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ABSTRACT 

Previously reported analyses of rain, snow, aerosols, and gas from Hawaii, Alaska, and 
Massachusetts, and new analyses of Antarctic and Alaska snow and ice, are compared. 
Both I and Br appear to be associated with aerosols of smaller particle sizes and longer 
residence times than C1-rich aerosols. In  most suites of samples there is a clustering at 
I/Br~0.1-0.2, and Br/Cl exceeds the sea water ratio (3.4 x lo-*) several-fold. Aerosols 
collected over open sea water in Hawaii, however, show Br/Cl several-fold lower than 
in sea water. The latter particles are identified as “sea salt” aerosols whereas the 
Br-rich aerosols are smaller in size and may be basically different in composition, e.g. 
ammonium sulfate as discussed by JUNGE (1963). It is suggested that Br is “distilled” 
from the sea spray droplets, possibly by photochemical oxidation to Br,, and then 
“condensed” onto the smaller particles, possibly by participating in the oxidation of 
SO, to sulfate. Iodine may engage in similar reactions, and the resulting I and Br-rich 
particles exhibit a world-wide constancy in I/Br. Precipitation analyses show a similar 
constancy in I/Br. 

The problem 

Atmospheric halogens are derived from the 
sea, but their relative proportions are different 
from sea water in several important respects. 
In  a series of papers (I, DUCE et d., 1963; 11, 
DUCE et al., 1965; 111, LININQER et al., 1966; 
IV, DUCE et al., 1966) neutron activation ana- 
lyses of atmospheric samples for iodine, bro- 
mine, and chlorine have been reported, and 
WINCHESTER & DUCE (1965a and 6) have re- 
viewed some of it. Iodine is enriched over chlo- 
rine in most atmospheric samples hundreds to 
thousands of times, and the bromine-to-chlorine 
ratio is usually, although not always, somewhat 
greater than the sea water ratio. In  suites of 
samples of aerosol particles, chlorine exhibits 
a greater degree of variability than either bro- 
mine or iodine. Analytical data taken from the 
widely separated localities of the island of 
Hawaii, Point Barrow in Alaska, and the city 

1 Present address: Institute of Geophysics and 
Department of Chemistry, University of Hawaii, 
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of Cambridge in Massachusetts are strikingly 
similar in halogen transfer processes in the 
atmosphere. 

New halogen analyses 

The method of halogen analysis for data 
newly cited in this paper is that employed pre- 
viously (papers I, 11,111, and IV), neutron acti- 
vation analysis (DUCE & WINCHESTER, 1965). 
Aqueous samples of 5 ml of rain water or equi- 
valent are irradiated in the M.I.T. Reactor, 
processed radiochemically by solvent extraction, 
and beta counted, and the analysis of each 
sample requires one hour giving an accuracy of 
about +5 %. 

ANTARCTIC SAMPLES 

Table 1 presents the halogen composition of 
six samples collected by Dr. Gunter Faure, 
Ohio State University, during the antarctic 
summer 1964-65. In  our experience, generali- 
zations based on only a few halogen analyses 
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TABLE 1. Antarctic samples. 
~ ~ 

c1 Br I I/Cl Br/Cl 
Sample' pg/ml ng/ml ng/ml x10' x1OS I/Br 

Horlick snow 1.26 8.0 0.90 0.70 6.3 0.11 
Horlick firn 1.42 3.0 0.65 0.46 2.1 0.22 
Horlick ice 0.89 3.3 0.78 0.88 3.7 0.24 
Byrd snow 1.20 80. 2.7 2.2 67. 0.033 
Scott snow 9.0 16.5 0.67 0.074 1.8 0.040 

a Horlick smw: Freshly fallen snow, Reedy Glacier, Horlick Mts., 127"00'W, 
86"05'S. Horlick j irn: Granular firn snow 40 cm below surface, same locality. 
Horlick ice: Blue glacier ice exposed at the surface, same locality. Byrd snow: 
Granular snow from wall in tunnel 16 mbelow surface, Byrd Station, 1 1So31'W, 
80°1'S. Scott smw: Snow from Scott Base on Ross Island near shore. Standard 
devialwna: Concentrations 5 %, ratios t 7  %. 

should be made only with great caution. How- 
ever, the three inland Horlick samples form a 
reasonably consistent set. We may expect the 
coastal Scott snow to have some admixture of 
sea spray, and the higher C1 concentration may 
be a reflection of this. The Byrd snow from a 
tunnel has a very high Br concentration, but 
(paper 111) we cannot say whether it had suf- 
fered exposure to leaded motor fuel exhaust. 

ALASKAN AND MASSACHUSETTS SNOWS 

Table 2 shows a freshly fallen snow from 
Concord, Massachusetts 30 km from the sea 
with halogen content not atypical of other near- 
coastal data. The Fairbanks, Alaska average 

snow profiles are our only analyses to date of 
inland and unpolluted precipitation. I n  con- 
trast t o  more maritime samples, these are rela- 
tively C1-poor and exhibit high Br/Cl ratios. 
Like most maritime samples, however, I/Br is 
of the order of 10-1. The single freshly falling 
snow from Fairbanks in January is anomalous 
compared to the averages for the preceding 
autumn when most snow fell. Its fall came at a 
time of air movement from the Gulf of Alaska 
lying to the south, although normally air moves 
from Canada lying to the east during fall and 
winter. Without knowing in detail the meteoro- 
logy during each snow fall of the season, how- 
ever, no more should be said. 

TABLE 2.  Alaskan and Massachusetts snows. 

c1 Br I I/Cl Br/Cl 
Sample' pg/ml ng/ml ng/rnl x los x 108 I/Br 

Concord, Mass. 0.71 5.2 0.62 0.87 7.2 0.12 

Fairbanks, Alaska 
No. Zb 5.1 11.2 2.6 0.52 2.2 0.23 
No. 5 0.090 3.9 0.51 5.7 43. 0.13 
No. 6 0.116 3.0 0.60 5.2 26. 0.20 
No. 7 0.16 4.1 0.54 3.4 26. 0.13 

a Concord, Mass.: freshly fallen snow at 2 River Street, 2 January 1965. 
Fairbanks, Alaaka: No. 2, falling snow on roof of Institute of Marine 

Sciences, College, 15 January 1965, 10:25-10:40 A.M. No. 5, ground snow 
60 m from Farmer's Loop Road, average of 39 cm depth. No. 6, ground snow 
at Goldstream Creek north of College, average of 44 cm depth. No. 7, ground 
snow at Tanana River near Chena Ridge west of Fairbanks, average depth 
profile. All samples collected on 15 January 1965 at sites remote from local 
pollution. 

We have now analyzed several freshly falling snows from Fairbanks. 
Alaska, and the C1 concentration of sample #2 given in Table 2 is anomalously 
several-fold higher than the other samples collected at about the same time 
and place. We therefore regard the sample #2 C1 value to  be in error. 
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Data comparison 
PRECIPITATION 

In  Hawaiian rains (papers I and 11) the con- 
centration of C1 is of the order of 1 pg Cl/ml 
(11, Fig. 4), and the trend of data is a decrease 
from 5 pg Cl/ml at 1000 feet to 0.5 pg C l / d  at 
6000 feet altitude of collection within the oro- 
graphic rain cloud. Br and I likewise decrease 
with increasing altitude (11, Figs. 5 and 6), the 
ranges of the trends between 6000 feet and 1000 
feet being 5-20 ng Br/ml and 2-8 ng I/ml. The 
average weight ratio I/Br - 0.4 independent of 
altitude but I/C1 and Br/Cl both increase with 
increasing altitude 2.5-fold over this range. 
The ratio Br/Cl extrapolates well to the sea 
water value (3.4 x 10-8) at zero altitude, but 
I/C1 extrapolates to about 1.5 x at zero 
altitude, exceeding the sea water value (4 x 
by 400 times. The snow from Concord, Mass. 
(Table 2) is not unlike the Hawaiian rains. 

The freshly falling snow in Fairbanks, Alaska, 
is similar to Hawaiian rains, and the three 
average ground snow samples for the winter 
show Hawaii-like Br, I, and I/Br. However, C1 
is much lower in the ground snows, and the 
ratios Br/Cl and I/C1 exceed the falling snow 
values by an order of magnitude. Ground-lying 
Barrow snows (IV, Figs. 6 and 7) are mixed with 
sea salt, especially nearest the coast, but I is 
still very high and Br somewhat high compared 
to sea water. The data imply a mixture of the 
sea salt component and a component with I/Br 
N 10-1. The concentrations of this component 
are accordingly 1-1 ng/ml and Br -10 ng/ml, 
not unlike the Hawaii, Massachusetts, and Fair- 
banks results. 

AEROSOLS 

Aerosols collected by cascade impactor in 
Hawaii on land-baaed stations well removed 
from the sea and up to 5000 feet (11, Table 4) 
contain 1-4 pg Cl/mJ STP, 12-24 ng Br/ms 
STP, and 0.P2 ng I/ms STP. Concentrations 
by a similar impactor in Cambridge, Massa- 
chusetts (111, Table I11 and IV) are 1-6 pg 
Cl/m* STP and 2-10 ng I/ma STP, but local 
pollution from automobile exhaust gives rise to 
the high values 20-800 ng Br/ms STP, and the 
high Br is correlated with Pb  and the haziness 
of the air (111, Fig. 10). In  Barrow, Alaska 
during January when the sea surface was fro- 
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Zen, concentrations measured (IV, Table 5) 
using a Millipore filter were <0.02-4 pg Cl/ma 
STP, 1-30 ng Br/ms STP and 0.3-10 ng I/ma 
STP. The concentrations in all three localities 
are strikingly similar, except for Barrow C1 
which is sometimes very low. I n  the Hawaii 
and in the Barrow aerosol samples cited the 
data cluster in the vicinity of I/Br-0.1-0.2. 
Generally the ratio Br/CI is greater than in ma 
water, and sometimes very much greater. 

Aerosols collected by aircraft over the open 
ocean near Hawaii (I, Table 5; 11, Table 5) 
contraat with these data by exhibiting Br/CI 
lower than in sea water, up to 10 times lower. 
In  these samples the total concentrations are 
roughly in the same range as the aerosols cited 
above, but Br seems singularly depleted relative 
to both C1 and I. On the other hand, Barrow 
aircraft aerosols in winter (IV, Table 6 and 
Fig. 5) do not show this effect but on the whole 
agree with the Millipore filter data. 

Among miscellaneous samples collected in 
Hawaii (11, Table 7), two analyses of salt from 
a cliff, believed to be derived from airborne sea 
salt crystals, show Br/C1= 3.6 x a hundred 
times lower than in sea water. The relations 
among all the Hawaii samples are shown in 
Fig. 12 of paper 11. 

GAS 

Only in Hawaii has successful sampling of 
halogens in the gas phase been carried out. The 
data (11, Table 6) indicate that about half the 
C1 and Br and somewhat more than half the I 
of the land aerosols and gas was in the gas 
phase, defined as that which passes through 
0.1 p Millipore filters. 

Model for halogen fractionation 

Iodine and bromine exhibit great uniformity 
in their concentrations and I/Br ratios in loca- 
lities widely differing in climate and distance 
from the sea, but chlorine is much more va- 
riable, tending to decrease in concentration with 
increasing distance from the ma. These rela- 
tions suggest a simple model where two aerosol 
components are present in varying mixing 
ratios: (1) a C1-rich, or Br-poor, component 
with short residence time and (2) a C1-poor, or 
I and Br-rich, longer residence time component. 
The sea must be the ultimate source for both 
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components, but the first is more immediately 
derived from sea spray. 

If we compare the properties of the two 
halogen components in detail with the general 
properties of aerosols as thoroughly discussed 
by JUNGE (1963), a strikingly consistent picture 
emerges. As Junge reviews the evidence, tro- 
pospheric aerosols of natural origin may (1) be 
derived from sea spray and exist in the range 
of radius 1 <r < 20 p (“giant” particles) and (2) 
be derived from other sources and have equal 
mass concentrations in the ranges 0.1 <r < 1 p 
and 1 <r < 20 p (“large” and “giant” particles). 
Particles of giant size are more effective as rain 
drop nuclei than large particles, but both are 
removed from stable suspension in the atmos- 
phere by precipitation. The residence time of 
large particles in the atmosphere is 20-40 days 
whereas giant particles remain aloft at most a 
few days. Chemical data indicate that C1- is the 
principal anion in the giant sea spray particles, 
whereas the composition of large particles is 
well represented by (NH,),SOd. 

The halogen evidence indicates that sea 
spray, which gives rise to giant C1--rich par- 
ticles, loses Br more rapidly than C1 to the gas 
phase, and the residual particles come to have 
a Br/Cl ratio lower than in sea water. Iodine is 
also present in the gas phase either by a similar 
inorganic distillation from sea spray or from 
the sea surface or by an organic mechanism. 

The C1-rich residual particles will fall out 
more or less rapidly depending on particle size 
and air movement, but the Br* and I* (where * 
indicates vapor without commitment as to 
chemical species) will stay aloft and be carried 
with the air. Now, Br* and I* may be chemically 
reactive, e.g. Br, and I, are oxidizing agents 
for inorganic and organic substances, and a 
chemical reaction may cause creation of new 
particles or a recombination of Br and I pre- 
existing with particulate material. If the particle 
substrate is different from sea salt, it may have 
a different particle size distribution and a resi- 
dence time in the atmosphere different from the 
C1-rich residual particles. 

We suggest that the Br and I distillate par- 
ticles are smaller in radius than the C1-rich resi- 
dual particles, with supporting evidence from 
Hawaii, Barrow, and the M.I.T. campus (papers 
11, IV, and 111). Aerosols collected over land 
in Hawaii tend to have greater I/C1 and Br/Cl 
at greater altitudes, and the greatest values 

’ 

were found a t  11,000 feet, above cloud level, 
and in the smallest particle sizes. Aircraft amo- 
sols from Barrow show roughly half the Br not 
collected by the L-strip that is collected by the 
S-strip, indicating substantial Br in particles 
of radius < 1 p .  C1 is mainly in larger particles, 
as L-strip and S-strip collectors show the same 
C1 concentrations. Aerosols at M.I.T., with 1 or 
2 exceptions, show greater I/C1 in the smaller 
particles; Br is not comparable because of 
motor fuel pollution. 

Finally, we suggest that we have observed 
the residual C1-rich particles, from sea spray 
after Br depletion, only by aircraft sampling 
over the open sea near Hawaii. The observa- 
tions were made on two separate occasions 
(papers I and 11) using two different impaction 
collectors of similar design, and flights were off- 
shore and at 300 to 1500 meters altitude. In  
these samples most of the mass occurred a t  the 
small end of the giant range, at 1 p or slightly 
less, and Br/Cl varied from the sea water value 
to 10-fold less than that. In  Barrow we believe 
these particles were not present owing to the 
absence of open sea water in winter, and air- 
craft aerosols consisted of the distillate compo- 
nent, probably more or less mixed with sea 
salt blown up from ground-lying snow or residue 
of evaporated sea ice. If the Hawaii cliff salt 
were derived from air-borne sea salt, its very 
low Br/Cl ratio suggests it is derived from the 
C1-rich residual particles. The tendency for Br 
loss from aerosols is supported by the Pb  and 
halogen pollution results (paper 111). 

The avefage profiles of Fairbanks snow (Table 
2) show exceptionally high Br/Cl and a low 
overall C1 concentration. In  our view, the aero- 
sols contained in this snow had lived in the 
atmosphere for a long time and contained less 
C1-rich material than samples from any of tjhe 
other locations studied. 

Chemical considerations 

Generation of gaseous iodine from the sea 
surface has been extensively discussed in the 
literature, and paper I1 reviews some of the 
possibilities that have been proposed. Probably 
an  inorganic form such as I, is predominant, but 
organic species may also contribute. Gaseous 
bromine in the atmosphere has not been dis- 
cussed prior to paper 11, but there it is suggested 
that photochemical oxidation of Br- to Br, is 
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a distinct possibility. Paper I11 dismisses motor 
fuel exhaust as an important source of particu- 
late bromine seen in the non-urban samples. 

12, Br, and C1, are all oxidizing agents in- 
creasing in strength in that order, and in the 
atmosphere, compounds of sulfur, nitrogen, and 
carbon are found which are reducing agents 
capable of reacting with these halogen gases. 
Important in determining which reactions are 
likely to be the principal ones are the relative 
concentrations of oxidizing and reducing agents 
and the reaction rates, which are subject to 
catalysis by other substances present. 

Ammonium sulfate, the most abundant aero- 
sol material in the troposphere except for sea 
salt in marine areas, is formed presumably by 
oxidation of SO, gas to SO, and then neutra- 
lization by NH, gas in the presence of H,O to 
form (NH,),SO,. I,, Br,, and C1, are all thermo- 
dynamically able to oxidize SO, to SOa, and 
the halogen gases tend to react quickly. The 
abundance of SOz in the atmosphere is of the 
order of 1-10 pg S/m* of air considerably in 

excess of Br or I concentrations. It is reasonable 
to believe that during such reactions bromide 
and iodide may remain associated with the sul- 
fate in the newly-formed particles. 

In  the land aerosols of Hawaii and the Barrow 
aerosols the data cluster near I/Br - 0.1-0.2. In  
the Hawaii rains, however, the mean value is 
nearer I/Br -0.4. The difference is real and 
may reflect a more efficient uptake of I* vapor 
by the droplets than the aerosols, or it may 
result from the tendency of raindrops to form 
from giant aerosols, which are Br-poor but not 
so I-poor, than from the Br-rich large particles. 
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CBR3b MEXflY MOAOM I4 BPOMOM B ATMOCmEPE n O A  rABAHMI4, CEBEPHOm 
AJIFICKOB M MACCAYYCETCA 

CpaBHABaIOTCFI  I I p e ~ B a p M T e J I b H O  C O O 6 ~ e H H b I e  
a ~ a n ~ 3 b 1  gomn~, caera, aapoaoneil A raaa c 
raaaea, A ~ R C K A  A M a c c a s y c e T c a  A H o m e  a H a -  
JI113bI C H e r a  A nbga A 3  A H T a P K T A g b I  A AJIRCKM. 
06a H lion kf 6 p o ~  CBFI3aHbI C a 3 p O 3 O J I A M H  
M e H b I U A X  p a 3 M e p O B ,  HO C 6 0 n b m ~ ~  B p e M e H e M  
H a x o m g e H m  B a T M o c + e p e ,  q e M  xnop. B ~ a ~ 6 0 -  
nee ygawmx npo6ax m e n c R  POCT r p y n n a m  

a o T H o m e H n e  Br/Cl npemruano masewe  g n ~  

O g H a K o  aapoaona, c o 6 p a ~ ~ k d e  Hag nosepx- 
H o c T b m  MOPH B r a s a R x  g a m  a ~ a q e ~ ~ i e  Br/Cl 

aonmm c(Mopc~ot4 conm, T o r n a  K a K  6 O r a T b I e  

(ClUShring)  n p A  OTHOIIIeHIIM I/Br - 0 , l -  0,2, 

MOPCKOfi  BOgbI  B HeCKOJIbKO pa3. 

B HeCKOJIbKO pa3 M e H b I U e e  ' I eM nJIJ3 MOPCKOfi  
BOAbI. n O C J l e g H A e  0TOmgeCTBJIFIH)TCH C a 3 p O -  

6pOMOM a 3 p 0 3 0 J I A  MeHblL le  no p a 3 M e p a M  A 
M O r Y T  CyUJeCTBeHHO p a 3 n A q a T b C R  IIO X A M A q e -  
CKAM COeRHHeHHfIM, H a n p A M e p ,  C O A e p m a T b  CYJIb-  
@T aMMOHAFI KBK ACCJIegOBaJI  JMge (1963 F.). 

PReTCR))  AS MOpCKHX 6pb13r nOCpeACTBOM I#OTO- 

BKOHaeHCHPYeTCR)> B MeHbLUHe YaCTAUbI  IIO- 
CPeHCTBOM OKACJIeHAFI so, B CyJIbI#aT. HOB 
BOBMOH(H0 3 a X B a T b I B a e T C R  I I p H  a H a J I O P H 4 H b I X  
P e a K r l M R X  A n O 3 T O M y  6 o r a ~ n e  MOAOM A 6POMOM 
qaCTAl(b I  nOBCeMeCTH0 X a p a K T e p A 3 y I O T C F I  OAHAM 
A T e M  me OTHOIUeHHeM I/Br. Awanna O C a g K O B  

IUeHHR. 

MOWHO npegnonoxwb, w o  6 p o ~  cucna- 

X H M H ~ e C K o r O  O K a c n e H H n  go Bra, a 3 a T e M  

g a e T  a H a n o r a w i o e  n o c T o m w r B o  a T o r o  OTHO- 
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