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Long-range transport of continentally-derived particulate 
carbon in the marine atmosphere: evidence from stable 

carbon isotope studies 

By HELENE CACHIER, PATRICK BUAT-MENARD, MICHEL FONTUGNE and 
ROGER CHESSELET, Centre des Faibles Radioactivites, Laboratoire mixte CNRS-CEA, 

BP I, avenue de la Terrasse, 91190 Gifsur Yvette, France 

(Manuscript received March 10; in final form April 14, 1986) 

ABSTRACT 
Since 1979, we have investigated marine and non-marine sources of particulate carbon in the 
marine atmosphere from measurements of carbon concentration and isotopic composition 

2C). Aerosol samples were collected, mostly during the Sea/Air Exchange (SEAREX) 
Program experiments, in the northern and southern hemispheres (Sargasso Sea, Enewetak 
Atoll, Peru upwelling, American Samoa, New Zealand, Amsterdam Island). The 
concentration and the isotopic composition of particulate carbon of marine origin are about 
the same in both hemispheres (C,,,,,,=O.O7 pgC m-3, 613Cme,n = -21ym). This component is 
primarily associated with large sea-salt particles (diameter > 3 pm). Particulate carbon of 
continental origin displays a variable isotopic composition (613C range: - 23 to - 28%,) and is 
primarily found attached to the smallest aerosol particles (diameter < 1 pm). This continental 
component shows little temporal variability, but its concentration is much lower in the 
southern hemisphere (0.06 pgC m-3) than in the northern hemisphere (0.45 pgC m-3). Also, 
the northern hemisphere samples appear strongly depleted in "C compared to those from the 
southern hemisphere. This can be explained on the basis of our isotopic data over various 
continental areas (Paris region, Ivory Coast, Congo) as due to the predominance in the 
northern hemisphere of carbonaceous aerosols of anthropogenic origin derived either from 
industrial combustion processes or from biomass burning. On the other hand, our data set 
from the southern hemisphere appears to reflect primarily natural land-derived biogenic 
emissions. 

1. Introduction 

There is no doubt that carbonaceous aerosols 
generated over the continents undergo long-range 
atmospheric transport to remote oceanic areas. 
However, because of the paucity of data, the role 
of such long-range transport in the global atmos- 
pheric particulate (non-carbonate) carbon budget 
has not yet been assessed quantitatively (Duce, 
1978; Duce et al., 1983). Indeed, up to now, 
quantitative information has been mostly 
restricted to soot and to specific organic com- 
pounds or classes of compounds which constitute 
only a minor fraction of total atmospheric 
particulate carbon (Simoneit et al., 1977; 

Eichman et al., 1980; Daisey et al., 1981; 
Gagosian et al., 1982; Marty and Saliot, 1982; 
Andreae et al., 1984). Over the ocean, such an 
assessment requires first an evaluation of the 
relative contribution of marine versus continental 
sources of atmospheric particulate carbon. There 
is some evidence that a major fraction of the 
carbonaceous particles in the marine troposphere 
could be derived from continental sources, both 
natural and anthropogenic. This has been 
underlined by the fact that: (a) atmospheric 
particulate carbon concentrations are generally 
higher over land than over the Oceans (Duce, 
1978), (b) the concentrations in the marine 
atmosphere seem to be slightly lower in the 
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southern than in the northern hemisphere 
(Cachier et al., 1983; Duce et al., 1983), and (c) a 
large fraction of atmospheric particulate carbon 
appears to be attached to particles with diameter 
smaller than 1 pm, whereas particulate carbon of 
direct marine origin would be essentially present 
on particles of much larger sizes, i.e., sea-salt 
aerosol droplets (Hoffman and Duce, 1977). 

In this context, previous work in our laboratory 
(Chesselet et al., 1981) showed that the use of 
stable carbon isotope measurements ( l  3C/1 *C) 
was a promising tool for estimating quantitatively 
the relative contributions of marine and non- 
marine sources for the total particulate carbon in 
the marine troposphere. This work was based on 
the hypothesis that the differences in isotopic 
composition between marine and continental 
sources of carbonaceous matter (Sackett, 1964) 
could be found in their derived atmospheric 
particulate products. For a few atmospheric 
samples collected over the Tropical North 
Atlantic and Pacific, the isotopic composition of 
the particulate carbon was found to be close 
(613C = -26 2%,) to that inferred for atmos- 
pheric carbonaceous material of continental 
origin, based on measurements of aerosol samples 
collected in urban and semi-rural environments 
in France. Furthermore, analyses of 3 size- 
fractionated aerosol samples from the Tropical 
North Pacific indicated that the major mass of 
the carbonaceous aerosol was attached to 
particles with diameters smaller than 1 pm in 
agreement with previous studies by Hoffman and 
Duce (1977). On the other hand, based on 
isotopic measurements of dissolved and par- 
ticulate organic matter in surface seawaters of 
low and temperate latitudes, it has been 
suggested that particulate carbon in the larger 
size-fractions of the aerosol is likely to have a 
direct marine origin since its isotopic com- 
position was close to that expected 
(6I3C = - 21 2%,) for organic carbon 
associated with sea-salt droplets emitted to the 
marine atmosphere. These first data suggested 
too that no important isotopic fractionation was 
occurring during aerosol particle production and 
transport. 

It has to be pointed out, however, that the 
extrapolation of such an approach on a global 
basis depends heavily on a careful consideration 
of the spatial and temporal variability of the 

isotopic signature of the marine and continental 
sources. Indeed, it has been shown that marine 
plankton collected in high-latitude regions is 
depleted in I3C relative to plankton from low- 
and mid-latitudes (Fontugne and Duplessy, 
1981). Furthermore, Cachier et al. (1985) have 
shown that over continental tropical regions, 
both the concentration and the isotopic com- 
position of atmospheric particulate carbon 
exhibit a large temporal variability which reflects 
the diversity of the continental carbonaceous 
sources and their seasonal changes. These authors 
were able to define the isotopic characteristics of 
the various reservoirs identified as large scale 
sources of fine carbonaceous aerosols (i.e., 
natural emissions from the vegetation and 
biomass burning). 

In this paper, we present data on the 
concentration and isotopic composition of the 
total (non-carbonate) atmospheric particulate 
carbon over various remote oceanic areas which 
cover a wide geographical distribution in the 
northern and the southern hemispheres. The rela- 
tive contributions of the marine and the conti- 
nental source fractions and their spatial and 
temporal variability are estimated. The observed 
interhemispheric variability of the concentration 
and isotopic composition of the atmospheric 
particulate carbon of continental origin is dis- 
cussed from considerations of both the isotopic 
signature and the emission rate of the different 
continental source terms. 

2. Experimental 

2. I .  Sample collection 
The atmospheric particulate samples were 

obtained during various field experiments 
between 1979 and 1985 (Fig. 1). They were 
collected either from towers located on the wind- 
ward shore of islands, or from bow towers on 
board research vessels. Sampling was carefully 
controlled by wind speed and direction in order 
to keep possible local contamination to a 
minimum (Chesselet et al., 1981; Peltzer et al., 
1984; Buat-Menard and Duce, 1985). 

Glass-fiber filters of various types and sizes 
(Whatman GF/C and GF/F, Gelman A/E) were 
used as collection substrates. Two types of 
samples were obtained, often simultaneously : (a) 
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Fig. I. Location of atmospheric samples. 

bulk aerosol samples collected by air-filtration 
(flow rate range: 15 m3 h-l to 70 m3 h-l) and (b) 
size-separated aerosol samples collected with a 
Sierra model 235 high-volume 5-stage cascade 
impactor operating at 68 m3 h-l. Sampling dur- 
ation was variable (2 days to 2 weeks) depending 
on the expected carbon concentration. 

2.2. Analytical procedures 
The collection surfaces were pre-cleaned in 

order to lower their organic carbon content. This 
operation is particularly critical for sampling at 
very remote locations. Dry combustion of the 
filters was used first for the Enewetak dry season 
samples (Chesselet et al., 1981). Since then, in 
order to reduce the variability of the blanks, the 
filters have been cleaned by solvent extraction in 
a soxhlet apparatus. The most satisfactory 
conditions for blank filter cleaning were found to 
be successive extractions over a 9-day period with 
different kinds of solvent (methanol, acetone, 
methylene chloride). Different batches of blank 
filters showed different carbon concentrations 
and isotopic compositions (from 1.8 to 0.04 pgC 
cm-z and from -22 to -26% respectively) 
depending on the cleaning procedure adopted 
and on the filter type. However within a batch, 
the observed reproducibility of both the mass and 
the isotopic composition of the carbon present in 
the blanks was sufficient to enable measurements 
to be performed even with the lowest organic 
carbon concentrations found (C ,. 2 pgC cm-2). 

Prior to sampling, the filters were wrapped in 
aluminium foil also pre-cleaned with solvents. 
Filter samples were kept frozen in the foils until 
they were analyzed. Sample homogeneity was 
carefully checked by analyzing several aliquots. It 
was found to be good enough to allow analysis of 
fractions of the filters. For some samples, 
replicates were made after varying the time of 
storage (1 month to 3 years). No significant 
change in either the amount or the isotopic 
composition of the organic matter present was 
found. 

Filters were decarbonated in hydrochloric acid 
fumes. The remaining carbon (referred to as 
particulate carbon) included organic carbon and 
any elemental carbon present on the substrate. It 
was then oxidized to C 0 2  by dry combustion at 
llOO°C, purified and analysed for stable carbon 
isotopes using a VG Micromass 602 D mass- 
spectrometer (Chesselet et al., 1981). Isotopic 
abundances are expressed relative to inter- 
national standard PDB-1 as: 

613C = (13C/12C,mple/'3C/12c,~"~~~ - 1) x 1OOo. 
(1) 

Concentrations were determined first by calibra- 
tion of the intensity of the mass 44 peak of the 
mass-spectrometer; since 1984, a coulometric 
carbon analyser (Coulomat 702 C Strohleim) has 
been used. Determination of carbon concen- 
tration on separate aliquots by the two methods 
were in very good agreement and the observed 
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differences were within the range of uncertainties 
inherent to each method. 

Since most of the samples had small amounts 
of carbonaceous matter, blank corrections were 
required both for concentration and isotopic com- 
position. The latter correction was made using 
the following equations : 

(8 I 3c C)=mple = (6 l3C C)blank 

+ U L 3 C  x C),,,,, (2) 

(3) 

Each analytical step contributed to the uncer- 
tainty of the results. The precision of the 
analysers (mass-spectrometer and carbon 
analyser) allowed concentration and 13C determi- 
nations with uncertainties of the order of 1 pgC 
and 0.01 %,, respectively. The reproducibility of 
the isotopic composition using the dry com- 
bustion method has been tested with standard 
graphite aliquots and assessed to be in the range 
of 0.05 to 0.1 %, depending on the load of carbon 
(from lo00 pg to 40 pg). The measurements of 
portions of filters have been necessitated by the 
volume limitation of the dry combustion method 
and to allow replication. It did not introduce any 
additional uncertainty in the isotopic deter- 
mination, but was found to contribute signifi- 
cantly to the uncertainty in the mass of carbon 
(5 to 50 fig for carbon range from 50 to 1000 pg). 
This could be due to the difficulty of evaluating 
precisely the area of the filter being used for 
analysis. The minimum size limitation for the 
representativeness of the aliquot has been found 
to be to + of the sample and the minimum load 
of carbon required was 50 pg. The major part of 
the uncertainty was, however, most often due to 
the blank correction on the concentration and on 
the isotopic ratio of the samples, especially at 
very low concentrations. This correction depends 
on the nature of the filter and the cleaning 
procedure. Mean absolute errors for average 
aliquots of a filter have been estimated to be & 20 
pg for the mass of carbon, and +0.5%, for the 
isotopic composition, but the uncertainty on 6I3C 
can be as high as 2%, for filter samples having a 
very low carbon load (see Table 2). 

3. Results and discussion 
The analytical data are reported in Table 1 for 

bulk aerosol samples, and in Table 2 for cascade 

Csnmple = Cblank + caerwl .  

impactor samples. The concentrations given are 
blank corrected. They vary from 0.06 to 1.21 pgC 
m-3. Other data available in the literature for 
concentration of the total organic carbon in 
aerosol samples from remote marine areas are 
reported in Table 3. They represent a good 
coverage of the two hemispheres and the agree- 
ment with our measurements, both for the mean 
value and the range is quite satisfactory. The 
small discrepancy between the 2 sets of data, 
apart from the question of representativeness of 
one or the other data set, can be easily explained 
by differences in analytical procedures. Some 
results from the literature are for the fine-size 
fraction of the aerosol only; others are for extract- 
able organic matter (EOM) which ignores any 
refractory or elemental carbon though omni- 
present in the marine atmosphere (Andreae et al., 
1984; Heintzenberg, 1985). Over some marine 
regions, this could lead to a significant under- 
estimate of the total carbonaceous aerosol 
concentration (Andreae, 1983); furthermore, the 
necessary conversion of EOM to total organic 
matter introduces another factor of uncertainty. 
The lowest concentrations ever reported are for 
our results from American Samoa. A few years 
before, Hoffman and Duce (1977) had conducted 
field experiments at the same location and found 
significantly higher concentrations. The observed 
differences for the two sets of data could be due 
to the more severe precautions taken against 
contamination in the present work, i.e., during 
the preparation of filters, the sampling and the 
processing of the samples. 

The range of the isotopic composition of the 
bulk particulate carbon is -19.0 to -28.3%,. 
There is a good agreement between the results 
obtained for bulk filters and those obtained for 
cascade impactor samples. The observed differ- 
ences are generally within the range of the uncer- 
tainty on the determination of the isotopic 
composition. 

3. I .  Variability ofthe carbonaceous aerosol over the 

It appears from our data that the variability of 
the carbonaceous aerosol concentration over the 
ocean is more pronounced than previously 
thought (Duce et al., 1983). Moreover, as illus- 
trated by Fig. 2, there is no doubt that the 
southern hemisphere concentrations are signifi- 

ocean 
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Table 1. Particulate carbon concentration and isotopic composition in air filter samples from remote oceanic 
areas 

~~ ~~ ~ 

Location Middate Vol (m3) C (pgC m-])* 6I3C (x) 613C, (%,)* 

Northern Hemisphere 
Enewetak (1979) 
BF 10 
BF 21 
BF 44 
BF 73 
BF 97 
BF 204 
BF 221 
BF 244 
BF 274 

Sargasso Sea Cruise (1979) 
BF 01 
BF 02 
BF 03 
BF 04 

Flux Atlante Cruise (1985) 
BF 01 
BF 02 
BF 03 
BF 04 

Southern Hemisphere 
Samoa (1981) 
BF 01 
BF 02 
BF 03 
BF 04 
BF 14 
BF 17 

Peru Cruise (1981) 
BF 01 
BF 02 
BF 03 
BF 04 
BF 05 
BF 06 
BF 07 
BF 08 

Amsterdam Island ( 1  982) 
CI 01 
New Zealand ( 1  983) 
BF 07 
BF 20 
BF 42 
BF 49 

Apr/l7 
Apr/25 
May102 

May115 
Jun/29 
Ju1/07 
Ju1/16 
Ju1/26 

May109 

Jul/l1 
Ju1/15 
Ju1/20 
Ju1/25 

Apr/30 
May106 

May113 
May109 

Ju1/07 
Ju1/17 
Ju1/28 
Aug/OS 
Jan126 
Feb/l7 

Marl14 
Mar/ 16 
Mar120 
Mar122 
Marl25 
Marl29 
Apr/Ol 
Apr/O5 

Feb/lO 

Jun/2O 
Jul/lO 
Ju1/28 
Aug/l9 

8,500 
7,600 
5,800 
6,200 
7,400 
8,300 
8,000 
9,400 
9,800 

6,600 
6,600 
7,400 
3,800 

700 
500 
400 
400 

7,900 
10,400 
10,800 
12,600 
20,100 
3,900 

5,200 
3,300 
3,700 
3,600 
3,100 
4,300 
3,800 
4,600 

11,000 

4,600 
2,800 
8,300 
7,700 

0.88 
0.72 
0.89 
1.21 
0.77 
0.71 
0.83 
0.66 
0.65 

0.43 
0.48 
0.38 
0.45 

0.57 
0.30 
0.22 
0.31 

0.13 
0.11 
0.11 
0.07 
0.09 
0.14 

0.19 
0.06 
0.15 
0.15 
0.27 
0.1 1 
0.13 
0.25 

0.155 

0.15 
0.12 
0.12 
0.13 

- 25.6 
- 26.1 
- 26.1 
-25.6 
- 26.0 
- 28.1 
- 26.6 
- 26.5 
-26.6 

- 25.5 
- 25.3 
- 25.4 
- 26.4 

- 25.1 
-21.3 
-22.8 
- 22.1 

- 22.4 
-21.8 
- 22.4 
-22.2 
-21.8 
- 22.4 

- 23.0 
-23.9 
- 23.0 
-23.0 
- 20.4 
- 22.4 
-21.3 
- 20.7 

- 22.5 

- 22.4 
- 24.3 
-22.8 
- 22.8 

-25.7 f 0.1 
-26.3 f 0.1 
- 26.3 f 0.1 
-25.7 f 0.1 
-26.2 f 0.1 
-28.3 f 0.2 
-26.8 f 0.1 
-26.7 f 0.1 
-26.8 fO.1 

- 25.5 f 0.1 
-25.3 f O . 1  
-25.4f0.1 
- 26.5 f 0.1 

-25.1 fO.1 
-20.3 f 0.3 
-21.7 f0.5 
-21.1 f0 .4  

-21.8 f0.3 
-21.1 20.3 
-21.8 f 0.3 
-21.4 f 0.3 
-21.3 f 0.2 
-21.2 f0 .3  

- 22.4 0.2 
- 22.6 f 0.7 
-22.1 f 0.5 
-22.1 f0 .5  
- 19.0 f 0.5 
- 21.2 f 0.6 
- 19.5 f 0.8 
- 19.8 f 0.3 

-21.6 f 0.6 

-21.2 f 0.4 
-23.7 f 0.6 
- 22.0 f 0.2 
-22.1 f0 .3  

Mean error for concentration is 10%. b l ) C ,  is blank corrected only. 
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Table 2. Concentration and isotopic composition of the atmospheric particulate carbon, as a function of 
particle size for the cascade impactor samples 

Location Mid-date Vol (m3) Staget C (pgC m-3)* 6I3C (%J 6°C- (x)' 

Northern Hemisphere 
Enewetak (1979) 

CI 026 Apt125 

CI 043 May103 

CI 072 May/ 12 

CI 203 

CI 223 

CI 246 

Southern Hemisphere 
Satma (1981) 
CI 016 
CI 123 

CI 015 

Peru Cmhe (1981) 

Jun129 

Ju1/07 

Ju1/16 

Jan126 
Feb/ 17 

Ju1122 

6,100 

5,000 

10,700 

9,200 

8,800 

9,700 

16,300 
3,300 

31,200 

1 
2 
3 
4 
5 :r 2 

3 
4 
5 
BUF 
1 
2 
3 
4 
5 

2 ;r 
2 ;r 
3 
4 
5 

3 
4 
5 
BUF 
1 
2 
3 
4 
5 
BUF 

BUF 
BUF 
1 
2 
3 
4 
5 
BUF 

1 
2 
3 

0.07 
0.05 
0.04 
0.04 
0.05 
0.78 

0.05 

0.08 
0.20 

<0.01 
1.06 
0.02 

<0.01 
<0.01 

0.15 
0.08 
0.67 

0.04 

<0.01 
<0.01 

0.02 
0.61 

0.02 

<0.01 
<0.01 
<0.01 
0.60 
0.04 
0.04 
0.01 
0.02 
0.02 
0.72 

0.050 
0.035 
0.025 
0.030 
0.015 
0.016 
0.015 
0.040 

0.050 
0.045 
0.035 

-22.8 
- 23.7 
-21.9 
- 24.6 
- 24.4 
- 26.6 

- 19.5 

-21.5 
- 23.8 

-26.8 
- 18.7 

n.d. 

n.d. 
n.d. 

- 30.5 
- 27.2 
- 27.2 

-22.2 

n.d. 
n.d. 

- 26.3 
- 27.5 

- 22.9 

n.d. 
n.d. 
n.d. 

- 27.0 
- 23.6 
- 22.5 
- 22.9 
-23.7 
- 24.5 
- 27.0 

- 24.4 
n.d. 

- 23.3 
-21.8 
- 24. I 
-23.6 
- 24.0 
- 23.3 

-24.5 
-23.7 
- 23.9 

-23.2 f 1.1 
-21.8 f 1.8 
-21.8 kO.9 
-26.6 f 2.6 
- 26.2 f 2.4 
- 26.9 f 0.2 

- 17.4 f 0.7 

-21.2 f 0.5 
- 24.2 f 0.4 

- 27.1 f 0.2 
- 14.7 f 4 

n.d. 

n.d. 
n.d. 

-31.7f0.6 
- 28.5 f 0.9 
-27.5 0.2 

-19.1 + 1.5 

n.d. 
n.d. 

- 27.1 f 0.3 
- 27.6 f 0. I 

- 17.1 f 6 

n.d. 
n.d. 
n.d. 

-27.1 f O . 1  
- 22.7 f 0.4 
-21.2k0.5 
-2O.Of 1.4 
- 22.1 f 0.7 
-23.6 f 0.6 
-27.1 f O . 1  

- 24.0 f 0.4 

-22.4 f 0.3 
- 20.6 f 0.4 
-23.1 f 0.5 
- 22.4 f 0.5 
-22.8 k 0.5 
- 23.0 f 0.2 

n.d. 

-23.3 f 0.1 
-20.9 f 1.9 
- 20.9 f 2.0 
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Table 2 (continued) 

Location Mid-date Vol (m3) Stage? C (pgC m-’)* 6°C (%J 613C,, (%,,I* 

CI 01 

CI 02 

CI 03 

CI 04 

Amsterdam Island (1 982) 

CI 01 

Marl14 

Mar/ 18 

Marl25 

Apr/O2 

Feb/lO 

4.500 

5,900 

5,100 

9,800 

11,000 

4 
5 
BUF 
1 
2 
3 
4 
5 
BUF 
1 
2 
3 
4 
5 
BUF 
1 
2 
3 
4 
5 
BUF 

1 
2 
3 
4 
5 
BUF 

0.055 
0.105 
0.040 
0.050 
0.040 
0.030 
0.045 
0.065 
0.045 
0.045 
0.035 
0.035 
0.050 
0.060 
0.035 
0.060 
0.030 
0.025 
0.020 
0.035 
0.010 

0.040 
0.030 
0.015 

10.010 
<0.010 

0.065 

- 23.4 
- 24.2 
- 23.3 
-25.0 
- 24.1 
- 24.8 
- 24.8 
- 24.6 
- 23.3 
- 24.0 
- 23.5 
- 24. 
- 23.0 
- 23.2 
- 22.5 
- 21.3 
- 24.0 
- 23.0 
- 23.3 
- 23.7 
- 22.2 

-21.2 
-21.5 
- 22.8 

n.d. 
n.d. 

- 24.2 

-20.7 f 1.7 
-23.3 f 0.5 
-20.5 f 1.8 
-24.5 f 0.6 
-22.2 f 1.3 
-23.4k 1.5 
-23.8 f 1.2 
-23.8 k 0.6 
-21.5 f 1.2 
-22.2 k 1.2 
-20.2 f 1.8 
-21.7 k 1.6 
-20.2 k 1.6 
-21.0 f 1.2 
- 18.6 f 2.6 
- 19.3 f 0.7 
-22.3 f 1.0 
- 19.9 1.8 
-20.1 f 1.9 
-22.1 f 1.0 
- 16.7 k 4.0 

- 20.9 k 0.5 
- 19.6 & 0.8 
-20.2k 1.3 

n.d. 
n.d. 

-23.9 k 0.3 

Mean error for concentration is 10% for BUF and 20% for stages. 6I3C is blank corrected only. 
t According to the manufacturer, equivalent and aerodynamic diameter cutoffs at 50% collection efficiency for 

particles with a density of 1 g ern-', for stage 1 to BUF: (pm) r7 .2 ,  3.0, 1.5, 0.96, 0.50, <0.50. 

cantly lower than those observed in the northern 
hemisphere. Similar observations have been 
reported for elemental carbon by Heintzenberg 
(1985). The isotopic ratios, too, show an 
important geographical variability. Samples from 
the southern hemisphere are enriched in I3C 
compared to those from the northern hemisphere. 

The samples from the northern hemisphere 
exhibit concentrations ranging from 0.22 to 1.21 
pgC m-3. The mean value found in our data set 
(Cm,,,=O.54~O.25 pgC m-3) is of the same 
order as that calculated from previous studies 
(Cm,,, = 0.43 f 0.16 pgC m-3) (Table 3). The 
isotopic composition of these aerosol samples is 
rather uniform ( c ~ ~ ~ C , , , , , ~  = -24.8 f 2.4%,). As 
pointed out in the introduction, such a 6I3C value 
probably reflects a continental origin. This con- 

firms the results of previous studies (Hoffman 
and Duce, 1977; Chesselet et al., 1981), which 
showed that major quantities of continental 
material overwhelm the background of marine 
derived aerosol characterized by more positive 
13C/12C ratios. It must be emphasized that the 
concentration levels of atmospheric particulate 
carbon over the Ocean are only one order of 
magnitude lower than those reported over conti- 
nental source regions (Duce et al., 1983; Cachier 
et at., 1985). This contrasts with the much more 
pronounced decrease in concentration for other 
components of continental origin, such as the 
lead aerosol or alumino-silicates. The latter 
components are either emitted directly in 
particulate form or undergo gas-to-particle con- 
versions very close to the source. Although 
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Table 3. Concentration of particulate carbon on aerosolsfrom remote marine areas 

Location 
No. of Mean 
samples (pgC m-3 STP) Analytical method References 

Northern Hemisphere 
Enewetak atoll 
Northern Atlantic 
West coast of Ireland 
California 
Sargasso Sea 
Atlantic 
Hawai 
Tropical Pacific 
Bermuda 
Eastern Atlantic 
Bermuda 
Equatorial Pacific 

Southern Hemisphere 
Tasmania 
Tasmania 
Tropical Atlantic 
Eastern tropical Pacific 
Samoa 
Peru 
Equatorial Pacific 
Amsterdam 
New Zealand 
Samoa 

9 
7 
6 
7 
4 
7 
7 
4 
8 
4 
8 
4 

6 
4 
3 
7 
9 
8 
8 
1 
4 
6 

0.82 f 0.17 
0.76 f 0.42 
0.57 f 0.29 
0.49 f 0.26 
0.44 f 0.04 
0.40 f 0.39 
0.39 f 0.03 
0.38 f 0.19 
0.37 f 0.23 
0.35 f 0.15 
0.29 f 0.09 
0.21 * 0.1 1 

0.53 - 
0.23 f 0.07 
0.23 f 0.08 
0.22 f 0.14 
0.22 f 0.09 
0.16 f 0.07 
0.15 f 0.05 
0.15 - 
0.13f0.015 
0.11 f0.03 

dry combustion Chesselet et al. (1981) and this work 
solvent extraction Ketseridis et al. (1976)* 
solvent extraction Eichmann et al. (1979); 
solvent extraction Hidy et al. (1974) 
dry combustion Chesselet et al. (1981) 
proton ind. x emission Andreae (1983);t 
wet oxidation Hoffman and Duce (1977) 
solvent extraction Barger and Garrett (1976). 
wet oxidation Hoffman and Duce (1974) 
dry combustion This work 
wet oxidation Hoffman and Duce (1974) 
proton ind. x emission Andreae et al. (1984)t 

solvent extraction 
proton ind. x emission 
proton ind. x emission 
solvent extraction 
wet oxidation 
dry oxidation 
proton ind. x emission 
dry oxidation 
dry oxidation 
dry oxidation 

Eichmann et al. (1980) 
Andreae (1982)t 
Andreae (1983);t 
Barger and Garrett (1976). 
Hoffman and Duce (1977) 
This work 
Andreae et al. (1984)t 
This work 
This work 
This work 

Excluding high values near the coast or contaminated samples according to the authors. 
t Fine fraction only: d < 1.7 pm. 

* *  
O t *  

similar processes are responsible for the carbon- 
aceous aerosol concentrations over the 
continents, an additional source, probably slow 
conversion during transport of gaseous species 
emitted over land, has to be considered to 
account for our observations. This would explain 
another feature of our results, i.e., the concentra- 
tions observed at  the remote site of Enewetak are 
surprisingly high compared to  those observed 
over the Sargasso Sea closer to the continent and 
downwind North America. Thus, observed car- 
bon concentration values a t  Enewetak would 
imply a higher contribution from the gaseous 
organic precursors. Such an hypothesis will be 
substantiated in subsection 3.3. As a whole, in 
the northern hemisphere, the variability of the 
particulate carbon concentration should be most- 
ly related to the variability of the continental 
source strengths, i.e., their marked latitudinal 
distribution (Andreae, 1983), their seasonal evo- 
lution (Cachier et al., 1985; Rosen et  al., 1981), 
and the fluctuations of air-parcel transport 
(Merrill et al., 1985). 
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The samples collected in the southern hemi- 
sphere are characterized by low carbon concen- 
trations, which vary little with time and space 
(0.11 to 0.28 pgC m-3; C,,,,,, = 0.14 k 0.02 pgC 
m-3). This suggests that in these remote locations 
no major continental supply is superimposed on 
the marine-derived aerosol background. This is in 
agreement with the distribution of land area and 
human population between the 2 hemispheres. 
Furthermore, the isotopic composition of the 
carbonaceous aerosol is also quite different from 
that of samples from the northern hemisphere. 
The 613C values are higher and the range is quite 
large (from -19.0 to -23.7%,; 613C,,,,,,= 
-21.5 k 0.5%,). According to Chesselet et al. 
(1981), such 6I3C values could indicate a more 
important contribution to the atmospheric 
burden of carbonaceous matter from a marine 
source. 

In the subsection 3.2 we attempt to quantify 
the relative contributions of marine and non- 
marine sources for atmospheric particulate 
carbon, especially over the southern hemisphere, 
based on the carbonaceous aerosol concentration 
and its isotopic composition as a function of 
particle size (Table 2 and Fig. 3). 

3.2. Source term identification as a function of 
particle size and carbon isotopic composition 

On the average, as previously mentioned in the 
Introduction, it seems possible to distinguish 
between marine and continental source terms 
over remote oceanic environments. Indeed, it is 
expected that atmospheric carbonaceous particles 
of continental origin will be generally found 
attached to the smallest aerosol particles 
(Hoffman and Duce, 1977; Chesselet et al., 
198 1). Therefore, consideration of the distri- 
bution patterns of atmospheric concentration as a 
function of aerosol particle size is obviously the 
first step required for source identification. 
However, isotopic data must also support the 
source term separation. Consequently, this 
implies a careful consideration of the factors 
which can influence the observed isotopic varia- 
bility of the samples. Moreover, such a variability 
can either be due to the real variability of each 
type of aerosol source, or reflect a variable 
mixture of isotopically different continental and 
marine material. 

I .  - 0  . * *  . 
. 

, ( I D  
B"F 5 & 3 1 4 ,-..nn % w e  

Fig. 3. Examples of variations of carbon concentration 
and isotopic composition as a function of aerosol 
particle size in the marine atmosphere. 
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How the different sources are isotopically 
characterized, can be summarized as follows. 

The marine source of carbonaceous particulate 
matter has an isotopic composition which is 
related to that of planktonic matter or its degra- 
dation products. The 613C of plankton shows a 
temperature dependence and, according to 
Fontugne and Duplessy (1981), its expected 
average for surface sea-water in temperate and 
tropical regions is - 18 to -22%,. But, in 
upwelling areas, planktonic tissues display an 
enrichment in 13C (613C= -20 to -14%,), 
which is also found for suspended organic carbon 
in surface seawaters of the same regions (Degens 
et al., 1968; Deuser, 1970; Fontugne, 1983; 
Descolas-Gros and Fontugne, 1985 ; this work). 
These considerations show that the marine source 
displays primarily a geographical variability in its 
isotopic composition. Several processes generate 
carbonaceous aerosols over the continents. The 
most important are industrial combustion, bio- 
mass burning and natural emissions from the 
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vegetation. In a study of the tropical aerosol, 
Cachier et al. (1985) were able to relate the 
isotopic variability of the fine carbonaceous 
aerosol emitted (613C range: from -19 to 
- 29%,), to the different photosynthetic pathways 
of the plants (C, versus C.,) and the nature of the 
processes which had generated the particles. 
Table 4 shows the isotopic values of the fine 
atmospheric particulate carbon produced over 
the continents by each active source. The fine 
aerosols produced by similar sources in other 
regions are likely to have a similar isotopic 
signature. Therefore, on a global scale, if no 
significant isotopic fractionation takes place 
during transport processes, continentally-derived 
particulate matter is expected to reflect closely 
the carbonaceous material emitted over the 
continents and to display both an areal and a 
temporal isotopic variability. 

From these considerations, it is clear that the 
613C values of material derived from the ocean 
and from the continents may overlap. Thus, 
careful source term identification has to take into 
account the variability of the isotopic compo- 
sition of the sources and the size distribution of 
the aerosol. 

3.2.1. Coarse size-fraction of the marine aerosol. 
The coarse fraction includes particles with 
diameter > 3  pm (stages 1 and 2 of the 
impactors). Previous Na measurements 
(Hoffman and Duce, 1977) and 613C measure- 
ments (Chesselet et al., 1981) have provided 
evidence that sea-spray might be responsible for 
the major part of this size-fraction of the aerosol, 

and consequently that carbonaceous matter 
present in this size-range is primarily of marine 
origin. Indeed, in our set of data, the coarse 
samples have an isotopic composition which is 
always in the expected range for marine material 
at the sampling location (6 = - 20 f 3 X0).  
Therefore, it is possible to assign a marine origin 
to the coarse fraction of the carbonaceous aerosol 
over remote marine regions. 

However, the Peru cascade impactor samples 
were collected in non-remote conditions, and 
their coarse fraction displays a variable isotopic 
composition. This cannot solely be explained by 
the variability of the marine source, but rather by 
a change in the source terms. Impactor 4 has a 
613C value closely related to the particular 
plankton growing in that area (see above) and the 
marine source can still be assessed as the major 
source of atmospheric particulate carbon in the 
coarse size-fraction; but impactors 1, 2 and 3 
display an isotopic composition (613C = 
-23 1.5%,) which is not that of the marine 
organic matter and suggests, therefore, a 
terrigenous supply during the sampling, possibly 
due to the vicinity of the coast. A similar 
conclusion was obtained by Schneider and 
Gagosian (1985) from the analysis of the lipid 
material in cascade impactor samples collected at 
the same time during the same field experiment. 

Excluding the Peru samples, atmospheric 
particulate carbon concentration in the coarse- 
size fraction appears to vary very little from one 
location to another. The small fluctuations can be 
explained by the variable meteorological 
conditions prevailing during the different 

Table 4. Mean isotopic signature and emission rate estimates for some major continental sources of fine 
atmospheric particulate carbon 

mean range Emission ( x  lo1* gC yr-l) 

Industrial combustion* -25.5 (-23; -28) 16 
Biomass burning? -26.5 (-23; -29) 13 
Soil erosion1 -23.0 (-22; -24) 1 
Vegetations -22.5 (-12; -29) 12 

* 613C values adapted from Court et al. (1981) and Chesselet et al. (1981). Emission rate from Duce (1978). 
t and Q 6I3C values from Cachier et al. (1985) for tropical regions. These values are supposed to apply also to 

1 6I3C values from Cachier et al. (1985) for tropical regions. Emission rate from Duce (1978). 
temperate regions. Emission rates from Cachier et al. (1985). 
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sampling times : sea temperature, wind speed, 
white cap coverage (Duce et al., 1980; Blanchard, 
1983) but our results indicate that the marine 
source of primary carbonaceous aerosol is always 
weak and rather constant (C,,,, = 0.07 pgC m-3). 
Even under high productivity conditions, the 
intensity of this source of atmospheric particulate 
matter does not seem to be noticeably enhanced. 

3.2.2. Submicrometer size-fraction of the marine 
aerosol. The submicrometer size-fraction includes 
particles collected on the stage 5 and the back up 
filter (BUF) of the cascade impactor samples. 
This fraction is likely to include airborne primary 
aerosol or secondary aerosol produced by gas-to- 
particle conversion processes. As pointed out by 
Hoffman and Duce (1977), the marine source of 
fine primary aerosol is likely to be negligible. 
Primary aerosol in that size-fraction may thus be 
primarily continental in origin i.e. soot carbon 
(Novakov, 1982). On the other hand, the second- 
ary aerosol may, in principle, originate from 
either a marine or a continental vapor-phase 
organic carbon pool. 

Concentrations of particulate carbon in this 
size-range are very variable: from a few tenths of 
ngC m-3 up to 1 pgC m-3, and their relative 
contribution to the total particulate carbon 
concentration appears very important (40 to 
95%). These results confirm that the fine fraction 
is the major part of the remote oceanic carbon- 
aceous aerosol. It is then possible to state that the 
observed variability of the concentration of 
carbonaceous aerosols in the marine atmosphere 
is primarily due to the real variability of the 
fraction attached to submicrometer-sized par- 
ticles. All the samples from the southern 
hemisphere exhibit low concentrations of fine 
atmospheric particulate carbon (C < 100 ngC 
m-3). From this, it could be concluded that the 
fine particulate carbon found with much higher 
concentrations in the northern hemisphere is 
mostly entirely of continental origin. 

If correct, this hypothesis has to be supported 
by considerations of the isotopic composition of 
the fine carbonaceous aerosol. This fraction, 
though thought to be mostly continentally- 
derived, displays a large isotopic variability (6' 3C 
from -17 to -28%,). On the basis of either 
isotopic or concentration data, our cascade 

impactor samples can be divided into 3 distinct 
groups (Fig. 3). 

The first one includes samples exhibiting high 
carbon concentrations and an unquestionable 
continental signature (613C < - 25%,). They were 
all collected in the northern hemisphere. The 
particularly negative 6I3C values confirm that 
these samples contain mostly continental material 
(Chesselet et al., 1981). Furthermore, based on 
data given by Cachier et al. (1985), these values 
could indicate that the material is mostly 
combustion-derived (Table 4). 

The second group includes southern hemi- 
sphere samples. They have low concentrations 
but also display more positive 6°C values than 
the previous samples (613Cmean > - 24%,). The 
question here is whether their isotopic compo- 
sition is still compatible with a major continental 
component for the fine aerosol. Indeed, this shift 
of the mean isotopic ratio may reflect a change in 
the mixture of continental source terms towards 
more natural emissions (Table 4). It could also be 
due to an increase in the relative importance of 
the marine contribution to the fine aerosol 
mixture. 

The results obtained for the third group of 
samples collected in the Peru upwelling area may 
provide an answer to this question. These 
samples show an unusual distribution of fine 
particulate carbon concentration between the 5th 
impactor stage (size-range: 0.50 to 0.96 pm) and 
the BUF (particles smaller than 0.50 pm), the 
fifth stage being the more loaded. One possible 
explanation for this observation is that in this 
region, continental carbon has two distinct 
origins: a local origin due to the vicinity of the 
coast (Schneider and Gagosian, 1985), and a 
more distant source, the particles having under- 
gone long-range transport over the South Pacific. 
The carbonaceous particles collected on the 5th 
stage are likely to have primarily a local 
terrigenous origin from the Peruvian deserts. 
They show a variable concentration (from 0.04 to 
0.11 pgC m-3) and an isotopic composition 
which could reflect a predominant contribution 
of material of continental origin (6I3Cmnn 
= -22.6%,; see Table 4). But, in the same 
samples, the BUF exhibit particularly low carbon 
concentrations (from 10 to 40 ngC m-3) and more 
positive 6I3C values ( -  17 to - 20%,). The latter 
isotopic compositions are very similar to those 
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found in plankton samples collected in surface 
waters in this region (this work), and attest 
unambiguously to a marine origin for the par- 
ticles smaller than 0.5 pm. These particles could 
result from gas-to-particle conversion of organic 
material ; though very small, this marine compo- 
nent of the secondary aerosol can appear in the 
Peru samples due to the favourable combination 
of 3 factors: the unique isotopic signature of the 
marine material at that location, the enhanced 
productivity in upwelling surface waters, and the 
particularly small load of continental material 
transported over long distances in the air masses 
being sampled. Furthermore, isotopic composi- 
tions and concentrations of the BUF of impactor 
samples appear to be approximately linearity 
related; this could indicate that cascade impactor 
sample 4 represents the pure marine component 
of the submicrometer-sized aerosol, characterized 
by a concentration of 10 ngC m-3 and a 6I3C 
value of -17%,, whereas in the other samples 
(1 to 3), another component, probably continental 
(up to 30 ngC m-3), is superimposed on this pure 
marine secondary aerosol background. Since over 
the open ocean the marine source of fine 
particulate carbon can be expected to be less 
active than in upwelling areas, it can be esti- 
mated from the above consideration, that the 
maximum contribution to the submicrometer- 
sized aerosol of the tropospheric marine bound- 
ary layer from a marine source is of the order of 
10 ngC m-3. Therefore, in no case can the 
variability of the marine source account for the 
reported variability of the atmospheric par- 
ticulate carbon concentration over the ocean. 

Concentrations of fine atmospheric particulate 
carbon higher than 20 ngC m-3 should be mostly 
due to the long-range transport of continentally- 
derived carbonaceous aerosols. Thus, it is likely 
that even in the southern hemisphere samples, 
the particulate carbon present in the fine size- 
fraction is mostly continental in origin. 

In summary, it appears that the geographical 
location is likely to be the most important deter- 
minant of the variability of both the carbon- 
aceous aerosol concentration and its isotopic 
composition in the remote marine atmosphere. In 
particular, a strong hemispheric dependence has 
been reported for the fine-size fraction of the 
aerosol. Table 5 presents average calculated con- 
centrations and isotopic values for each hemi- 
sphere for the marine and the continental 
components assumed to be mostly attached to the 
coarse and the fine size-fraction respectively. Our 
isotopic data provide evidence that the continen- 
tally-derived material found in the southern 
hemisphere samples is certainly different in 
nature from that found in the northern hemi- 
sphere samples. The fractions of intermediate 
size (diameter between 1 and 3 pm) are likely to 
result from mixtures of marine and continental 
source terms. Considering their small importance 
for the total carbon load of the bulk aerosol, no 
results are reported for these fractions. 

3.3. Temporal variability of the remote marine 

In Subsection 3.2, evidence has been presented 
that the burden of atmospheric particulate 

carbonaceous aerosol 

Table 5 .  Carbonaceous aerosol in tropical and temperate marine atmosphere 
~ ~ 

Northern Hemisphere Southern Hemisphere 

pgC m-3 6’3C pgC m-3 6‘3C ”/, 

Marine material. 0.07 f 0.02 -21 + 2  0.07 * 0.02 -21 * 2  
on large particles 
r b 1.5 pm 

on small particles 
r 6 0.5 pm 

Continental material? 0.45 f 0.25 - 25.5 +_ 2 0.06 If: 0.02 - 23.5 +- 0.5 

Mean values based on the results of cascade impactor samples. 
t Mean values based on the results of cascade impactor samples and bulk filter samples (the continental material 

is the difference between the total concentration and the marine component). 
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carbon over the ocean is dominated by continen- 
tally-derived carbonaceous material primarily 
attached to submicron particles. Therefore, the 
variability of this aerosol is expected to be 
directly related to the variability of the continen- 
tal inputs of fine carbonaceous matter. Such a 
.variability is governed by continental source 
intensity and transport processes. 

Since, at some locations, sampling was per- 
formed over several weeks, it is also possible to 
gain some insight into the temporal variability of 
the carbonaceous aerosol. Our results (Tables 2 
and 3) clearly indicate that, though less marked 
than the areal variability, there is a detectable 
temporal variation of both the concentration and 
the 6I3C value of the atmospheric particulate 
carbon at some sampling locations. This temporal 
variability of the aerosol shows different trends 
from one site to another, which may give further 
information on the variability in the long-range 
transport of carbonaceous aerosol from continen- 
tal source regions to the remote marine atmos- 
phere. Because of the limited cascade impactor 
data set, the temporal variability of the aerosol, 
though due to its fine fraction, will be discussed 
on the basis of the results of the analyses of the 
bulk filters. Indeed, such results can be inter- 
preted in terms of the variability of the continen- 
tal fraction since the marine component has been 
found quite constant at any given location. 

At Enewetak, experiments were conducted 
from April to August 1979. More than 90% of the 
particulate carbon has been found to be of conti- 
nental origin and attached to the fine particles. 
The observed concentration range is 0.65 to 1.2 
pgC m-3 and the 6I3C range is -25.7 to 
-28.3%,. As suggested by the data in Table 4, 
the carbon is primarily derived from combustion 
processes (fossil fuel and biomass burning). The 
aerosol sampled during the spring is slightly 
enriched in I3C (613C,,,cnn = -26x0) compared to 
the mean values obtained during the summer 
(6 3C,,,ean = - 27 %,). This could indicate that 
during the spring there is a more important 
relative contribution of natural sources of carbon- 
aceous aerosol (Table 4). This could also be due 
to the difference in the nature of the material 
being burnt, C, or C, plants (Cachier et al., 
1985). Moreover, different continental source 
regions are indicated for this period because air 
mass trajectory analysis shows a drastic change in 

the origin of air masses which were derived 
mostly from Asia in the spring and from tropical 
North America in the summer (Merrill et al., 
1985). Such a change in source regions is also 
supported by results obtained at the same loca- 
tion for stable lead isotopes (Settle and Patterson, 
1982), dust mineralogy (Gaudichet and Buat- 
Menard, 1982; Duce et al., 1980) and lipid 
markers (Gagosian et al., 1982; Gagosian, 1985). 
During the first part of the sampling period, high 
concentrations of many continental components 
were found in the Enewetak aerosol (soil dust, 
pollution aerosol, lipids, 2L0Pb). After this period, 
a sharp decrease (from a factor of 4 to a factor of 
40) in the concentrations of such tracers was 
observed. This contrasts with the much less 
pronounced decrease observed for total par- 
ticulate carbon. As mentioned in section 3.1, 
these apparently "buffered" variations of the 
concentration of the carbonaceous part of the 
aerosol suggest that the continental source func- 
tion for particulate carbon is not directly related 
to that of the other continental tracers. As illus- 
trated by Fig. 4, a careful intercomparison of the 
variation of the concentrations of carbon and 
*loPb, another tracer of the submicronic aerosol 
of continental origin (Turekian et al., 1977; 
Turekian and Cochran, 1981), allows the follow- 
ing observations to be made. 
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Fig. 4.  Temporal variation of particulate carbon and 
210Pb concentrations in atmospheric samples collected 
at Enewetak Atoll in 1979. 210Pb data from Turekian 
and Cochran (1981). 
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(a) The concentrations of these two continen- 
tal components display a significant covariation, 
and the covariation is even better in the summer. 
Atmospheric particulate carbon and *loPb are 
both attached mostly to the submicrometer-sized 
aerosol; this covariation suggests that these two 
species experience similar atmospheric pathways 
and removal processes during their long-range 
transport over the ocean. 210Pb is produced in the 
atmosphere by the decay of the gaseous precursor 
222Rn (3.8 day half life) emanating from conti- 
nental soils. Thus, it is likely that an important 
fraction of the fine carbonaceous aerosol 
collected at Enewetak originates from gaseous 
precursors which have a residence time in the 
atmosphere of the order of a few days. The exact 
nature and fate of such precursors is at present 
unknown. 

(b) Throughout the whole experiment, there is 
a continuous shift towards higher values of the 
C/210Pb concentration ratio (from 60 to 210 pgC 
dpm-l 210Pb). As the *IoPb source function over 
the continents is quasi-uniform, this could be an 
indication of the increase of the areal source 
strength of particulate carbon when the source 
region shifts from Asia to tropical America. A 
change in the vegetation cover, in the climatic 
conditions or in the importance of combustion 
processes can probably account for such an obser- 
vation. This indication of the shift of the source 
regions towards warmer areas has been strongly 
suggested previously by Gagosian (1 985) based 
on the lipid composition of aerosols (odd to even 
predominance ratio in the alkanes). It seems 
therefore that the relative constancy of carbon- 
aceous aerosol concentrations at Enewetak results 
from the multiplicity of aerosol production pro- 
cesses, source terms and source regions for such 
material. 

At Samoa, investigations during the dry and 
wet seasons do not show any marked change in 
the concentration of the bulk aerosol, which 
remained at a very low level (concentration 
range: from 0.07 to 0.14 pgC m-3). The bulk 
6I3C value was also remarkably constant (- 21.1 
to -21.8%,). The uniformity of the data at this 
location reflects an almost steady long-range 
transport of well-mixed continental material. As 
indicated by the cascade impactor data, the main 
source of fine carbonaceous aerosol (6 C,,,,,, = 
-23%,) throughout the year is certainly derived 

from natural emissions in the tropical regions 
(Table 4). 

During the New Zealand experiments, concen- 
trations of the bulk atmospheric particulate 
carbon remain constant and at a low level (range 
from 0.12 to 0.15 pgC m-3) but more information 
is provided by the isotopic analyses. Indeed, the 
isotopic composition of the bulk carbonaceous 
aerosol is variable (from -21.2 to -23.7%,), 
suggesting temporal changes in the mixture of 
continental source terms. The existence of such 
changes is supported by data on lipids, stable lead 
isotopes and air mass trajectory analysis (Peltzer 
et al., 1985; Settle and Patterson, 1985) which 
indicate that during some periods of the 
experiment, the air being sampled was carrying 
aerosol particles originating from New Zealand, 
Tasmania or the Australian continent. 

3.4. Data validation through isotopic constraint 
From the discussion of our data, it seems clear 

that the burden of fine carbonaceous particles in 
the marine atmosphere is dominated by the long- 
range transport of material originating from the 
continents. Based on the work of Cachier et al. 
(1985) it is also possible to assess the location, the 
intensity and the mean isotopic signature of the 
main sources of fine carbonaceous aerosols over 
the continents. An attempt is presented to use 
such information to estimate the relative contri- 
bution of the different continental source terms to 
the fine carbonaceous aerosol burden of the 
tropospheric marine boundary layer. Four 
sources dominate over land : industrial 
combustion, biomass burning, natural emissions 
from the vegetation and soil erosion by wind. The 
different source strength estimates, along with 
their mean isotopic composition, are reported in 
Table 4. For submicrometer-sized particles, the 
global emission rate over the continents is 
42 x lo1* gC yr-I with a mean 613C value of 
-24.9 f 0.5%,. It should be pointed out that the 
estimates of Duce (1978) for the industrial emis- 
sions are derived from data for the years 1972-73. 
These estimates are likely to be lower than those 
to be expected 15-10 years later, and consequently 
the importance of this source may be under- 
estimated here. This would shift slightly the mean 
isotopic composition of the average continental 
aerosol towards more negative values (613C 
would be smaller than -25.0%,). 
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Atmospheric deposition of particulate carbon 
to the open ocean (F) can be roughly calculated 
from mean aerosol concentration data (C) and an 
estimate of the total deposition velocity of the 
submicronic aerosol (V), which integrates both 
wet and dry removal processes, using the follow- 
ing equation : 

F(gC m-2 y r 1 )  = V(m yr-I) x C(gC m-3). (4) 

No value is directly available for carbonaceous 
aerosol deposition velocity. Nevertheless, it can 
be estimated that other continentally-derived 
aerosols, attached to the submicrometer-sized 
fraction, are removed from the atmosphere with 
the same efficiency (Slinn, 1983; Zafiriou et al., 
1985). We have therefore adopted for V the 
values obtained for *I0Pb over the ocean by 
Turekian and Cochran (1981). The total 
deposition velocity has been found to be in the 
range of 0.25-4 cm s-L with a mean value of 
1.0 & 0.5 cm s-l. Based on this estimate of V, the 
average fallout rate of fine atmospheric 
particulate carbon over the ocean is 0.142 gC m-* 
yr-l in the northern hemisphere, and 0.019 gC 
m-2 yrrL in the southern hemisphere. On an 
annual basis, our data indicate that 26 x lo1* g of 
fine particulate carbon of continental origin 
would be deposited over the ocean from the 
atmosphere. This carbonaceous material would 
have a calculated mean 613C value of 

The above calculations indicate that the net 
annual input to the open ocean of fine atmos- 
pheric particulate carbon is only slightly lower 
than the emission rates over land. Based on 
estimates of rainfall over the ocean and the mean 
particulate carbon concentration in the rain, 
Duce (unpublished data) reached the same 
conclusion. This result corroborates the 
hypothesis of an additional source of carbona- 
ceous secondary aerosol produced by the slow 
gas-to-particle transformations of continental 
components during its transport in air masses 
(Duce, 1978; Jaenicke, 1978). However, there is a 
good agreement between the 613C values of the 
emitted and the deposited material. Consequent- 
ly, despite the lack of isotopic information on the 
gas-phase precursors, it can be assumed that the 
isotopic composition of the secondary aerosol 
originating from the additional source during the 
atmospheric transport is not significantly differ- 

- 25.2 f 0.5%,. 

ent from that of the aerosol collected in continen- 
tal source regions. 

The above considerations lead us therefore to 
propose an explanation for the observed 
difference for the mean carbon isotopic com- 
position of the continental component of the fine 
aerosol in the marine atmosphere of the northern 
and the southern hemispheres. The atmospheric 
particulate carbon of the northern hemisphere 
would reflect the characteristic 613C depletion of 
combustion-derived material whereas in the 
southern hemisphere the aerosol would be domi- 
nated by natural emissions from the vegetation or 
soil erosion (Table 5). 

Whether this scenario of the source partition- 
ing is relevant only to our limited data set or is 
representative on a global scale, obviously 
requires further investigation. A long-term 
sampling strategy at various remote marine loca- 
tion, especially in the southern hemisphere is 
needed, as well as more reliable estimates of 
continental source strengths in each hemisphere. 
Moreover, a careful investigation of the nature of 
the organic gaseous precursors of the aerosol and 
their transformations, along with further isotopic 
studies, is required. 
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