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The distributions of lipids, such as n- 
alkanes, fatty alcohols, and fatty acids 
in remote marine aerosols, have re- 
cently been used to ascertain the im- 
portance of atmospheric transport of 
continentally derived organic matter to 
open-ocean environments [1]. Long- 
chain dicarboxylic acids are also known 
to exist in terrestrial higher plants as 
constituents of surface-protecting bio- 
polymers such as cutin and suberin 
[2-4] .  However, these compounds 
have not been reported in the remote 
marine atmosphere. Recently, we dis- 
covered a homologous series of ce,e0- 
dicarboxylic acids (C5- C32) in remote 
marine aerosol samples collected from 
the Pacific Ocean. Here, we report the 
distributions of dicarboxylic acids in 
the North Pacific atmosphere and dis- 
cuss their origins and importance in 
global atmospheric chemistry. 
Aerosol samples were collected as part 
of the North Pacific portion of the 
Sea/Air Exchange Program 
(SEAREX) in M a y -  July 1986 from an 
8-m tower erected on the bow of the 
R / V  Moana Wave. The ship was al- 
ways steaming into the wind during 
aerosol sampling with a sampling sector 
of +_45 ° of the ship's heading. The 
sampling area (27 ° to 58°N, 152 ° to 
170°W) is located north of the Ha- 
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waiian Islands in the central North 
Pacific. Marine aerosols were collected 
with precombusted (550°C) Pallflex 
quartz fiber filters (20 x 25 cm) using a 
high-volume air sampler. Volumes of 
the air sampled ranged from 2040 to 
5510 m 3. A blank filter was exposed to 
the air in the sampling shelter. A de- 
tailed account of the sampling method- 
ology is given elsewhere [5]. 
The sample filters, whose colors ranged 
from white to light yellowish-brown, 
were extracted with 0.1 M KOH in 
methanol (MeOH) under reflux for 2 h. 
The extracts were concentrated to 2 ml 
by rotary evaporation. After the neu- 
tral fraction was removed, the carbox- 
ylic acids were separated and deriv- 
atized to their corresponding methyl 
esters with 14070 BF 3 in MeOH. The 
diacid dimethyl esters were isolated by 
silica-gel chromatography [6] and de- 
termined by a Carlo Erba 4160 gas 
chromatograph (GC) equipped with a 
fused silica DB-5 column (30 m x 0.32 
mm). Dodecanoic acid methyl ester was 
used as an external standard for quan- 
titation. Gas chromatographic-mass 
spectrometric (GC-MS) analyses were 
conducted with a Carlo Erba 4160 GC 
interfaced to a Finnigan 4500 MS with 
an INCOS 2300 data system. For struc- 
ture identification, C12 and C16 diacid 
esters were used as well as standard 
mass spectra stored in the INCOS data 
library. Dimethyl esters of diacids show 
diagnostic mass fragments of m/z 74, 
98 (a base peak for only > C12), M -  73 
and M - 31 [7]. 
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A homologous series of aliphatic o~,w- 
dicarboxylic acids (C 5 -  C32) was de- 
tected in the North Pacific aerosol 
samples. Table 1 gives the first data set 
reported for concentrations of diacids 
in the remote marine atmosphere. 
Total diacid concentrations ranged 
from 130 to 1660 pg m -3. Figure 1 pre- 
sents the carbon-chain-length distribu- 
tion of diacids found in the NPAS-27 
sample. The diacid patterns for this 
sample and other samples of high 
diacid concentrations (NPAS-4, 16 and 
45) are characterized by bimodal dis- 
tributions with maxima at C 9 and Cz2. 
The lower-molecular-weight diacids 
(C5-C15), which are more abundant, 
showed a smooth distribution pattern 
with no even/odd carbon-numbered 
predominance. By contrast, the higher- 
molecular-weight diacids showed an 
even carbon-numbered predominance, 
with even/odd ratios of 1 .5-2 .6  for 
C20- C32 species (Table 1). 
The presence of azelaic (C9) acid in the 
atmosphere has been attributed to the 
photooxidation of biogenic unsat- 
urated fatty acids containing double 
bonds predominantly at the C-9 posi- 
tion [8]. Other low-molecular-weight 
diacids can also be produced by similar 
mechanisms involving positional iso- 
mers of unsaturated fatty acids and a 
further oxidation of diacids and other 
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Fig. I. Chain-length distribution of ot,c0-di- 
carboxylic acids in the North Pacific aerosol 
sample (NPAS-27) 
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In sample NPAS-27 these long-chain 
diacids comprised 23 % of the total 
diacids detected (Fig. 1). These diacids 
found in North Pacific aerosols may 
originate from the following possible 
sources: seawater, terrestrial higher 
plants, and soil organic matter. Marine 
sources are negligible since marine 
plankton generally do not  contain di- 
carboxylic acids. In addition, our anal- 
yses of surface seawater collected in 
Vineyard Sound, Massachusetts and a 
sea-surface microlayer sample collected 
off the coast of Peru did not  show the 
presence of these diacids (unpubl.  re- 
sults). 
The distributions of diacids in ter- 
restrial higher plants are generally char- 

acterized by the predominance of the 
Cl6 species: higher-molecular-weight 
diacids (>  C20 ) are minor,  except for 
the C22 diacid in cork [4]. However, the 
distribution pattern in marine aerosols 
is quite different from that of plants: 
the C16 diacid, the most abundant  
species in plants (e.g., Fig. 2a) is rela- 
tively minor in marine aerosols (Fig. 1, 
Table 1). This suggests that higher- 
plant tissues are not major,  direct 
sources for C20- C32 diacids detected in 
the marine aerosol samples. Since 

Table 1. Concentrations (pg m 3) of a,c0-dicarboxylic acids in North Pacific aerosol samples 
(NPAS) collected at 27 - 57 ° N, 152 - 170 ° W in May to July 1986. ND: Not detected. Data 
presented are not corrected for blanks because blank filter analyses revealed no detectable 
peaks in the region of the gas chromatogram where diacids eluted. Even/odd ratios: Ratios 
of concentrations of even carbon-numbered diacids to those of odd carbon-numbered 
diacids for the range of C20- C32 

Diacids NPAS Sample No. and dates 

4 16 27 38 45 52 59 
May May May June June June 29 - July 
4 - 7 13 - 17 25 - 29 13 - 17 21 - 25 July 3 7 - 11 

C 5 8.9 23.1 10.5 4.1 58.1 7.0 ND 
C 6 78.7 42.7 39.5 11.1 88.1 22.9 3.9 
C 7 17.6 79.7 110 10.3 125 23.9 6.0 
C 8 42.0 110 222 30.4 228 65.7 13.0 
C 9 173 220 463 116 362 173 55.1 
Cl0 41.8 43.1 67.5 23.2 177 47.8 14.7 
Cll 40.5 76.5 135 19.6 173 40.5 13.0 
C12 22.0 35.7 56.7 8.7 73.0 19.5 8.0 
C13 16,3 24.3 45.1 8.2 53.7 14.0 5.6 
C j4 7.7 8.8 23.6 4.7 19.8 8.6 3.3 
C15 4.0 8.9 18.8 2.6 8.2 5.3 2.2 
C16 6.8 29.2 30.4 2.6 7.5 3.1 2.1 
C17 3.9 2.4 10.8 1.4 3.0 1.8 0.8 
C18 4,3 14.0 25.0 1.1 4.3 1.6 0.8 
Cl9 2.8 3.6 21.3 1.1 4.0 1.1 0.3 
C20 5.5 15.2 49.3 1.4 7.4 1.9 0.5 
C21 4.3 9.4 43.3 0.9 6.3 1.1 0.2 
C22 8.2 24.8 80.0 1.4 12.5 1.3 0.5 
C23 5.5 10.4 33.8 1.1 5.6 1.0 0.3 
C24 7.1 14.3 40.4 1.0 5.6 0.5 0.3 
C25  4.6 8.2 25.2 0.5 2.9 0.4 ND 
Cz6 5.9 14.1 30.4 0.5 5.1 0.4 ND 
Car 4.3 8.0 23.7 0.3 3.6 ND ND 
C 2 8  4.2 7.3 21.8 0.5 4.5 ND ND 
C29 3.3 4.1 11.5 0.4 3.5 ND ND 
C30 1.6 2.5 10.9 0.5 4.2 ND ND 
C31 ND 0.7 3.7 ND 3.1 ND ND 
C32  ND 0.7 3.8 ND 3.5 ND ND 

Total 542.8 841.7 1657.0 253.6 1452.5 135.4 130.6 

Even/odd 
ratios 1.5 1.9 1.7 1.7 1.7 1.6 2.6 
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compounds such as mid-chain ke- 
toacids, which have also been detected 
in the marine atmosphere [9]. Although 
unsaturated fatty acids, which originate 
from higher plants or marine 
organisms, are most likely oxidized in 
the atmosphere, oxidative reactions 
could also occur on the surface of soil 
particles. In fact, upon analysis of soil 
samples from the USA and China, we 
detected azelaic acid, suggesting that 
low-molecular-weight diacids in the 
North Pacific aerosols may be partly 
derived from soil dust (Fig. 2b, c). 
Although the C20- C32 components are 
not the major diacid species in marine 
aerosols, they were sometimes of very 
high concentration (up to 380 pg m-3).  
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Fig. 2. Chain-length distribution of dicar- 
boxylic acids in a) fresh higher-plant leaves 
(birch) collected from the forest of Woods 
Hole, b) underlying soil particles collected 
from the same area of the forest, and c) a 
Chinese Holocene loess sample. The loess 
samples were collected at a ground level 
from Chenjiawo, which is near Xian 
(approx. 35 ° N, 110 ° E). Fresh leaves were 
cut in pieces and were saponified with 0.5 
M KOH in MeOH to separate cutin acids. 
Soil and loess samples were saponified and 
then analyzed for diacids by the methods de- 
scribed in the text. The even/odd ratios for 
Czo- C3z diacids of the samples a), b) and c) 
are 3.1, 4.8 and 1.6, respectively 
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diacids are present in network struc- 
tures of  cutin and suberin biopolymers 
[3], their emission to the air by slough- 
ing is most probably limited. This is in 
contrast to plant wax components (n- 
alkanes, fatty alcohols, and fatty ac- 
ids), which are present in surfaces of  
plant leaves and may be easily sloughed 
off  from their surface to become air- 
borne [10]. 
Soil dust particles are a probable source 
of  long-chain dicarboxylic acids de- 
tected in the remote marine aerosols. 
The analyses of  three loess samples 
from China and one soil sample from 
Woods Hole, Massachusetts, showed 
the presence of  long-chain diacids with 
two maxima at C16 and C22-C28 (see 
Fig. 2b, c). Their distribution patterns 
with major  peaks at C 9, C16, C20, C24, 
and C26 are similar to those of  marine 
aerosol samples (NPAS-4, 16, 27, and 
45), suggesting that the long-chain 
diacids in the remote marine aerosols 
are of  terrestrial soil origin. The C16 
species, which is relatively abundant  in 
soil samples, is probably derived from 
plants which are primary sources o f  soil 
organic matter (see Fig. 2b, c). How- 
ever, the abundance of  long-chain 
diacids (>  C20) in soils cannot be ex- 
plained by the direct contribution from 
higher plants alone. 
The long-chain diacids in soils are most 
likely produced in situ. A number of  
microorganisms living in soils degrade 
and resynthesize the organic matter of  
higher plant origin. Some bacteria can 
produce ~x,w-dicarboxylic acids by 
terminal oxidation of  fatty acids and n- 
alkanes [11]. Because soils contain 
plant-derived, long-chain fatty acids 
(>C20) with strong even/odd carbon 
compound ratios of  5 - 1 0 ,  microbial 
terminal oxidation of  these acids would 
p r o d u c e  C 2 0 - C 3 2  diacids retaining 
their even/odd predominance. Lower 
even/odd carbon ratios are likely for 
more aged soils due to production of  
odd carbon-numbered diacids by fur- 
ther oxidation (loss of  the C l unit) of  
resultant diacids or by the diterminal 
oxidation of  plant-derived n-alkanes in 
soils, which show strong, odd carbon- 
numbered predominance. Indeed, some 
aged soil samples (Chinese Holocene 
loess) showed even/odd ratios of  
1 .3 -1 .7 ,  which are lower than that 
(4.8) of  fresh soil f rom Woods Hole. 
During the cruise, concentrations of  
C20-C32 diacids increased as a func- 
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Figure 3. Changes in the concentrations of 
long-chain (soil-derived) dicarboxylic acids 
in the aerosols from North Pacific (27 - 57 ° 
N, 152- 170 ° W) aerosols as a function of 
time, 1986 

tion of  time, showing a maximum (380 
pg m 3) in sample NPAS-27 (Fig. 3). 
This sample also exhibited the highest 
C20-C32 to total diacid concentration 
ratio (23 °70, Table 1). The higher con- 
centrations suggest an enhanced at- 
mospheric transport of  soil organic 
matter over the North Pacific Ocean 
from surrounding continents including 
Asia and North America. Although we 
cannot specify the source area for the 
diacids, the above suggestion is consis- 
tent with air parcel trajectory meteo- 
rological data. The trajectory analyses 
suggest that the air masses with higher 
C 2 0 -  C32 diacid concentrations (such as 
NPAS-27) originate from Asia, Alaska, 
and/or  Siberia [12]. By contrast, the 
lowest concentrations of  the diacids, 
observed during June 1 3 - 1 7 ,  June 
2 9 - J u l y  3, and July 7 - 1 1  (Fig. 3), 
correlated with air mass trajectories of  
open-ocean origin [12]. 
Although previous studies of  aluminum 
in marine aerosols indicated at- 
mospheric transport of  terrigenous clay 
minerals [13], there has been no specific 
biomarker proposed for long-range 
transport of  soil organic matter to the 
remote marine atmosphere. We 
propose that long-chain diacids are use- 
ful biomarkers to trace atmospheric 
transport of  soil organic matter to 
open-ocean environments. 
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