Reactivs P, Seawater Sol. oodium Aluminum Vanadiym
No. On Cff ng m” P, ng m~ ng m3 P, ngm™ ng m3 ng m-3 ng m
25 3-6-75 3-7-75 17 +1 17 +1 7.5 + 0.6 — 4,1 %0.3 530 £ 30 20+ 1
26 3-8-75 3-9-75 11 £ 0.9 11 + 0.8 1.2 £ 0.1 5.0 £ 0.4 14 £ 1 820 £ 50 6.0 £ 0.4
27 3-9-15 3-10-75 9.3 £ 0.7 8.h + 0.6 1.6 £ 0.1 2.9 + 0.3 1.9+ 0.2 610 40 1411
28  3-11-75 3-12-75 7.8+ 0.6 7.1%0.5 U4 +0.3 5.2+ 0.4 4,0+ 0.3 230 + 14 2812
29  3-13-75 3-14-75 151 12 £ 0.9 3.0 + 0.3 b4+ 0.3 5.9 t 0.5 360 + 20 20+ 1
30 3-16-75 3-17-75 19+ 1 19+ 1 6.3 £ 0.5 6.9 + 0.6 3.4 + 0.3 850 + 50 43 + 3
31 3-18-75  3-19-7% - 4.2 £ 0.3 2.0 + 0.2 - 5.3+ 0.9 110 + 10 2.8 £ 0.
32 3-19-75 3-20-75 2.2 + 0.3 1.2 + 0.1 1.0 £ 0.1 - 14 +1 60 £ 5 0.6 + 0.
33 3-20-75 3-21-75 8.9 £ 0.7 4.8 £ 0.4 2.5+ 0.2 1.7 £ 0.2 24 + 2 250 £ 15 3.3 % 0.
34 3-21-75  3-22-75 7.7 £ 0.6 5.7 £ 0.5 2.8 + 0.2 1.7 + 0.2 3.2 £ 0.3 400 + 25 19+1
35 3-22-75 3-23-75 5.9 £ 0.5 5.3 £ 0.4 3.1 £ 0.3 3.2 £ 0.3 7.0t 0.6 150 £ 10 14 ¢+ 0.8
36 3-23-75 3-24-75 5.5 + 0.5 4.0 + 0.5 - 1.7 + 0.2 1.1 £ 0.1 340 + 20 8.5 £ 0.5
37 3-24-75 3-25-75 7.5 % 0.6 5.9 + 0.5 6.2 + 0.5 5.4 + 0.4 3.7 £ 0.3 160 + 10 2 ¢+ 2
38 3-25-75 3-26-75 9.8 + 0.7 7.0 £ 0.5 - - 5.4 + 0.5 470 £ 30 36+2
39 3-26-75 3-27-75 18 +1 15 £ 1 3.7 £ 0.3 2.8 £ 0.2 4.5 £ 0.4 900 £ 55 5.6 £ 0.3
4o 4-30-75  5-1-75 13+ 0.9 6.9+0.5 5.1 + 0.4 .0+ 0.3 2.3+0.2 500+ 30 9.3 + 0.6
il 5-1-75 5-2-75 9.9 + 0.7 4.4+ 0.4 3.4 + 0.3 2.9 + 0.2 3.8 + 0.3 430 + 25 3.4 £ 0.2
b2 5-5-75 5-6-75 8.6 + 0.6 4,6 + 0.4 3.3 + 0.3 3.3+ 0.3 16 £ 1 260 £ 15 11 + 0.7
43 5-12-75 5-13-75 11 £ 0.8 6.1 £ 0.5 4.2 + 0.3 - 6.0 £ 0.5 590 % 35 4.6 + 0.3
4y 5.13-75 5-14-75 12+0.9 7.4+0.6 h.5 + 0.4 - 1.6 £ 0.1 460 + 30 8.8 + 0.5
b5 5-14-75 5-15-75 19%1 131 5.3 + 0.4 - 2.5+ 0.2 1500 + 90 15 + 0.9
b 5-15-75 5-16-75 9.6 + 0.8 5.0+ 0.4 1.0 £ 0.3 3.6 £ 0.3 2.3+0.2 190 + 10 4.4 + 0.3
47 5-16-75 5~18-75 27 + 2 16 £ 1 - - 2.4 + 0.2 370 £ 20 8.1 + 0.5
48 5-18-75 5-19-75 7.0 + 0.6 3.9+ 0.3 3.0 + 0.2 - 3.2+ 0.3 230 + 10 13 + 0.8

ORe



NTMOSPHERIC PARTICULATE. SAMPLES COLLECTED AT NARRAGANSETT, R.I.

(Continued)
Fhosphorus

Sanple Sample Date Total P Fersullate_Releasable Reactive ' Seawater Sol.  Sodium Aluminum Vanadium

No. On off ng m“? P, ng m™ ng m3 > ng 3 o w3 nes 3 ng 3
49 7-22-75 7-23-75 36+ 3 20+ 1 1+ 8.8 + 0.7 3.2 & 230 + 10 13 + 0.8
50 7-28-75 7-29-75 32 +2 - - - 1.2 + hoo 1+ 25 7.5 + 5
51 7-30~75  8-1-75 312 .20 + 1 15+1 - 2.5+ 0.2 1100 * 70 21 + 1
52 8-12-75 8-13-75 32 +2 21 + 2 11 +1 - - -

53  B8-14-75 8-15-75 37 3 16 +1 7.2 + 0.6 3.5 + 0.7 1.6 + 0.1 1400 + 80 8.2 + 0.5
54 9-16-75 9-18-75 19 1 12 + 0.9 3.6 £ 0.3 3.0+ 9.2 1.2+0.1 4o+ 30 16 + 1
55  9-22-75 -23-75 27 + 2 16 +1 8.9 + 0.3 - 0.80 + 0.06 300 % 20 9.3 + 0.
56 9-29-75 10-1-75 23 + 2 12 + 0.8 7.0 + 0.6 h,0 4+ 0.3 0.80 + 0.06 240 + 15 7.4 + 0.4
57 10-13-75 10-15-75 26 £+ 2 21 + 2 15+ 1 - 0.60 £ 0.05 570 # 35 11 + 0.7
58 10-21-75 10-23-75 35+2 23+ 2 1+ 1 - 1.6 £+ 0.1 670 + ho 18 +1
59  10-27-75 10-28-75 23 % 2 20+ 1 10 + 0.9 8.1 + 0.7 1.9 + 0.2 370 + 20 19+1
60 11-H-75 11-6-75 20+ 1 9.2 + 0.7 5.2 + 0.4 7.7 + 0.6 0.50 £ 0.04 670 £ Lo 9.1 £ 0.5

The
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