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Relationship Between the Lipid Compositions of Marine Aerosols, 
the Sea Surface Microlayer, and Subsurface Water 

J. C. MARTY AND A. SALIOT 

Laboratoire de Physique et Chirnie Marine, ER21 CNRS, Universit• Pierre et Marie Curie, 75230 Paris Cedex 05, France 

P. BUAT-MI•NARD, R. CHESSELET, AND K. A. HUNTER • 

Centre des Faibles Radioactivit•s, Laboratoire Mixte CNRS-CEA, 91190 Gif-sur-Yvette, France 

Aerosols, surface microlayer, and subsurface water samples have been collected during the 'Midlante' 
cruise of the R/V Jean Charcot (May 1974) in the northeastern tropical Atlantic, taking all possible pre- 
cautions against shipboard contamination. The concentrations of n alkanes, total hydrocarbons, and fatty 
acids (C•2 to C32 were obtained by gas-liquid chromatography in these aerosol samples as well as for the 
dissolved and particulate fractions of the microlayer and subsurface waters. The aqueous phase fatty 
acids are of obvious planktonic origin, but an anthropogenic source cannot be definitely discounted for 
the aqueous phase n alkanes. On average, fatty acid lipids, n alkanes, and total hydrocarbons are all en- 
riched in the microlayer by factors of 2-5. The three aerosol samples show a strong similarity in composi- 
tion, and all differ from the corresponding aqueous samples in having lauric acid C•2 as the dominant 
acid instead of C•6, typical of planktonic lipids, as found for the water samples. The hydrocarbon distri- 
butions of the aerosols, which resemble petroleum-derived materials, are characteristically different from 
those of the subsurface and microlayer, which are similar and appear to have a marine origin. The over- 
lying n alkane distributions of all three sample types are similar, however, being generally regular with- 
out predominance of n alkanes with n even or odd, and are also quite different from distributions charac- 
teristic of terrigenous dust containing hydrocarbons derived from higher plants. 

INTRODUCTION 

Simple lipids such as hydrocarbons and free or esterified 
fatty acids account for only a small part of the organic mate- 
rial that is present in the surface microlayer or which is trans- 
ferred to and from the oceans [Hunter and Liss, 1977]. None- 
theless, owing to their chemical stability and the useful 
information that they can provide concerning their sources 
the joint study of these compounds in the marine aerosol and 
the microlayer may lead to useful knowledge of exchange 
processes at the air-sea interface. In spite of this consideration, 
available data are as yet rather limited. Duce et al. [1974] have 
measured gaseous hydrocarbons in the atmosphere, while the 
particulate fraction of the aerosol has been analyzed for hy- 
drocarbons by Ketseredis et al. [1976] and Marty et al. [1978]. 
Only in the latter study were microlayer and bulk seawater 
samples collected at the same time. Simoneit [1977] and Si- 
moneit and Eglinton [1975] have reported analyses of organic 
matter in aeolian dusts collected over the Atlantic. 

Barger and Garrett [1970, 1976] have analyzed for fatty acid 
lipids in marine aerosols, noting the similarity of the fatty acid 
distributions found with those of microlayer and subsurface 
seawater samples from their other studies. The authors have 
argued that these atmospheric lipids are of essentially marine 
origin. A similar conclusion was reached by Quinn and Wade 
[1972] in the most complete study yet made. These authors 
analyzed for fatty acid lipids and hydrocarbons in aerosol, mi- 
crolayer, and subsurface seawater samples collected during 
the same cruise in the North Atlantic. The data of the present 
paper are of a similar type and concern the detailed quan- 
titative analysis of fatty acid lipids ranging from 12 to 32 car- 
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bon atoms in the marine aerosol, surface microlayer, and sub- 
surface seawater samples collected in the eastern tropical 
Atlantic. Some data on the hydrocarbon composition of these 
samples are also presented. 

EXPERIMENTAL 

Sampling 

Samples were obtained during the Midlante cruise of the 
R/V Jean Charcot in May 1974 (Figure 1). The atmospheric 
aerosol sample A1 was collected along the cruise track de- 
noted by the arrow in Figure 1, covering hydrographic sta- 
tions I and 2. The other aerosol samples A2 and A3 were col- 
lected during small legs around station 4. 

All three aerosol samples were taken by filtering large vol- 
umes (1200-1990 m 3) of air through 15-cm diameter Whatman 
GF/B glass fiber filters in metal holders placed 8 m forward of 
the ship's bow and 8 m above sea level. According to the re- 
sults of Duce et al. [1974], 95% of total (gaseous plus particu- 
late) hydrocarbons in the molecular size range C•4 to C32 
passed through this type of filter and were subsequently 
trapped as gaseous hydrocarbons on PVC plugs. Thus adsorp- 
tion of gaseous hydrocarbons by GF/B filters appears to be 
negligible, and these compounds are collected mostly in the 
form of particulates. The pump was operated several meters 
behind the filter holders, minimizing contamination during 
head and cross winds. Wind direction was constantly mon- 
itored, and the pump was stopped manually each time there 
was a slight wind from the east. At no time was the pump in 
operation while the ship was sitting on station. 

. 

Water samples were collected at the beginning of each stop 
on a hydrographic station (Figure 1, numbers 1-5) by using a 
rubber Zodiac boat 1-2 km upwind of the ship. Subsurface 
water samples (100 1) were obtained by immersing a 25-1 glass 
bottle several times about 20 cm below the water surface. Sur- 

face microlayer samples (20 1) were taken using the Garrett 
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Fig. 1. Sampling sites. AI, A2, and A3 are aerosol samples, Screen refers to surface microlayer samples taken with the 
Garrett screen, and SSW denotes subsurface seawater sample. Numbers within circles refer to station numbers. 

[ 1965] screen technique. A stainless steel screen made of 0.36- 
mm-diameter wire with 1.25-mm-square openings in the mesh 
was immersed vertical to and removed horizontal to the water 

surface, sampling a water film approximately 0.44 mm thick 
[Marty, 1974]. The collected film was then drained into a glass 
sample bottle. 

FILTRATION OF MICROLAYER AND SUBSURFACE WATER 
SAMPLES 

Onboard ship, both microlayer and subsurface water sam- 
ples were filtered through preextracted Whatman GF/C glass 
filters of 15-cm diameter. These filters collect particles with a 
diameter greater than 0.5-1.0/an. Although this procedure 
only operationally defines the particulate fraction of the lipids 
in the water samples, the possibility that unesterified fatty 
acids in the dissolved state might adsorb strongly onto the po- 
lar glass fiber surface as a result of their own polar functional 
group COOH must be borne in mind. Saliot [1975] has shown 
from laboratory studies that the adsorption of C15 and Cl6 free 
fatty acids onto Whatman GF/C filters under conditions 
which resemble the present sample treatment amounts to 20- 
25% of the dissolved acid concentration. This is likely to be an 

upper limit for the extent of adsorption of natural seawater 
fatty acid lipids, since neutral fatty acid esters probably do not 
adsorb so readily onto glass surfaces owing to their more non- 
polar nature. According to the results of Garrett [1967] and 
Larsson et al. [1974], more than 70% of fatty acids in seawater 
and the surface microlayer are present in esterified form as tri- 
glycerides, steryl esters, and phospholipids. Where the 
amounts of total fatty acids found on the filter and in the til- 
trate are comparable, it seems fair to conclude that most of the 
fatty lipids retained by the filter are in particulate form. 

Extraction and Isolation of Hydrocarbons 
and Fatty •4cids 

Dissolved lipids were extracted from the filtered water sam- 
ples with chloroform [Barbier et al., 1973]. Glass fiber filters of 
the aerosol and seawater particulate matter samples were ex- 
tracted immediately aboard ship for 24 hours in a Soxhlet ap- 
paratus using a 1:1 mixture of benzene and methanol. The 
!ipid extracts were then treated to isolate fatty acids and hy- 
drocarbons by the method described by Marty and $aliot 
[1976], saponification with NaOH under nitrogen, extraction 
of the unsaponifiable fraction (containing hydrocarbons) by 
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Fig. 2a. Fatty acid concentrations distributed with the number of carbon atoms (averaged results for stations 3, 4, and 
5). Distribution on the left is for the n carboxylic acids. Distribution on the right is for the unsaturated acids (C .... where n 
= number of carbon atoms and rn = number of double bonds) and for nonidentifiable peaks (N. I.). Figure shows dis- 
solved fraction, microlayer samples (white bars), and subsurface water (solid bars). 

ether acidification, and solvent extraction of the saponified 
acids by ether. The hydrocarbon extract was further purified 
by thin layer chromatography on silicic acid. The fatty acids 
were converted to theix more volatile methyl esters by esterifi- 
cation with methanol using a BF3 catalyst, according to Met- 
calfe and Schmitz [ 1961 ]. 

Gas Chromatographic •tnalysis 

Analysis of fatty acid methyl esters was carried out on a 
Gixdel 3000 gas chromatograph using two different columns: 
(1) 10% diethyleneglycol succinate on 80/100 mesh Chromo- 
sorb W HMDS, 2.5 m long and 3.2 mm ID, temperature pro- 
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Fig. 2b. Same as for Figure 2a, but shows particulate fraction, microlayer samples (white bars), and subsurface wa- 
ter (solid bars). 
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Fig. 2c. Same as for Figure 2a, but shows aerosol samples and average of A2 and A3 of station 4. 

gramed from 150øC to 210øC at a rate of 3øC min -l, and (2) 
1% Dexsil on 80/100 mesh Gas Chrom Q, 4 m long and 3.2 
mm ID, temperature programed from 150øC to 320øC at 6øC 
min -l. Fatty acid methyl esters were identified by comparison 
of the peak retention times with those of known standards on 
both columns. The peak area corresponding to each fatty acid 
ester was measured by means of a planimeter, and concentra- 
tions were obtained by comparison of sample peak areas with 
those of known amounts of standards run under the same an- 

alytical conditions. 

imetry. The amount of total hydrocarbons represented by this 
envelope was calculated by assuming that the calibration fac- 
tor for the hydrogen flame detector was the same as that of the 
n alkane of comparable retention time. 

Blanks 

The G F/B glass fiber filters used for aerosol collection were 
not pretreated. Comprehensive aerosol blanks were taken by 
subjecting unused filters to the same conditions of storage, 
transport, and handling as the sample filters (except filtration 

Hydrocarbons were analyzed using the Dexsil column with of air), including mounting in the sample holder on the ship's 
a temperature program from 100øC to 300øC at a rate of 4øC bow. No hydrocarbon or fatty acid could be detected after 
min -l. The n alkanes were identified by comparison of their analysis of these filters as described above. 
retention times with those of standard n alkanes, and their 
concentrations were obtained as for the fatty acid esters by Precision and Limits of Detection 
comparison of peak areas with those of known amounts of The analytical precision, taking into account extraction, 
standards run under the same conditions. Unresolved peaks chemical steps during sample work-up, and the gas-liquid 
below the principal n alkanes formed an envelope (Figure 2) chromatography analysis has been estimated as 25% for fatty 
whose net area above the baseline was obtained by plan- acids, n alkanes, and total hydrocarbons. The corresponding 

TABLE 1. Microlayer and Subsurface Waters 

Fatty Acid,/•g 1 -l n Alkanes,/•g 1 -l 

Station Dissolved Particulate Dissolved Particulate 

l, subsurface 37.54 2. l0 3.05 0.20 
2, subsurface 19.60 0.59 ND ND 

microlayer 3.95 5.80 ND ND 
3, subsurface 4.93 3.69 ND ND 
4, subsurface 1 3.45 1.44 0.99 0.25 

subsurface 2 2.00 1.26 0.24 ND 

microlayer 1 5.82 ND 0.31 1.66 
microlayer 2 10.45 ND 2.31 ND 
microlayer 3 11.40 19.32 1.66 0.27 

5, subsurface 4.71 1.33 ND ND 
microlayer 7.93 2.87 ND ND 

Concentrations of fatty acids (el2 to C32), n alkanes (el4 to C4o), and total hydrocarbons. Microlayer 
and subsurface water samples, dissolved and particulate fractions. ND indicates not determined. 
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TABLE 2. Aerosol Samples 

Fatty Acid, n Alkanes, 
Station Sample /•g m -3 /•g m -3 

1 A1 0.23 0.05 
4 A2 0.09 0.004 

4 A3 0.08 0.03 

Concentrations of fatty acids (C•2 to C32), n alkanes (Cl4 to C4o), 
and total hydrocarbons. 

limits of detection for these three components were as follows: 
(1) aerosols, 0.0001/•g m -3 (fatty acids), 0.00003/•g m -3 (n al- 
kanes), 0.0003/•g m -3 (total hydrocarbons) and (2) water sam- 
ples, 0.002/•g 1-' (fatty acids), 0.001/•g 1-' (n alkanes), 0.01 
/•g 1-' (total hydrocarbons). 

RESULTS 

Table 1 shows the results from the Midiante cruise stations 

of Figure 1, with C,2 to C22 fatty acid concentrations and C,n 
to C4o n alkane concentrations in micrograms per liter for the 
dissolved and particulate fractions of subsurface seawater and 
surface microlayer samples. Aerosol concentrations are given 
in Table 2 in micrograms per cubic meter. The use in this 
work of external standards for the chromatographic analysis 
does not make allowance for any losses of individual fatty 
acids and n alkanes during extraction and sample work-up. 

in fatty acid lipids, since such losses depend critically upon 
the number of carbon atoms and upon whether the fatty acid 
is free or esterified. The evidence cited above suggests that in 
particular the recovery efficiencies of 1ow-MW acids will be 
significantly lower than would be indicated by the use of Ci5 
or C•7 as internal standards. 

The concentrations observed .in both water and aerosol 

samples vary over a wide range. It can be noted that the sam- 
ples from stations I and 2, coRRected in rough seas during the 
first part of the cruise, are richer in fatty acids than stations 3, 
4, and 5, where calmer conditions prevailed. With such a lim- 
ited amount of data, however, it is not possible to definitively 
ascribe the differences in fatty lipid concentrations to the sea 
conditions. 

DISCUSSION 

Hydrocarbons 

Comparison of the concentrations of microlayer and sub- 
surface water hydrocarbons can only be made for station 4, 
where it is seen that the microlayer is enriched in total hydro- 
carbons and n alkanes by a factor of about 3-4. Enrichments 
of this magnitude or slightly smaller can also be seen in the re- 
sults of Quinn and Wade [1972], Wade and Quinn [1975], and 
Marty and $aliot [1976] for both coastal and open ocean loca- 
tions, including the wide variability in concentrations and en- 
richment. This variability seems to be a general characteristic 

The data presented in the table are not corrected for losses of of the microlayer [Barker and Zeitlin, 1972]. While such slight 
this kind which may have occurred. Garrett [1967], after com- 
paring the distributions of free fatty acids in seawater and mi- 
crolayer samples with those of saponified, methylated extracts 
of the total fatty lipids, concluded that the overall procedure 
(in particular the methylation step) may not be very quan- 
titative for the lower molecular weight acids, e.g., below C,4. 
An important fraction of these low-molecular-weight (MW) 
acids was found in the free fatty acid extracts. Some authors 
add to the original sample an internal standard comprising 
known quantities of one or two of the odd carbon number 
acids, e.g., C,5 or C,7, which occur at relatively minor levels in 
seawater samples [Quinn and Wade, 1972; Duce et al., 1972] in 
order to correct for losses during extraction of the sample and 

enrichments of up to 3 or 4 are typical of the microlayer under 
ambient surface conditions, in areas of obvious pollution by 
petroleum the surface film can be enriched many thousands of 
times with hydrocarbons as a result of multilayer oil films 
[e.g., Morris, 1974]. 

The n alkanes represent 9, 6, and 2%, respectively, of the to- 
tal hydrocarbons of subsurface waters, the microlayer, and the 
aerosol (average results for station 4). This gradient could be 
explained by a selective accumulation of non-n alkanes in the 
surface microlayer. In this connection, Ledet and Laester [ 1974] 
have found that cyclic and methyl-branched hydrocarbons 
are accumulated in this way, i.e., are a larger fraction of total 
hydrocarbons in the microlayer than in the subsurface water. 

later work-up. It should be noted, however, that this form of The situation is not entirely clear, however, since Marty and 
internal standardization cannot correct properly for all losses Saliot [1976] found n alkanes to be 15% of microlayer hydro- 

' 3• ' 2• ' 2;• ' •'• ' •'• ' • ' 
NUMBER OF CARBON ATOMS/MOLECULE 

Fig. 3a. Gas chromatogram of hydrocarbon extracts illustrating the presence of n alkanes in aerosol sample A2. Numbers 
on the abscissa denote the numbers of hydrocarbon atoms in each n alkane at their positions in the chromatogram. 
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Fig. 3b. Gas chromatogram of hydrocarbon extracts illustrating the presence of n alkanes in subsurface water sample, 
station 4. 

carbons at a variety of coastal and offshore sites, as opposed to tion of n alkanes without predominance of either even- or 
only 10% for the subsurface waters. A detailed examination of odd-numbered n alkanes, are typical of those normally found 
these results or those of other workers suggests that the differ- in offshore, nonpolluted waters [Barbier et al., 1973; Marty 
ences between microlayer samples manifested, for example, as and Saliot, 1976; Hardy et aL, 1977] and could be attributed to 
enrichment of n alkanes or total hydrocarbons are not regular natural marine sources [Clark and Blumer, 1967]. Petroleum 
in nature. Few specific compounds show a consistent enrich- materials also lead to a similar n alkane distribution, however, 
ment in the surface region for different sample pairs. It is and in this respect, the n alkane pattern of the aerosols, de- 
therefore difficult to deduce the mechanisms of enrichment of spite the obvious differences in the major unresolved portion, 
the hydrocarbons in the microlayer, although it can be noted 
that there is no trend of increasing surface enrichment with 
carbon chain length such as might arise if there were decreas- 
ing solubility of hydrocarbons with size-controlled transport 
to the surface. Figure 3 shows typical chromatograms at sta- 
tion 4 for aerosol sample A2 (Figure 3a), dissolved phase hy- 
drocarbons for the subsurface water (Figure 3b), and the mi- 
crolayer (Figure 3c), illustrating the distribution pattern of n 
alkanes superimposed on the 'hump' of unresolved hydro- 
carbons. No important differences in composition between the 
three aerosol samples or between the particulates of micro- 
layer and subsurface water samples were found. 

For the aerosol the unresolved hydrocarbon hump centered 
on about C25 is characteristically different from both of the 
aqueous phase chromatograms and resembles the patterns 
normally encountered with petroleum-derived materials such 
as tar balls [Butler et al., 1973]. The aqueous phase chromato- 
grams, on the other hand, together with the regular distribu- 

is also regular without predominance of even- or odd-num- 
bered n alkanes. This may only be a consequence of the petro- 
leum origin of the aerosol hydrocarbons, but a possible ma- 
rine source for the n alkanes from bubble bursting in the 
microlayer cannot be ruled out. In this connection the propor- 
tion of resolved n alkanes (2%), which is low in comparison 
with the results of Duce et aL [1974] for gaseous and particu- 
late hydrocarbons (20-25%), may result from an important 
marine source diluted by the material in the large unresolved 
hump centered on C25. It must be added, however, that Duce 
et al. [1974] refer to all resolved hydrocarbons, which include 
a high proportion of non-n alkanes [Quinn and Wade, 1972]. 

We do not find a predominance of the heavy n alkanes (C:? 
to C33) with an odd number of carbon atoms usually observed 
in terrestrial higher plants [Douglas and Eglinton, 1966; Caldi- 
cott and Eglinton, 1973]. Such a predominance centered on C:? 
was found by Simoneit [1977] in aeolian dusts collected during 
a cruise in the same region as that of the present study in 

i i i i 
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Fig. 3c. Gas chromatogram of hydrocarbon extracts illustrating the presence of n alkanes in the microlayer sample. 
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April 1972. From these two results it is evident that the aero- of the fatty acids found in the present study are in the dis- 
sol collected by air filtration differs quite considerably from solved frac•tion, while at stations 1 and 2 only a few percent of 
the dust collected by net sampling [Simoneit, 1977], which the fatty acids are found in the particulate fraction on the ill- 
contains an important terrestrial component. Indeed, from el- ter. By way of contrast, Marty and Saliot [1974] and Daumas 
emental analysis of aerosols collected on the same cruise as et al. [1976] found the particulate fraction to be more impor- 
the present study [Chesselet et al., 1976; Buat-M•nard and rant in coastal or shallowwaters. 
Chesselet, 1979] it appears that the terrigenous component of 
the aerosol was only 6% by weight of the total salt. 

The total hydrocarbon concentration in aerosol sample A2 
falls in the same range as the results given by Duce et al. 
[1974] for Bermuda (2-4/tg m -3, with 5% of this in particu- 
late aerosol form and 95% gaseous), while the results for the 
other two aerosols are about an order of magnitude higher 
than at Bermuda. The data of Hoffman and Duce [1974] sug- 
gest an organic carbon (OC) aerosol concentration at Ber- 
muda of 0.1-0.8/tg m -3, which indicates that hydrocarbons 
can be a major fraction of the aerosol organic matter. In fact a 
similar situation prevails in the area of the present study. 
Aerosol OC measurements made on the Rift (May-June 1974, 
Canaries-Dakar, 1.3-15.1 /.tg m-3), Gate (July 1974, Cape 
Verde Islands, 0.66-2.5/.tg m-3), and Romancap (June 1977, 
Gulf of Guinea, 1.5-5 /.tg m -3) point to an average aerosol 
OC level in the area of--,2/.tg m -3 (P. Buat-M6nard, personal 
communication, 1978; J. C. Marty, unpublished manuscript, 
1979) compared to an average hydrocarbon concentration of 
1.4/tg m -3. The results obtained on the 1973 Meteor cruise in 
the north and eastern Atlantic [Ketseredis et al., 1976] are sim- 
ilar inasmuch as they can be compared with the present work: 
0.5-2.0/tg m -3 of ether soluble organic matter in the aerosol, 
most of this being neutral compounds (which include hy- 
drocarbons). Aerosol OC levels observed on this cruise vary 
between 0.5 and 1.5/.tg m -3. Barger and Garrett [1970, 1976] 
find concentrations of CHCI3 soluble organic matter of 0.7- 
6.3 /.tg m -3 in aerosols collected in Hawaii and 0.16-4.0 
m -3 in the eastern equatorial Pacific. Thus the present results 
are in agreement with previous studies made at similar sam- 
pling sites. 

The apparent petroleum nature of the aerosol hydrocarbons 
and the small differences in composition of the three aerosols 
provide further support for the long-range transport in the at- 
mosphere of anthropogenic hydrocarbon material, probably 
in the gas phase, which accounts for the bulk of hydrocarbon 
in the atmosphere [Duce et al., 1974], followed by gas-to-par- 
ticle conversion over a wide geographical area, as discussed 
recently by Duce [1978]. This leads to a relatively constant 
aerosol composition with respect to organic components [Ket- 
seredis et al., 1976] and relatively small variation in aerosol 
OC levels. 

Fatty Acid Lipids 

Total fatty acid concentrations (dissolved plus particulate) 
in the subsurface seawater samples are of the order of 3-9 
1 -• for stations 3-5 (calm sea) and 20-40/tg 1 -• for stations 1 
and 2 (rough sea). Most reported concentrations of total fatty 
acids in seawater lie in the range of 3-200/.tg l -!, depending 
on the location and productivity of the water. Quinn and 
Wade [1972] found a geometric mean concentration of 33 
1 -! total fatty acid for eight sites in the North Atlantic. Lower 
concentrations were found by Marty and $aliot [1974] at Ros- 
coff, Brittany, and three Mediterranean stations between Nice 
and Corsica, although a small part of this difference is ac- 
countable by means of the internal and external standard- 

Figure 2 gives the mean distribution patterns with number 
of carbon atoms for stations 3, 4, and 5, which are very simi- 
lar. For both the microlayer and the subsurface samples, the 
distribution show characteristics typical of marine planktonic 
lipids: a high even-to-odd carbon number predominance and 
a carbon number range from C!2 to C2o, centered on about 
[Morris, 1974]. The heavy acids, C22 to C32 , represent less than 
3% of the total fatty acids, so the contribution of higher plan 
waxes having fatty acid distributions centered on C24 to C28 
[Hitchcock and NichoTTs, 1971] is relatively minor. This obser- 
vation confirms the minor terrigenous contribution to the 
aerosol already discussed. 

The combined results for the stations 3, 4, and 5 collected 
under similar sea conditions exhibit, as for hydrocarbons, an 
average enrichment of fatty acid lipids in the microlayer. For 
the dissolved fraction the mean concentration of fatty acid at 
these sites is a factor of 2.3 higher in the microlayer (8.9 
1 -!) than in the subsurface water (3.8/tg l-l). An even greater 
enrichment factor of 5.8 is seen for the particulate fatty acids, 
with an average of 11.1/.tg 1 -• in the microlayer and of 1.9 
1 -! in the subsurface. Results of a similar nature have been ob- 

tained previously by Marty and SaTiot [1974] and by Daumas 
et aT. [1976]. The higher enrichment of particulate fatty acids 
may arise from their presence, even as traces, in the tissue lip- 
ids of surface neuston and in detrital particulate organic mat- 
ter. The microlayer can be enriched by up to several orders of 
magnitude in the surface-dwelling organisms and neuston 
[Harvey, 1966; Liss, 1975], while it is well known that the en- 
richment of particulate organic carbon, which consists partly 
of tissue and cell detritus, is normally around 10 in com- 
parison to subsurface water at offshore sites [Williams, 1967; 
Liss, 1975]. By contrast, the average microlayer enrichment of 
dissolved organic carbon is a factor of 2 or 3 [ Williams, 1967; 
Sieburth et aT., 1976]. The average results for the present study 
indicate an enrichment of total fatty acids (dissolved plus par- 
ticulate) of the order of 3.5, similar to values obtained by ear- 
lier workers [Quinn and Wade, 1972; Duce et aT., 1972]. 

At station 2, where sea conditions were rough, dissolved 
fatty acids are considerably depleted in the microlayer (3.95 
/tg 1 -z) in comparison to the subsurface water (19.6/tg l-l), 
while for the particulate fraction the microlayer is enriched by 
a factor of 10. This may be a lower limit for the enrichment 
factor for this sample, since it can be seen that the particulate 
fatty acid concentration in the subsurface water is only 3% of 
the dissolved fraction. Thus a significant portion of the 'par- 
ticulate' acids found may in fact consist of dissolved lipids ad- 
sorbed onto the filter. For the other samples (except station 1), 
the dissolved and particulate levels are similar, so this prob- 
lem is not so severe as discussed in the experimental section. 

Such a striking difference in the partition of fatty acids be- 
tween the dissolved and particulate fractions for microlayer 
and subsurface samples may arise from the production of par- 
ticles at the surface (which flexes and folds the surface films). 
As far as the dissolved phase depletion is concerned, however, 
a more subtle explanation is called for. The microlayer sample 
collected by a Garrett screen has a typical thickness of several 

ization methods used by each respective group. At least half hundred micrometers, about 4 orders of magnitude greater 
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than that of a typical simple lipid monolayer (2-4 nm, accord- 
ing to Adamson [1960]). It appears, according to a common 
sense way of thinking, to be a macroscopic layer of seawater. 
Thus increased mixing between the microlayer and the sub- 
surface water 20 cm below brought about by turbulence in the 
water under rough conditions can reduce the concentration in 
an enriched microlayer to that of its much more massive sub- 
surface layer but cannot lead to a depletion. In general, deple- 
tion in the microlayer must be explained either by the exis- 
tence of a sink for microlayer components, e.g., active 
transport of surface components to the atmosphere, or by ex- 
change between the surface region and subsurface water being 
incomplete; for example, a region of surface film is displaced 
in a horizontal direction by wind, wave action, and surface di- 
lation into an unrelated region of subsurface water in- 
trinsically richer in fatty acid lipids. This is in essence a form 
of resistant 'patchiness' at the surface and in the water column 
which is analogous to the 'sampling error' often referred 
to in the context of other studies such as of dissolved Fe in 

seawater [Strickland and Parsons, 1968]. This would be in ac- 
cordance with other features of the data: the depletion of one 
or two specific fatty acids when most of the others and the to- 
tal fatty acids are enriched (e.g., see C•_4 and C•_6 in Figure 2). 

The fatty acid compositions of the aerosol samples are quite 
similar for the three samples, being characterized by the 
strong predominance of C•2 (lauric acid) over the C•6 acid 
found to be the most abundant in the aqueous samples. In the 
aerosols, lauric acid represents over 50% of all of the fatty 
acids present. This predominance of C•_ was not noticed by 
Ketseredis et al. [1976] and by Barger and Garrett [1976]. The 
results of Quinn and Wade [1972], on the other hand, reveal a 
much higher relative level of lauric acid in the aerosol than in 
microlayer and subsurface water samples collected during the 
same cruise and confirm the present work in this respect. 
However, lauric acid is never more than 23% of the total fatty 
acids in their samples. The different results of these studies 
may arise purely from critical differences in analysis methods 
for the 1ow-MW acids such as reflux and distillation times for 

methyl esterification. 
A tempting explanation of the increased abundance of the 

1ow-MW acid C!•_ in the aerosol compared to the aqueous 
phase is that such low-MW acids (e.g., C•_ and C•n) are trans- 
ported to the microlayer as rapidly as the other heavier acids 
but rapidly evaporate from the surface owing to their greater 
volatility and later condense onto aerosol particles in the at- 
mosphere. The concentration of fatty acid lipids in the marine 
aerosol and in the microlayer for such a hypothetical trans- 
port scheme would therefore result from a balance of fluxes in 
and out. In particular for the aerosol, fatty acids could arise 
both from the evaporation and condensation on aerosol parti- 
cles as well as from the production by bubble bursting in the 
microlayer of an aerosol enriched in fatty acids. Thus the rela- 
tive amounts of different acids may vary with chain length in 
a way quite different from that in the aqueous phase. 

It is difficult to model the evaporation of the fatty lipids 
from the sea surface because the exact esterified forms of the 

acids are not known. The approximate ratios of the equilib- 
rium vapor pressures of C•2, C•4, C,6, and C!8 free acids are 
10: 4: 2.5: 1, while for the more volatile methyl esters the vapor 

According to the evaporative flux model of Brimblecombe 
and Hunter [1977], which has been applied to volatile organic 
species such as DDT, the steady state concentration of evapo- 
rated material in the aerosol after condensation will be pro- 
portional to the equilibrium vapor pressure. If therefore the 
evaporating species in seawater is the free acid (after hydroly- 
sis of esters), we might expect approximately 10/2.5 -- 4 times 
as much C•2 in the aerosol as C•6 in comparison to their rela- 
tive amounts in the water. From the data of Figure 2 it can be 
calculated that the observed ratio is only twice as great, using 
the concentrations of C•2 and C•6 in the aerosol and the dis- 
solved fraction of the microlayer (the latter seems more ap- 
propriate than total fatty acids for an evaporative model). A 
greater difference between the predicted evaporative flux of 
C!2 and C!6 free acids would be expected if the free C!2 acid 
concentration were actually much higher than the value of 
Figure 2 as a result of loss of 1ow-MW acids during analysis. 
As mentioned earlier, Garrett [1967] has experimental evi- 
dence that 1ow-MW free acids (<C•2) are important in sea- 
water and microlayer samples and are underestimated by the 
usual extraction/esterfication methods. Thus taking proper 
account of the uncertainties in such a simple explanation, it 
seems that evaporation/recondensation of light acids may ac- 
count in part for the shift in fatty acid distribution from aque- 
ous phase to the aerosol observed in the present study and 
warrants further investigation. An essential feature of any fu- 
ture work of this type and of fatty acid lipid analyses in gen- 
eral must be a comprehensive examination of recovery effi- 
ciencies as a function of chain length and esterified forms, 
especially for 1ow-MW acids. 

An approximate idea of the enrichment of fatty acid lipids 
in the aerosol which results from the above two transport 
processes from the microlayer to the atmosphere can be 
gained by calculating the aerosol enrichment factor (EF) with 
respect to Na [Duce et al., 1972]. The average aerosol Na con- 
centration in the area of the present study is -•3/•g m -3 [Buat- 
M•nard and Chesselet, 1979], which together with the aerosol 
and seawater fatty acid concentrations of Tables I and 2 in- 
dicates that the aerosol is enriched in fatty acids in relation to 
the surface water by EF • 5-9 x 104. Total sea salt and aero- 
sol fatty acid concentrations given by Barger and Garrett 
[1970] for Hawaii are consistent with this result for subsurface 
water concentrations of the order of 10-20/•g 1 -•, i.e., at the 
lower end of the range normally observed in seawater. 

CONCLUSIONS 

Fatty acid lipids, total hydrocarbons, and n alkanes are en- 
riched in the surface microlayer of the eastern tropical Atlan- 
tic in agreement with numerous other studies. The fatty acids 
have an obvious origin in planktonic lipid material, and, while 
this is also the probable type of source for the aqueous phase 
hydrocarbons and n alkanes as well, input of anthropogenic 
hydrocarbons with a regular n alkanes series is also partly 
consistent with the distribution patterns found. The aerosol 
has a distinctly different pattern of total hydrocarbons that 
closely resembles typical petroleum materials such as tar balls. 
This and the close similarity in composition of the different 
aerosol samples appear to provide evidence for long-range 
transport of anthropogenic hydrocarbons in the major gase- 

pressures of the C•2, C!4, and C!6 esters are in the ratios of ous form followed by gas-to-particle conversion in the atmo- 
10:2.5:1 [Schlessinger, 1971]. Little appears to be known of sphere. The aerosols are completely different in n alkane and 
the vapor pressure of triglyceride esters, but they are clearly hydrocarbon distribution from large-particle, aeolian dust 
less volatile than the two forms already mentioned. samples collected in the area of the present study by other 



MARTY ET AL.: MARINE AEROSOL COMPOSITION 5715 

workers [Simoneit, 1977]. This difference also appears consis- 
tent with tile gas-to-particle conversion process, which should 
place the Cbndensed hydrocarbon species into the small-par- 
ticle end of the aerosol size spectrum, as is observed for aero- 
sol OC [Duce, 1978]. 

The pattern of fatty acid lipids in the aerosol does resemble, 
however, the planktonic distribution found in the aqueous 
subsurface and microlayer samples except for one striking and 
important difference. Low-MW acids, in particular lauric or 
dodecanoic acid C•2, become important constituents of the 
aerosol. Crude model calculations suggest that the volatility 
differences between subsequent members of the homologous 
series of free fatty acids are sufficient to account for this rela- 
tive fractionation simply by evaporation from the microlayer 
of 1ow-MW free fatty acids. This proposed mechanism is 
thought to be superimposed on transport of microlayer mate- 
rial to the atmosphere as a result of bubble bursting [MacIn- 
tyre, 1968]. Owing to the experimental difficulties which 
plague analyses of 1ow-MW fatty acid lipids the evaporative 
process may be considerably more important than previously 
thought. Considerably more work will be required before the 
complex exchange processes and dynamics of the sea surface 
microlayer are properly understood. 
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