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Abstract. A total atmospheric Pb input flux 

of 7 ng Pb cm -2 yr -1 was measured in the North 
Pacific Easterlies at Enewetak. Parameters used 

to measure this flux were ratio of dry deposi- 

tion flux to precipitation flux; pb/210pb in 
precipitation and seawater; 210pb flux; washout 
factor; and Pb concentrations in air, rain, and 

dry deposition deposits. Relations among these 

parameters established at Enewetak were used to 

recompute and confirm previous estimates of lead 

fluxes to the oceans (ng Pb cm -2 yr -1) at the 
following locations: North Atlantic Westerlies, 
170; North Pacific Westerlies, 50; and South 

Pacific Easterlies, 3. Prehistoric lead output 

fluxes to sediments (ng Pb cm -2 yr -1) at these 
locations have been previously measured and 

were 4 (Enewetak); 30 North Atlantic Westerlies; 

3 North Pacific Westerlies; 4 South Pacific 
Easterlies. These data show that the rates of 

atmospheric inputs of lead to the oceans vary 

directly with variations in rates of upwind 
emissions of industrial lead from urban complexes 

covered that industrial lead emissions to the 

earth's atmosphere outweigh natural contributions 

and have, as a consequence, perturbed biogeo- 

chemical cycles of lead in the oceans. Chow and 
Patterson [1962] noted that about 40 times more 

lead was reported to be entering oceans today via 
rivers than they found was leaving the oceans 

during prehistoric times via rivers in the form 
of authigenic lead in ferromanganese lattices in 
pelagic sediments. Tatsumoto and Patterson 
[1963a, b] and Chow and Patterson [1966] measured 
concentration profiles of lead in open ocean 

waters and found high concentrations near the 
surface which decreased to relatively constant 

values in deep waters. They ascribed the effects 
to eolian inputs of lead from automotive exhausts. 
Murozumi et al. [1969] found that Pb/Si dust 
ratios increased about 300-fold in Greenland 

snows during the past 3000 years. This indicated 
that industrial lead pollution was world wide and 
its effects should be observed in the world's 

oceans. It was then discovered [Patterson, 

on land. In the North Pacific and North Atlantic, 1974] that the early results of Tatsumoto and 

present rates of atmospheric lead inputs are 
10-fold greater than prehistoric outputs. In 
equatorial regions, present inputs and past 

outputs are more nearly equal. These observa- 
tions disclose the effects of intense industrial 

atmospheric emissions of lead in the northern 
hemisphere westerlies which have overwhelmed 
prehistoric natural fluxes of lead to the oceans. 
The average concentration of lead in marine air 

at Enewetak is 170 pg m -3 and varies less than 
a factor of 2 from that mean. One to 15% of this 

lead comes from seaspray, while the remainder 
comes from sources on land. About 90% of the 

seaspray lead is industrial, while 80 to 99% of 
that originating from land sources is industrial. 
Concentrations of lead in rain at Enewetak range 

from 6 to 63 pg/g with a mean value of 28. The 
mean precipitation flux, corrected for recycled 
lead in sea salts, measured by four different 

methods, was 6 ng Pb cm -2 yr -1, while the net 
dry deposition flux measured on horizontal plas- 

tic plates was 0.6 ng Pb cm -2 yr -1. The total 
dry deposition flux measured was 6 ng cm -2 yr -1, 
but 90% of this lead came from recycled seaspray. 

Lead isotope tracers show that Japan is the major 

source of industrial lead at Enewetak during the 

dry season, while the United States is the major 
source during the wet season. 

Introduction 

Measurements of eolian lead fluxes to the 

oceans are important because it has been dis- 
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Patterson [1963a, b] and Chow and Patterson 

[1966] were erroneously high because contamina- 

tion originating from the aura of artifact lead 
surrounding the ship and hydrowire befouled the 
sampling apparatus. Schaule and Patterson [1981, 
1982] determined new concentration profiles of 
lead in North Atlantic and North Pacific waters 

and reported much lower concentrations of lead 
which still showed surface maxima and deep water 

minima. They correlated their data with 210pb 
findings by Bacon et al., Bruland et al., Craig 
et al., and Turekian et al. [summaries in Schaule 
and Patterson [1981, 1982]) to show that lead has 

a residence time of several years in surface 

waters, about 20 years in the thermocline and 

about 80 years in deep waters. They ascribed 
maximal lead concentrations in upper waters to 

recent excess eolian inputs of industrial lead 
and correlated their observed greater lead con- 
tamination effects in North Atlantic surface 

waters compared with lesser contamination effects 
in North Pacific surface waters with corres- 

ponding differences in eolian input fluxes of 
industrial lead, computed by normalization to 

210pb input fluxes. Schaule and Patterson 
proposed that a switchover may have occurred 

from principally fluvial inputs of lead to the 
oceans in earlier times to principally eolian in- 

puts of lead in recent times and that lead con- 
tamination effects in oceans of the southern 

hemisphere would not be as great as in the north- 
ern hemisphere because most industrial lead 

emissions occurred in the northern hemisphere. 

Presley had discovered that early lead concentra- 

tion measurements reported in river waters were 

erroneously high [Trefry and Presley, 1976]. 
However, tentative present-day eolian input 

fluxes of lead to the open oceans suggested by 
_ 
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Schaule and Patterson [1981, 1982] were never- 
theless still about an order of magnitude larger 
than prehistoric output fluxes of authigenic lead 
in pelagic sediments in the same regions measured 
by Chow and Patterson [1962]. The input source 

of the latter was presumably fluvial at that 
time. 

This study of eolian lead fluxes to the ocean 
in the North Pacific Easterlies was undertaken as 

part of the SEAREX Program [Duce, 1981] to dis- 
tinguish quantitatively the relative and absolute 

contributions of lead via precipitation, dry 

deposition, and recycled seaspray. Additional 

aims of this study were to distinguish between 
natural and industrial leads in these fluxes 

by means of chemical ratios and common lead iso- 

topic tracers and to determine their relative 

proportions. Relationships between common lead 

and 210pb in the various components of these 
fluxes were also studied in collaboration with 

K. K. Turekian and J. K. Cochran. Results of 

this latter study have already been published 

[Settle et al., 1982]. Our findings reported 
here have a general applicability and have been 
used to recompute, from available data, eolian 

lead fluxes to the oceans in other geographic 
regions. 

Sampling, Analyses, and Results 

Sampling. The collection site was located at 

Enewetak (11ø20'N, 162ø20'E). Air filter, rain, 
and dry deposition samples were collected atop a 

20 m tower located on a small island on the up- 
wind (east) side of the atoll during both the 
dry and wet seasons. An automatic system moni- 
tored wind direction and speed, condensation 

nuclei, temperature, humidity, and rainfall. 
Millipore filters (47 mm, 0.4 •m porosity) 

were mounted in plastic holders fitted with Kel 

F backstop frits and Teflon '0' rings and sus- 
pended inside cylindrical conventional polyethy- 

lene rain shields (near the upper end) with 
35 cm openings pointed down. Air was pumped at 

the rate of 15 •pm when meteorological conditions 
permitted easterly air masses uncontaminated by 

lead emissions from local sources to be sampled. 
The filters and holders were cleaned, assembled, 

and hermetically sealed in the ultra-clean labor- 
atory at Caltech. After the samples were col- 

lected, the entire assembly was resealed and 
returned to Caltech. Later in the discussion 

section, data are cited that indicate that most 

of the atmospheric lead is contained in submicron 

particles and is not for the most part attached 
to giant seasalt particles. It has been sug- 

gested that our air filter configuration might 
discriminate against large seasalt particles 

and thereby miss a significant fraction of marine 
air lead. We had previously compared the rela- 
tive collection efficiencies for lead in marine 

air of two different types of filter housings: 

an isokinetic arrangement, where the filter face 
was exposed normal to the wind direction of the 

marine air, and the type of inverted rain shield 
used at Enewetak. The experiments carried out at 

Pigeon Key, Florida [Patterson, 1981], showed no 
measurable bias in measured lead concentrations 

in marine air. Rain sampling procedures have 

been described in Settle et al. [1982]. The dry 
•eposition collector was a circular polyethylene 

plate about 3000 cm z upper surface area mounted 
horizontally in the prevailing air stream. After 

an exposure of 30 to 80 hours, the plate was 
placed in a clean air bench, and the dry deposi- 

tion deposit was removed with 4 N HNO 3. About 
8 ml of acid was ejected from a plastic squirt 
bottle along the outer rim of one quarter of the 

area of the plate. This liquid was then swept 
back and forth across the entire surface of the 

one-quarter segment by using a 4 mm diameter 
quartz rod 4 cm long attached at right angles to 
a quartz rod used as a handle. The liquid was 

worked to the center of the plate. The surface 

was slightly conical with a 1 cm diameter drain 

in the center. This operation was repeated for 

the remaining three quarters of the surface area 
of the plate, and then the entire operation was 

repeated twice more. All three washings were 

combined to provide a single dry deposition de- 

posit sample. Next, the acid stripping procedure 

was repeated to collect an acid stripping blank. 
This liquid was set aside for blank analysis, and 
it was compared with a similar blank collected 

before the plate was exposed on the tower. A 

bottle container blank was obtained by placing 

some of the stripping acid in a fresh sample 

bottle and shipping it back with the samples. 

The lead content of the stripping acid was 
determined in previous separate experiments in 

the laboratory. lead contamination added by the 

stripping acid bottle to the acid had also been 

previously determined in the laboratory. The 
deposit and blank solutions were returned to the 

laboratory in hermetically sealed conventional 
polyethylene bottles. Surface seawater was col- 

lected by hand dipping from the bow of a small 
boat as described in Schaule and Patterson [1981]. 

Analyses. Metals were analyzed by isotope 

dilution thermal emission mass spectrometry 

[Patterson and Settle, 1976]. Filters were 
cleaned by soaking in separate HC1 and HF solu- 

tions. The filters were rinsed by soaking in 
small amounts of ultra-pure water and not by 

sucking water through the filter. A filter con- 

tributed 0.7 ng Pb and 0.5 ng Ba to the sample. 
Enriched 208pb spike was added to the filter 
in a quartz dish, and it was dissolved by using a 

mixture of concentrated HNO 3 and HC10 4 in a 
filtered N 2 atmosphere and evaporated to dryness. 
lead was isolated by dithizone extraction for 

analysis in the mass spectrometer. Aliquots of 
the dissolved solution were spiked for alkalies 

and alkaline earths and were evaporated to dry- 
ness for analysis in the mass spectrometer with 

no further separation. Isotopic compositions of 

lead were determined in duplicate filters by 

using the procedures described above except that 

no lead spike was added. The reagent and ware 
lead blank for dissolving the filter, and iso- 

lating the lead was about 0.6 ng. The corres- 

ponding blank for barium was 0.1 ng. 

The cleaning of bottles for rain collection 
are described in Patterson and Settle [1976]. 

The cleaning, use, and determination of blanks 
for the rain collector are described in Settle 

et al. [1982]. Total lead blank coming from 

the rain collector was about 4 ng/rain sample. 
An aliquot of rain, spiked with enriched 208pb, 
was evaporated to dryness in quartz in the 

presence of a mixture of HC1 and HNO 3. Metals 
were prepared for mass spectrometric analysis as 
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was indicated above. Chemical treatment blanks 

for these samples were 0.7 ng for Pb and 0.2 ng 
for Ba. 

The dry deposition collector was cleaned in a 
manner similar to that for the rain collector, 

except that in the field the plate was treated 

with 4 N HNO 3 prior to exposure. The deposition 
collector lead blank for acid stripped dry depos- 

ition deposits was about 6 ng per sample. The 

samples were analyzed in the same manner as the 
rain samples described above. Chemical treatment 
blanks for these samples were 0.4 ng for Pb and 

0.05 ng for Ba. 

The analysis of seawater was done according to 

54.8 (o = 2.5). The average Ca/Sr ratio in sea- 
water is 52.2 [Pytkowicz and Kester, 1971], which, 
when corrected for the biogenic depletion of 
calcium relative to strontium in surface seawater 

[Broecker, 1974], reduces to about 51.6. The dif- 
ference between this latter value and our mean 

observed value exceeds our experimental measure- 
ment error. This difference cannot be ascribed 

to silicate dust (Ca/Sr • 80) perturbation because 

the effect is larger than that which could be pro- 
duced by dust and the variations observed are 

inversely correlated with dust concentrations, as 

determined by Sr/Ba ratios (Sr/Ba in seawater 
~400; in silicate dust ~2). Either the principle 

methods described by Schaule and Patterson [1981]. upon which the biogenic depletion of calcium re- 
Rmsults. Concentrations of metals in air, 

rain, seawater, and fluxes from dry deposition 

deposits are listed in Table 1.' Uncertainties 
in metal concentrations in air amount to about 

20% of reported values and originate mainly from 
large errors in determination of air sample 
volumes. In other samples, uncertainties are 
about 10% for lead and barium due mainly to lack 
of contamination control. Uncertainties for K, 

Ca, and Sr concentrations are about 1% for these 
samples. In most cases, corrections for lead 
contamination introduced during sampling and 

analysis were small fractions of the total 
amounts of lead measured. Lead isotopic composi- 

tions are reported in Table 2.' Errors in the 
206pb/20?pb are about 1 part in 1000, in the 
206pb/208pb about 2 parts in 1000, and in the 
206pb/204pb about 4 parts in 1000. 

Dast concentrations were calculated from 

barium concentrations multiplied by 2500, which 

corresponds to the average abundance of barium 
in crustal silicate rocks [Mason, 1960]. The 
ratios of barium to silicate dusts in the samples 

we studied probably did not differ more than 
two-fold from this factor. Parallel air filter 

samples were collected by the URI and CIT groups. 
Our reported silicate concentrations, determined 

on the basis of barium, agree closely with their 

reported silicate concentrations, determined on 

the basis of aluminum. Virtually all the barium 
in the samples listed in Table 1 can be ascribed 

to silicate dust. The other major mass consti- 
tuent in these samples is seasalt, which contains 

extremely low concentrations of barium on a mass 
basis relative to silicate dust. Measurements 

were made of the Ba/Ca ratios in these samples, 
and in all cases they were found to be far 

greater than the Ba/Ca ratio in seasalt. This 
verified the above use of barium as an indicator 

of silicate. Measurements of concentrations of 

potassium and strontium were also made so that 
resulting K/Ca and Sr/Ca ratios could be used to 
verify the supposition that nearly all of the 

calcium was of seasalt origin. Rb/K ratios were 
determined to check the internal consistencies 

of these measurements. 

The Rb/K ratios in air during the dry season 
were found to be anomolously high. However, the 
Sr/Ca ratios also showed crustal silicate values. 
The air contained excessive concentrations of 

silicate dust during this season (see discussion 
section). Rb/K ratios exceed average crustal 
values, and this may characterize the Asian 

region from which these dusts apparently origin- 
ated (see later discussion). 

The Ca/Sr ratio in rain and dry deposition is 

lative to strontium is based is in error, or 
there is some unknown mechanism that enhances 

calcium relative to strontium in seaspray salt. 

Magnitudes of Fluxes 

PreciPitation fluxes. Lead precipitation 
fluxes to the ocean were determined by four 

methods: (1) measured [ng Pb/kg rain] x mean 
[kg rain cm -2 yr -1 ] • ng Pb cm -2 yr-1; (2) mean 
[ng Pb/dpm 210pb in rain] x [dpm 210pb cm -2 yr -1 
total to sea] = ng Pb cm -2 yr-1; (3) [ng Pb/dpm 
210pb in surface seawater] x [dpm 210pb cm -2 yr -1 
total to sea] • ng Pb cm -2 yr-1; and (4) washout 
factor (derived from measurements made during a 

different time or season of ({ng Pb/kg rain} + 
{ng Pb/m 3 air}) x [ng Pb/m 3 air] (for the 
required time or season) x [kg rain cm -2 yr -1 ] 
= ng Pb/cm -2 yr -1. Rains were collected during 
two different climatic megJmes, the dry season 

and the wet season. One rain sample was col- 

lected during the dry season and eight during 
the wet. Five of the nine samples collected were 

analyzed for six metals whose concentrations are 

given in Table 1. The volume of one of the re- 

maining samples was too small to analyze for 
lead, while the volumes of two others were too 

small to analyze for both lead and 210pb. One 
sample was not analyzed because of known probable 
contamination from local lead emissions. The 

lead concentration in the May 16 rain sample 

(the only one collected during the dry season) 
was discarded after analysis because it was con- 

cluded that it probably had been contaminated by 

an overflight through the rain cloud of an air- 
craft that was observed to land after the rain 

sample had been collected. Because no scienti- 

fically useful rain samples for lead concentra- 

tions were collected during the dry season, it 

was necessary to invoke method 4 to compute a 

precipitation flux for the dry season. 

Lead precipitation fluxes determined from the 

samples listed in Table 1 by methods 1, 2, and 

3 above have been discussed by Settle et al. 
[1982], and are revised as follows. 

Method 1. A mean concentration of 28 pg Pb/g 
rain from 3 samples collected during the wet 
season (July 19 omitted, see following discus- 
sion), assumed to represent the mean yearly con- 

centration, was used with a mean annual precipi- 

tation of 130 cm yr -1 near Enewetak [Dorman and 
Bourke, 1979] to calculate a lead precipitation 

flux of 4 ng Pb/cm -2 yr -1. 
Method 2. A ratio of 65 ng Pb/dpm 210pb in 

rain [Settle et al., 1982] was used with a total 

210pb flux of 0.15 dpm cm -2 yr -1 to the sea near 
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TABLE 2. Isotopic Compositions of Lead in Rain, Dry Deposition, and 
Air and in Surface Seawater at Enewetak. 

Collection 

Sample Type Dates, 1979 206pb/207pb 206pb/208pb 206pb/204pb 

Rain May 16 1. 212t 0.4940t 19.327 
Rain July 27 1. 241 0.5060 19.36 
Rain Oct. 3 (1980)* 1.206 0.4925 19.03 

Dry deposition April 24-27 1.221 0.4965 19.03 
Dry deposition April 28-29 1. 225 0. 4993 19.21 
Dry deposition July 14-Aug. 11 1.227 0.4979 19.16 

Air April 22-May 9 1.170 0.4858 18.26 
Air May 9-15 1.196 0.4889 18.61 
Air July 22-Aug. 10 1.205 0.4908 18.84 

Surface seawater Aug. 14 1.184 0.4861 18.38 

Surface Seawater 150 ø to 160 ø W longtitude collected in 1979'* 

Latitude Concentration 

(ng/kg) 

206pb/207pb 206pb/208pb 206pb/204pb 

15øN 10.7 1.196 0. 4892 19.20 

4øN 6.5 1.182 0.4843 18.24 

2øS 5.1 1.176 0.4836 18.06 

8øS 4.6 1.174 0.4856 - 

15øS 4.2 1.176 0.4813 18.68 

• Values rejected (see text). 
* Collected 40 ø E of Enewetak aboard R. V. Thompson. 

** From Flegal et al. [1981]. 

Enewetak [Turekian and Cochran, 1981] to calcu- 

late a lead precipitation flux of 10 ng Pb cm -2 
yr -1. The total 210pb flux used in method 2 was 
determined with a funnel left continuously 

exposed so that it collected both dry deposition 
and precipitation. Turekian and Cochran [Settle 
et al., 1982] observed that the dry deposition 

component of 210pb was negligible. The total 
210pb flux is used as a pure precipitation flux 
for common lead for this reason. The speciation 

of 210pb in marine aerosols is apparently dif- 
ferent than that of lead which accounts for the 

difference in dry deposition fluxes and their 
different ratios in air and in precipitation. 

Method 3. A Pb/dpm 210pb ratio of 37 ng Pb/ 
dpm 210pb in surface seawater near Enewetak 
(lead concentration from this study, dpm 210pb 
concentration from Nozaki et al. [1976], and 
Nozaki et al. [1980]) was used with a 210pb pre- 
cipitation flux of 0.15 dpm cm -2 yr -1 to calcu- 
late a lead precipitation flux of 6 ng Pb 

cm -2 yr -1. It is possible that the precipitation 
mechanisms for lead and 210pb involved in method 

3 are not the same. The ng Pb/dpm 210pb ratio in 
air during the wet season was about 20, which is 
considerably less than the ratio of 65 observed 
in rain collected during this same period (210pb 

in air from Turekian and Cochran [1981]). In 

calculating a precipitation flux by using the 
ratio of ng Pb/dpm 210pb in surface seawater, 
no correction was made for 210pb produced by 
226Ra in that water. It is believed that this 

correction should be small (K.K. Turekian, per- 

sonal communication, 1981) because the amount of 
210pb emitted into the atmosphere from the con- 
tinents on a global scale is 2 orders of magni- 
tude greater than the amount of 210pb produced 
by 226Ra in the upper 100 m of the world's 
oceans [Nozaki et al., 1976; Nozaki et al., 1978; 

Nozaki et al., 1980], and a major fraction of 
the continent-derived 210Pb is introduced to 
the ocean surfaces. 

210pb flux methods are meritorious and highly 
useful, nevertheless, because it appears diffi- 

cult to avoid spurious contamination of rain 
from emissions of locally derived Pb by updrafts 

into air masses producing the rain [Settle et al., 
1982]. 

Method'4. A precipitation flux for the dry 

season can be computed from a mean concentration 

of 230 pg Pb/m 3 air during that period and a 
washout factor of 230 (determined from 28 ng 

Pb/ kg rain and 0.12 ng Pb/m 3 air measured during 
the wet season). The concentration of 54 pg Pb/g 



8862 Settle and Patterson: ROAC 

rain during the dry season computed in this way 

seems to be a good approximation because the 
Pb/dpm 210pb ratio computed from it for dry 
season rain is 100 which is comparable to the 
mean of 70 measured in wet season rains. A lead 

precipitation flux of 7 ng Pb cm -2 yr -1 was 
calculated in this way for the dry season. 

Washout factor theory predicts that the ratio 

(Pb in precipitation)/(Pb in air) is constant 

for different locations regardless of changes in 
absolute concentrations [Engelmann, 1970]. 
Original lead data that seemed to validate this 
theory were actually erroneously high due to 

contamination during collection and analysis. 

Reliable data for lead in precipitation and air 
show that the washout factor cannot be used for 

urban or suburban locations. The observed wash- 

out factor is anomalously low in such places 

because the precipitation is not formed in the 

highly polluted air near the ground (which is the 
source of the air samples). The washout factor 
for lead is observed to vary from 640 (ng Pb 
kg-1/ng Pb m -3) in Greenland snow [Davidson 
et al., 1981] to 330 in remote California High 
Sierra snow [Elias et al., 1982] to 230 in North 

Pacific Easterlies (this paper) to 220 in the 
North Atlantic Westerlies rain [Bruland et al., 
1982] to 270 in South Pacific Easterlies rain 

on a horizontal surface exposed downward. 

Total dry deposition fluxes of 9 and 4 ng Pb 

cm -2 yr -1 (which includes both recycled seaspray 
lead and atmospheric lead derived from land 

sources) were obtained during the dry and wet 
season respectively on the plate oriented upward. 

Total dry deposition fluxes of 7 and 2 ng Pb 

cm -2 yr -1 were obtained during the dry season 
and of 0.1 ng Pb cm -2 yr -1 during the wet 
season on millipore filters oriented downward 
within a rain shield. As will be discussed 

below, 90% of the lead measured on the plates 
comes from recycled seaspray, so net dry depo- 

sition fluxes of 0.9 and 0.4 ng Pb cm -2 yr -1 
were measured on the upward facing plates during 

the dry and wet season, and net fluxes of 0.7, 

0.2, and 0.02 ng Pb cm -2 yr -1 were obtained 
on the downward facing millipore filters. Down- 

ward deposition fluxes on the plate facing upward 

involve high transfer velocities and large par- 

ticles. In two instances (Table 1) the upward 

deposition fluxes on the sheltered filters 

facing downward were considerably less than the 

downward fluxes on the openly exposed plates for 

the same collection period. This suggests that 
a smaller fraction of large particles were being 
collected in the upward direction on the filters. 

However, in one instance (Table 1) the upward 

(D.M. Settle and C.C. Patterson, unpublished manu- deposition flux on a filter was equal to the 
script, 1982) to 150 in Caribbean Easterlies rain 

perturbed by coastal urban air [Patterson and 
Settle, 1979; Settle et al., 1982], with about a 
a 1000-fold range of lead concentrations in pre- 

cipitation and in air, yielding a mean value of 
300 for the washout factor. 

The agreement among Pb precipitation fluxes 
derived from four methods, each having a unique 

defect not common to the other three, suggests 
that the probable value of the total Pb precipi- 

tation flux from both land sources and seaspray 

in the North Pacific Easterlies lies in the range 

of 4-10 ng Pb cm -2 yr -1, with a mean of 7 ng Pb 
cm -2 yr -1. On the basis of considerations dis- 
cussed later in the section on dry deposition 

fluxes, it is estimated that the proportion of 

seawater lead in marine air recycled as seaspray 
can be determined by multiplying the concentra- 

tion of NaC1 in the air by a Pb/NaC1 ratio of 
1 x 10 -B. A•suming these same relationships 

downward flux on the exposed plate. The de- 

position flux of 7 ng Pb cm -2 yr -1 in this last 
case occurred when the mean wind velocity was 

10 m s -1 while the deposition flux on the fil- 
ters dropped precipitously to 2 ng Pb cm -2 yr -1 
with a decrease in wind velocity to 9 m s -! and 
to 0•1 ng Pb cm -2 yr -1 when the mean wind velo- 
city decreased to 7 m s -1. It is significant 
that the upward deposition velocities on these 

downward facing surfaces varied by a factor of 
40, while mean wind speeds varied by only about 

30%. The complex aerodynamic properties of the 

downward facing millipore filter deposition 

collector makes it unsuitable as a deposition 

monitoring device for ocean surfaces. On the 

other hand, it is not possible to translate 

deposition fluxes on the openly exposed upward 

facing plastic plate directly to ocean surfaces. 

The fluxes of fine particle components are depen- 

dent upon gas velocities across the horizontal 

hold for recycled seaspray lead in marine precipi- surfaces so there is no way to translate through 

tation, it is observed that except for one rain 

(July 19), about 10% of the lead in marine rain 
appears to be recycled from seaspray (the July 

19 rain appears to contain mostly recycled sea- 
spray lead). The mean net precipitation flux of 

lead from land sources is then 6 ng cm -2 yr -1. 
•ry deposition fluxes. Dry deposition fluxes 

were determined from deposits collected on the 

upper surface of a circular horizontal conven- 

tional polyethylene plate. The plate was sup- 
ported from the bottom and had no rim. Dry 
deposition fluxes for seasalts and silicate dusts 
as well as lead were determined on this device. 

Dry deposition deposits on horizontal millipore 
filter surfaces, exposed downward from the top 
center within a vertically mounted large cylin- 
drical polyethylene rain shield whose height to 
diameter aspect ratio was 1:1, were analyzed to 

make corrections for exposure blanks on other 

filters used to sample filtered air. These data 

were also used to compute dry deposition fluxes 

model calculations the undulating surface of the 
ocean to a monitor consisting of a fixed, rigid, 

horizontal surface. In approximate terms, how- 

ever, the horizontal plate measurements yield 

useful dry deposition flux information because 

most of the deposited lead seems to be attached 

to large seasalt particles [Settle et al., 1981]. 
This conclusion is based on considerations out- 

lined below. It was estimated from visual obser- 

vations that the surface of the conventional 

polyethylene plate was soon thickly covered with 

a deposit of >100 •m sized salty droplets, ren- 
dered hydroscopic, and attached to the plate 

because of its acid conditioning, so we believe 
that there was little subsequent loss of micron- 

sized particles by reentrainment. At present, 

our best estimate of the total dry deposition 

flux of lead from both land and recycled seaspray 
to the ocean surface in the North Pacific Easter- 

lies is about 6 ng Pb cm -2 yr -1. 
It is important to know what are the propor- 
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tions of the above dry deposition flux of lead contained in seaspray aerosols originates from 
originating from seawater lead recycled as spray lead-rich particles trapped in the surface micro- 
and coming from lead-rich aerosols generated layer. At any given time, the isotopic composi- 
over continental regions. The average isotopic tion of lead in seaspray should be similar to 
composition of dry deposition lead (206pb/207pb = that in precipitation. This is observed to be 
1.226,'Table 2) compared with the average iso- the case if lead in dry deposition originates 
topic composition of atmospheric lead (206pb/207pb from seaspray, 206pb/207pb = 1.226 in dry depos- 
= 1.190, Table 2) proves that dry deposition lead 

must be derived from only a fraction of the total 

lead in air. We believe that most of the dry 
deposition lead is attached to large seasalt 
particles, first because mass inventory consi- 

derations suggest that much of this kind of 

lead probably originates from seaspray, and 
second, isotopic relationships among leads in 

precipitation, dry deposition, air, and seawater 

guide us to this conclusion. 

ition, and 1.227 in rain during the wet season at 
Enewetak. 

The 206pb/207pb ratio in atmospheric leads 
originating from North American regions is about 
1.235 (Table 2), and during the wet season the 
values of this ratio in rain indicate that most 

of the lead in precipitation comes from North 
American sources. About 90% of this land com- 

ponent type of lead is required to be mixed with 
about 10% of seawater lead near Enewetak to ac- 

On the basis of a suggestion by Fasching et al. count for the observed isotopic mixture in the 
[1974], we and our colleagues carried out experi- dry deposition deposits (Table 2). This suggests 
ments in the North Atlantic (part of the SEAREX that the major amount of lead in seaspray is 
program using a bubble generating device provided recycled from recently deposited lead in precipi- 
by Fasching) which sampled and analyzed lead and tation. 

other metals in artificial sprays [Patterson and The major fraction of lead in marine dry depos- 
Ng, 1982]. These experiments suggest tha• Pb/NaC1 ition should therefore be assigned to recycled 
ratios in seaspray aerosols are enriched by a 
factor of about 500-fold above the ratio in 

seawater. The ratio of Pb/NaC1 in surface sea- 

water measured at Enewetak (Table 1) can be 

multiplied by a 500-fold enrichment factor to 

yield a predicted value of about 1 x 10 -7 for 
the Pb/NaC1 ratio in air at Enewetak. Duce et 

al. [1982] have measured the size-frequency dis- 

tribution of both NaC1 and lead-containing par- 
ticles at Enewetak and have found that about 

90% of the NaC1 exists in particles larger than 
4 pm, while only about 10% of the total lead 
in the atmosphere is contained in particles of 

that size (we have verified the accuracy of 
their total lead concentration measurements). 

If these proportions are combined with the total 
concentrations of lead and seasalts in air listed 

in Table 1, a Pb/NaC1 ratio of about 10 x 10 -7 is 
found in air for both the wet and dry season. 

The Pb/NaC1 ratio measured directly in dry depos- 
ition is about 30 x 10 -7 for both the wet and 
dry season. Since the 500-fold lead enrichment 

factor in seaspray is known only approximately at 

present, we believe that this first-order agree- 

ment of mass inventory considerations for lead 

in seaspray salt shows that the lead in marine 

dry deposition deposits is mainly recycled sea- 
water lead. 

The isotopic relationship among leads that 
guide us to this same conclusion show that rain 
today at Enewetak contains lead whose average 
isotopic composition (206pb/207pb = 1.227, 
Table 2) is markedly different from that in sea- 

water (206pb/207pb = 1.184, Table 2). Some of 
the lead in rain is contained in discrete parti- 

cles that become trapped in the organic micro- 

layer on the sea surface and have a residence 

time there of hours and perhaps days before the 
lead is released in soluble form to become homo- 

genized with the reservoir of dissolved lead in 
surface seawater. Schaule and Patterson [1981, 

1982] have observed that about 10% of the lead 

in open ocean seawater is contained in particles, 
while Buat-Menard et al. [1981] have shown that 
seaspray contains relatively large hydrocarbon 

particles in which are embedded smaller silicate 

dust particles. We believe that much of the lead 

lead from the surface microlayer. Because of 

uncertainties in the above considerations, we 

assign 90% of the dry deposition flux to recycled 
microlayer seawater lead and 10% to continental 
sources. 

Relative magnitudes and sum of precipitation 

and d'ry deposition fluxes. We and our colleagues 
have made careful measurements of the proportion 
of precipitation to dry deposition fluxes of 
lead at a remote mountain location in Western 

North America [Elias et al., 1982]; 270 ng Pb 
cm -2 yr -1 were added to the meadow and forested 
ecosystem by dry deposition, while 130 ng Pb 
cm -2 yr -1 were added to that ecosystem by snow 
and rain. Ninety-nine percent of the lead was 

industrial. Dry deposition is the predominant 

mechanism for removing lead from the atmosphere 

over land because plant foliage has such a large 
surface area for collecting by diffusion deposi- 
tion the small anthropogenic particles which 
contain the industrial lead. The Enewetak experi- 
ments confirm our belief that, because the area 

of the ocean surface is relatively small, the net 

dry deposition lead flux to the ocean is minor. 

At Enewetak we observed a dry deposition flux of 
lead from continental sources of about 10% of 

the precipitation flux. The remainder of the 

lead measured on the dry deposition plates origi- 
nates from recycled seaspray lead. Our best 

estimates of the net precipitation flux of lead 
from land sources to the ocean in the North 

Pacific Easterlies is about 6 ng Pb cm -2 yr -1, 
while the net dry deposition flux from land 

sources is about 0.6 ng Pb cm -2 yr -1, yielding 
a total net input flux of 7 ng Pb cm -2 yr -1. 

Relation of Fluxes at Enewetak 

to Other Ocean Areas 

The measured 7 ng Pb cm -2 yr -1 atmos- 
pheric input flux to the ocean at Enewetak repre- 

sents that in the region of North Pacific Easter- 
lies. The flux does not increase at eastern 

longitudes, as measurements made at 160øW show 

(Table 3). Sophisticated measurements made at 
Enewetak allow sketchy measurements made at 
other oceanic locations to be converted into more 



8864 Settle and Patterson: ROAC 

TABLE 3. Present Day Eolian Input and Prehistoric Sediment Output Iaad Fluxes at 

Different Locations (ng cm -2 yr -1) . 

North Atlantic North Pacific North Pacific North Pacific South Pacific 

Westerlies Westerlies Easterlies Easterlies Easterlies 

(34øN 66øW) (33•N 140•W) (11•N 162øE) (15øN 160øW) (15•S 150•W) 

Input 170 50 7 6 3 

Output 30 3 4 4 4 

Output fluxes computed using sediment parameters cited in Schaule and Patterson 

[1981] and lead concentration data from Chow and Patterson [1962]. 

trustworthy fluxes by making corrections for dry 2. 60 [ng Pb kg -1 sea/dpm 210pb kg -1 sea] 
deposition and using a washout factor where atmos- [Schaule and Patterson, 1982] x 1 [dpm 210pb cm -2 
pheric lead concentrations have been measured to yr -1 to sea] [Nozaki et al., 1980] -- 60 ng Pb 
give approximate concentrations of lead in rain 

at these locations. The present total atmos- 

pheric input flux to the ocean has been estimated 

to be about 240 ng Pb cm -2 yr -1 in the region of 
the North Atlantic Westerlies [Schaule and 

Patterson, 1982], about 60 ng Pb cm -2 yr -1 in 
the region of the North Pacific Westerlies 
[Schaule and Patterson, 1981], and about 4 ng Pb 
cm -2 yr -1 in'the region of the South Pacific 
Easterlies [Settle et al., 1982]. 

The Enewetak measurements modify these esti- 

mates, mainly by reducing the dry deposition 
contribution as follows: 

Mean Total Flux • 170 ng Pb cm -2 yr -1 in 
North Atlantic Westerlies Region 

1. 2.4 [rig Pb m -3 air] [Patterson and Ng, 
1982] x 0.9 (corrected for recycled seaspray, 

this paper) x 220 [kg rain -1 m 3 air] (washout 
factor, Patterson and Ng [1982]) x 0.1 [kg rain 
cm -2 yr -1 ] [Tucker, 1961] x 1.1 (dry deposition 
contribution, this paper) = 55 ng Pb cm -2 yr -1. 

2. 190 [ng Pb kg -1 sea/dpm 210pb kg -1 sea] 
[Bruland et al., 1982] x 0.7 [dpm 210pb cm -2 yr -1 
total to sea] [Turekian et al., 1982] = 

130 ng Pb cm -2 yr -1. 
3. 37 [ng Pb kg -1 ] [Schaule and Patterson, 

1982] x 10 [kg cm -2 ] (depth of surface layer) 
% 2 yr (residence time, Schaule and Patterson 

[1982]) = 190 ng Pb cm -2 yr -1. 
4. 390 [ng Pb kg -1 rain/dpm 210pb kg -1 rain] 

[Bruland et al., 1982] x 0.9 (corrected for re- 

cycled seaspray, this paper) x 0.7 [dpm 210pb 
cm -2 yr -1 total to sea] [Turekian et al., 
1982] x 1.1 (dry deposition contribution, this 

paper) • 275 ng Pb cm -2 yr -I. 

Mean Total Flux -- 50 ng Pb cm -2 yr -1 in 
North Pacific Westerlies Region 

1. 1 [rig Pb m -3 air] [Chow et al., 1969] x 
0.9 (corrected for recycled seaspray, this paper) 
x 230 [kg rain -1 m • air] (washout factor, 
this paper) x 0.13 [kg rain cm -2 yr -1 ] [Dorman 
and Bourke, 1979] x 1.1 (dry deposition contri- 

bution, this paper) = 30 ng Pb cm -2 yr -1. 

cm-2 yr-1. 
3. 10 [ng Pb kg -1 ] [Schaule and Patterson, 

1981] x 10 [kg cm -2 ] (depth of surface layer) 
• 2 yr (residence time, Schaule and Patterson 

[1981]) = 50 ng Pb cm -2 yr -1. 
4. 65 ng Pb cm -2 yr -1 (from mass balance of 

industrial lead emission and removal in northern 

hemisphere westerlies, Schaule [1979]). 

Mean Total Flux -- 6 ng Pb cm -2 yr -1 in 
North Pacific Easterlies Region: 15•N ' 160øW 
(40 • east of Enewetak) 

1. 43 [ng Pb kg -1 rain] (this paper) x 0.9 
(corrected for recycled seaspray, this paper) x 

0.13 [kg rain cm -2 yr -1] [Dorman and Bourke, 
1979] x 1.1 (dry deposition contribution, this 
paper). 

Mean Total Flux -- 3 ng Pb cm -2 yr -1 in 
South Pacific Easterlies Region 

1. 9 [rig Pb kg -1 rain] [Settle et al., 1982] 
x 0.9 (corrected for recycled seaspray, this 

paper) x 0.15 [kg rain cm -2 yr -1] [Dotman and 
Bourke, 1979] x 1.1 (dry deposition contribution, 
this paper) = 1.3 ng Pb cm -2 yr -1. 

2. 14 [ng Pb kg -1 rain/dpm 210pb kg -1 rain] 
[Settle et al., 1982] x 0.9 (corrected for re- 
cycled seaspray, this paper) x 0.3 [dpm 210pb 
cm -2 yr -1 total to sea] [Turekian et al., 1977] 
x 1.1 (dry deposition contribution, this paper) = 
3.9 ng Pb cm -2 yr -1. 

The measured net eolian input flux of lead to 

the ocean at Enewetak experimentally confirms 

the global pattern of fluxes expected from emis- 
sions of industrial lead into the northern hemis- 

phere westerlies. Since the largest sources of 
these emissions, which outweigh natural ones by 

about 2 orders of magnitude, are in North America 
and in Europe and lead is rapidly removed by dry 

deposition and precipitation, the input flux of 

lead to the ocean should be highest in the 
North Atlantic Westerlies, less in the North 

Pacific Westerlies, lower in the North Pacific 

Easterlies, and still lower in the South Pacific 
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Easterlies. • As shown in Table 3, the net fluxes 

ate 170, 50, 7, 6, and 3 ng Pb cm -2 yr -1, respec- 
tively, at these five locations. 

These input fluxes are composed mainly of 
industrial lead. The present magnitudes of 

all are much greater than the magnitudes of 
natural eolian lead input fluxes to the oceans 

during prehistoric times. It is believed that 
the major source of lead to the oceans in prehis- 

toric times was fluvial, and, because steady 

state conditions prevailed, fluvial input fluxes 

beyond the continental shelves were equal to the 

output fluxes measured in pelagic sediments 
(listed in Table 3). This view is substantiated 

not only by mass balance considerations [Schaule 
and Patterson, 1980] but required by isotopic re- 
lationships among leads in pelagic sediments and 

continental drainage basins [Chow and Patterson, 
1962]. These relationships show that prehistoric 
eolian input fluxes of natural lead were small 

fractions of the sediment output fluxes listed in 

Table 3. Present day eolian input fluxes of in- 
dustrial lead therefore exceed past eolian input 

fluxes by factors of about 3 to 50 depending on 
the geographic location. 

The prehistoric net flux of soluble lead from 

surface waters down through the water column via 

fecal pellets then out through Pleistocene sedi- 

ments in authigenic minerals in regions of both 
the North Pacific Easterlies and South Pacific 

Easterlies is about 4 ng Pb cm -2 yr -1 (Table 3). 
As shown in this table, the similarity of present 

input and prehistoric output fluxes of lead mea- 

sured in the South Pacific Easterlies region 

presents a sharp contrast to the situation in 
the North Pacific and North Atlantic Westerlies 

regions, where present day eolian input fluxes 

are an order of magnitude larger than prehistoric 
output fluxes. 

It has been observed that present-day vertical 

lead concentration profiles of seawater in the 
North Pacific and North Atlantic Westerlies 

regions are highly perturbed compared with infer- 

red prehistoric natural concentration profiles 

as a consequence of this shift from relatively 
small lead input via natural fluvial routes to 

much greater industrial lead inputs via eolian 

routes during the past century and the 20 yr and 

80 yr residence times of lead in thermocline and 
deep waters [Schaule and Patterson, 1982]. We 
expect, as a consequence, that present-day verti- 

cal lead concentration profiles in easterly 

North Pacific seawaters would show less pertur- 
bation than those in waters at more northerly 
latitudes, with lead concentrations in thermo- 

cline waters being shifted to lower values 

compared to those observed in the North Pacific 
Westerlies region. 

Origins of Marine Lead 

Sources of marine lead. Table 4 shows that 

the"Pb/silicate ratio in air, dry deposition, 
and rain at Enewetak exceeds the average crustal 
rock value by large factors. A mass inventory 
of natural and industrial emissions to the atmos- 

phere on a global scale shows that most of this 

excess originates from industrial sources. The 

this value is not very certain, silicate dusts by 
definition cannot account for the observed excess, 

since the Pb/silicate ratio in the atmosphere, 
when reliably measured in remote regions, always 

shows a large excess above the average crustal 
silicate value (Table 4). The present-day flux 

of industrial lead to the world atmosphere is 

about 400,000 tons yr -1 from burned lead alkyls; 
iron, copper, lead, and zinc smelting; coal 
burning; and wind-blown dusts from lead contami- 

nated soils [Nriagu, 1978]. About half of this 
lead is emitted in the form of long-lived aero- 

sols that are distributed world wide [Settle and 

Patterson, 1980]. The literature contains a num- 

ber of reports of erroneous measurements of Pb/ 
silicate ratios in air and polar snow that are 

falsely high because of improperly controlled 

lead contamination during sample collection and/ 
or analyses. These large excesses of lead have 

been improperly ascribed to natural sources such 

as seaspray emission, vulcanism, sublimation from 

rocks at low temperatures, and emission of vola- 

tile organo-lead compounds from soils and plants. 
We have studied natural lead emisssions from sea- 

spray and volcanoes on a quantitative basis and 
have found, as reported above, that recycled lead 

in seaspray contributes about 10% of the lead in 
the North Pacific Easterlies. Since about 90% 

of that seaspray lead has been shown to be of 
industrial origin [Schaule and Patterson, 1981], 
it is clear that natural seawater lead could 

comprise only about 1% of lead in marine air. 

We and others [Buat-Menard and Arnold, 1978; 
Patterson et al., 1982; Arnold et al., 1981] 

have recently demonstrated from measurements of 

Pb/S ratios in volcano eruption plumes, normal- 
ized to worldwide volcanic sulfur fluxes to the 

atmosphere, that the average contribution of 
lead from volcanoes in the form of lead-rich 

sulfur aerosols to the world atmosphere is about 

1500 tons Pb yr -1. On a world scale, excess 
lead originating from industrial sources should 
completely obscure excess lead from volcanoes 

and seaspray. The other proposed sources for 

excess natural lead cannot be quantitatively 

considered because of their vagueness. In the 
northern hemisphere it has been demonstrated con- 

clusively that the Pb/silicate ratio in Greenland 
ice increased about 300-fold during the past 3000 
years [Murozumi et al., 1969; Ng and Patterson, 
1981]. This would not have happened if the 
excess lead originated from natural sources. 

Industrial leads emitted from different coun- 

tries have various isotopic compositions because 

the geological origins of the metal ores supplied 

to these nations are different. For example, 

lead emitted from Japan tends to be relatively 
nonradiogenic because most of the iron ores and 

lead used in that country originate from geologi- 

cally ancient deposits in Australia, while lead 

emitted today from the United States is highly 
radiogenic because a major fraction of U.S. 

industrial lead originates from Missouri ore de- 

posits whose isotopic compositions are anomalously 
radiogenic. The isotopic compositions of indust- 

rial leads emitted from other countries vary for 
similar reasons, and estimates of these isotopic 
compositions are listed in Table 5. The 206pb/ 

prehistoric natural lead input to the world atmos- 207pb ratio is the most accurately measured pair 
phere from silicate dust was about 2000 tons Pb among the four lead isotopes, and it shows the 
yr -1 [Settle and Patterson, 1980]. Although greatest variation among different lead ores, so 



8866 Settle and Patterson: ROAC 

TABLE 4. Excess Pb Over Natural Pb/Si Dust in Rain, Dry Deposition, and Air 
Collected at Enewetak and Other Remote Locations 

Sample Collection Excess 
Type dates (1979) Pb/Si dust over crustal 

Enewetak 

Rain May 16 (5.3 x 10-4)t (44)t 
Rain July 19 2.2 x 10 -5 2 
Rain July 27 > 1.1 x 10 -1 > 940 
Rain Aug. 2 2.9 x 10 -3 240 
Rain Aug. 3 9.6 x 10 -3 800 
Rain Oct. 3 (1980) 1.5 x 10 -4 12 

Dry deposition April 24-27 5.7 x 10 -4 48 
Dry deposition April 28-29 8.1 x 10 -4 67 
Dry deposition July 14-Aug. 11 8.7 x 10 -4 72 

Air April 22-28 1.6 x 10 -4 13 
Air April 28-May 9 6.2 x 10 -5 5 
Air July 12-25 1.4 x 10 -3 120 
Air July 25-Aug. 10 4.3 x 10 -3 360 

Thompson Canyont• 

Snow !978 8.3 x 10 -3 690 
Air 1978 1.1 x !0 -3 89 

Greenland* 

Snow 1980 5.6 x 10 -3 470 
Air 1980 4.5 x 10 -4 38 

Average crustal value** 1.2 x 10 -5 

• Lead computed from washout factor and air concentration (see text). 
•t Elias et al. [1982]. 

* Davidson et al. [1981]. 
** Chow and Patterson [1962]. 

it is most often used to identify different 

sources of industrial lead. The origin of aero- 
sols emitted from land sources that are contained 

in the North Pacific Easterlies varies systemati- 
cally with season. Both we (Table 1) and Duce 
et al. [1980] observed that the concentrations of 
silicate dusts in air at Enewetak decreased by a 

factor of about 50 from April to August 1979. 
Duce et al. [1980] assigned an Asian origin to 
these dusts on the basis of retrospective studies 

of air trajectories. Table 2 shows that the 
206pb/20?pb ratio in aerosols collected on fil- 

The isotopic composition of lead in seawater 
near Enewetak is not the same as the isotopic 

composition of lead measured in rain at that loca- 
tion. Lead in seawater is an integrated mixture 

of different leads accumulated over a period 

of several years. The isotopic composition of 
lead in air varies from time to time as a func- 

tion not only of seasonal changes in the propor- 
tions of industrial leads from different lands, 

but also because the isotopic composition of 
industrial lead emitted from a given land source 

changes with time as a result of changing propor- 

ters in April, when concentrations of silicate tions of ores originating from different geo- 
dust were highest, were similar to the 206Pb/20?pb logical deposits. For example, the 206pb/20?pb 
ratio in lead aerosols emitted fromAsia and 

Japan (Table 5). Table 2 shows that later the 
20•Pb/20?pb ratio in aerosols•Collected on fil- 
ters, when concentrations of silicate dust had 
decreased about 50-fold, was more like the 206pb/ 
207pb in lead aerosols emitted from the United 

States (Table 5). This isotopic change substan- 
tiates the interpretations made from the air 

trajectory analysis that high concentrations of 
dust during the dry season at Enewetak originated 
from Asia and that later, during the wet season, 
aerosols emitted from land sources originated 

mainly from North America. 

ratio in gasoline exhaust lead in the western 
United States changed from about 1.145 in 1963 
to about 1.225 in 1978 [Chow et al., 1975; 

Shirahata et al., 1980]. An example of seasonal 

changes in lead isotopic composition has been 
discussed above. 

The isotopic composition of lead in surface 

seawater does change slowly with time and is 
different at different geographic locations; but 

such changes that do occur with time are very 

much slower than those occurring in the air over 
the seas. The residence time of lead in the 

atmosphere is about 10 days [Nriagu, 1978], while 
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TABLE 5. Estimated Average Isotopic Compositions 
of Industrial Lead Emissions to the 

Atmosphere From Major Continental 
Source Regions. 

Source Region 206pb/207pb 

Western Canada (1979) 

Western United States (1974) 

Western United States (1978) 

Mexico/Brazil (1978) 

Asia/Japan (1978) 
Australia (1978) 

1.195 

1.190 

1.230 

1.187 

1.153 to 1.165 

1.140 

From air filters, gasolines, and lead ores 

produced and used [Ng and Patterson 1982; Stukas 
and Wong, 1981; Doe 1970; Murozumi, 1981]. 

the residence time of lead in surface seawater is 

1 to 2 years [Schaule and Patterson, 1981]. The 
geographic distribution of lead concentrations 

and isotopic compositions in surface waters of 

the central Pacific (Table 2) show systematic 
decreases in Pb concentrations from about 11 pg/g 
at 20øN through about 6 pg/g in equatorial waters 
to 4 pg/g at 18øS. 20Bpb/20?pb ratios decrease 
systematically from 1.196 at 15øN to 1.182 at 4øN 

to 1.176 at 2 ø to 15øS [Flegal et al., 1981]. 
These gradients are consistent with a greater in- 
put from atmospheric sources of industrial lead 

to the North Pacific than to the South Pacific, 

with the major input to the North Pacific Easter- 

lies coming from North America and the major 
input to the South Pacific Easterlies coming from 
Australia and Mexico. The 20Bpb/20?pb in air mea • 
sured a few times on an event basis at Enewetak 

ranged from 1.170 to 1.205 (Table 2). It is more 
or less fortuitous that the mean should be about 

the same as that in surface seawater at Enewetak. 

The isotopic compositions of Pb in rain and dry 

deposition do not show such an agreeable mean, 

however, because they are event samples, and the 

sampling times were not equitable. In 1979, the 

mean isotopic composition of Pb in the total 

annual input by rain and dry deposition at 
Enewetak, if it could be determined, would prob- 
ably be more radiogenic than that in surface 

seawater because, as has been mentioned earlier, 

the 20Bpb/20?pb ratio of U.S. industrial lead has 
increased in recent years and the lead in surface 

seawater is older than its current annual input. 
The 20Bpb/20?pb ratio in surface waters at 
Enewetak shows that surface seawater lead from 

the 10øN section of the north-south track that 

has been studied across the Central Pacific has 

traveled westward to Enewetak. The 20Bpb/20?pb 
ratios in atmospheric leads from bothAsia/Japan 
and Australia/South America are similar; and 
since equatorial Pacific waters appear to be 

homogenized through mixing across a rather broad 
band [Flegal et al., 1981], it is unclear whether 

the nonradiogenic component of lead in surface 

seawater at Enewetak comes from Asia/Japan or 
Australia/South America or both. 

Dry Deposition and Precipitation Mechanisms 

It has been shown that the bulk of the lead 

in air samples is associated with particles less 

than 0.4 •m in diameter [Duce et al., 1982]. 
This is consistent with observations on land 

which also show that these lead-rich anthropo- 

genic particles have small diameters [Mueller 

et al., 1972]. Calculated deposition velocities 
(~10 cm s -1) indicate that lead in the dry depo- 
sition deposits is associated with large diameter 

salt particles that deposit mainly by gravita- 

tional sedimentation and impact resulting from 
turbulent eddies. 
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