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AIR-SEA EXCHANGE: SEA SALT AND
ORGANIC MICROCOMPONENTS IN
ANTARCTIC SNOW

R. CINI, N. DEGLI INNOCENTI, G. LOGLIO, C. OPPO*,
G. ORLANDI, A. M. STORTINI, U. TESEI and R. UDISTI*

Laboratorio di Chimica Fisica Tecnica, Dipartimento di Chimica Organica “Ugo
Schiff”’, Via Gino Capponi n.9, 50121, Firenze, Italy; *Dipartimento di Sanita Pubblica,
Epidemiologia e Chimica Analitica Ambientale, Sezione Chimica Analitica, Via Gino
Capponi n.9, 50121, Firenze, Italy

(Received, 28 November 1994; in final form, 27 July 1995)

A characterization of surface active fluorescent organic matter (SAFOM) in Antarctic snow is carried out. Its
Fulvic Acids (FA) nature is confirmed. Its enrichment in the smallest aerosol particles is shown.

A tentative explanation of the presence of both natural and man-made organic microcomponents (SAFOM-
interacting) is given in terms of marine aerosol transport. Their enrichment ratio appears of the same order as
that of SAFOM, and their presence in the atmospheric particulate of marine origin supports the hypothesis on
the transport of microcomponents in Antarctica “via marine aerosol”.

KEY WORDS: Antarctic snow, air-sea interaction, marine aerosol, humic components, biogeochemical
fractionation, pollutants.

INTRODUCTION

The long range transport of pollutants in remote areas via an “atmospheric path” is of
increasing interest and so the object of many recent studies. The first results from the
SEAREX project' evidenced the importance of the air-sea interaction in long range
transport phenomena and showed how, for large areas, in the northern hemisphere the
vapour phase appears to be the main state for most organics. These studies covered a vast
area, including the Arctic and equatorial regions (Pacific Ocean)'. Evidence of long
range transport of organic pollutants in Arctic regions, in the vapour state has also been
shown recently”™.

On the other hand, marine aerosol is now seen as one of the most important sources of
atmospheric particles on a global scale"’ that highly contributes to the nucleating
phenomena of clouds and atmospheric precipitations’.

Theoretical®, laboratory™ and field studies''™" have shown that the surface active
matter and all those components able to interact with surfactants (both of natural and
synthetic origin), are involved in the marine microlayer, in aerosol formation and in
transport processes. The enrichment of such matter can reach many orders of magnitude

with respect to its concentration in marine bulk water'*".

15
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Antarctica, owing to its geographical situation, constitutes a site where the oceanic
impact on the continent can be realized. Therefore, studies regarding the formation and
transport phenomena of marine aerosol appear particularly attractive.

The evaluation of the organic matter as responsible for the association of other
microcomponents in marine aerosol requires, in a first instance, an accurate analysis of
its nature. The properties and the ability of the organic matter to distribute in particles of
marine aerosol of different sizes must be studied in such conditions that the influence of
other factors (i.e. mixing with aerosols of other nature and atmospheric chemistry
effects) is reduced. These conditions are reached for rough sea with high coverage of
whitecaps. Therefore, Antarctic salt storms', together with marine snow precipitations,
represent the most favourable conditions. As a consequence, coastal Antarctic snow
collected at different heights above sea-level represents interesting sample.

In addition, the study of the transport of pollutants toward Antarctica appears very
important to ascertain the increase of certain contaminants in the southern hemisphere.
According to us, the organic matter present in marine aerosol could be an important
vehicle. This last aspect, that up to now has been largely underestimated, will be
particularly addressed in this paper.

In previous studies™'* ", we have shown that surface active fluorescent organic matter
(SAFOM) associated to marine aerosol is present in Antarctic snow. Further
confirmation of the large presence of SAFOM in snow (for a major part of fulvic acid
nature) could give an explanation for the anomalous excess of minor components in the
Antarctic marine aerosol. The organic microcomponents interaction with SAFOM is
considered here.

First of all, we characterize the SAFOM present in the snow by analysing a large
sample and we discuss it in connection with the characterization of the samples collected
in previous campaigns. Second, we try to evaluate the enrichment of natural and
anthropogenic organics in the aerosol, using the sea salt as internal reference, in order to
compare organics enrichment in the aerosol with the enrichment found for the SAFOM.
Our aim is to verify if the hypothesis of transport of these organics by marine aerosol is
correct.

EXPERIMENTAL

Sampling sites of snow and marine water

In the 1991/92 Italian Antarctic Campaign the sampling site for the surface snow was
Mt. Melbourne (Lat. 74° 26' S, Long. 164° 45' E) at 1130 m above sea-level. In the same
campaign seawater was sampled in a coastal station named “Faraglioni” near the Italian
base in Terra Nova Bay.

In the 1990/91 Italian Antarctic Campaign, coastal water samples were taken during a
short cruise of the “Cariboo” oceanographic ship in Terra Nova Bay (January, 13 1991).
The coordinates of the sampling sites are given elsewhere'.

Sampling and conservation technique

Snow. The surface snow (30 dm’) was sampled by means of a Teflon blade. The
present study included the analysis of a very large sample (60 dm’) of surface snow



20:47 17 January 2011

Downl oaded At:

AIR-SEA EXCHANGE 17

(5-8 cm depth) which should be referred to one of the last (spring/summer-beginning
1991) snow precipitations. The large sampling area could bring to an integration of the
possible deposition differences of the surface marine salt that could occur in presence of
a typical “salt storm” condition. The large sample permitted also further improvements in
the treatment techniques employed for its final characterization.

Seawater.  After the sampling, the water was stored in clean polyethylene containers
and fast frozen to —70°C. The storage temperature was —30°C. The sampli 5g and
conservation techniques of the samples were described in detail in previous papers

Procedures performed on the samples

On seawater and melted snow samples, we performed the non-foaming gas-bubble
enrichment process as previously described”. This process mimics the first step of the
natural aerosolization process taking place in the sea. As a result, we obtain two
fractions: the enriched and the depleted fraction. The depleted fraction is given by the
water remaining in the gas-bubble enrichment column after the process. This water is
consequently “depleted” in its surface active components. The two fractions (enriched
and depleted) and the untreated water, are then filtered in a Sartorius apparatus on a
0.45 pm Nuclepore membrane.

Measurement techniques

. . 25.15-18
The measurement techniques and apparatus have been described elsewhere™ ">,

Fluorescence spectra. Emission and synchronous spectra were scanned with a Perkin
Elmer Fluorescence Spectrophotometer (mod. LS- 50B) The intensity values for the
emission spectra were normalised using the formula':

L=1,/1 100

Raman
Where [ denotes the normalised intensity, I, the maximum intensity, I, .. the Raman
scattering peak intensity.

FT-IR. FT-IR spectra were recorded on freeze-dried sample as previously described".
The IR apparatus was a Bio-Rad FTP 40-PC.

Dynamic surface tension. The surface dilatational and thermodynamic properties were
evaluated by surface rheology measurements performed w1th the Time Resolved Surface
Viscoelastometer (TRSV) apparatus as previously described™

Weighing procedures. After the filtering operations, performed with a Nuclepore
0.45 um filter, the filter membranes were dried and then weighed under vacuum with a
Cahn 2000 ultramicrobalance with the procedures described elsewhere

Turbidiry. Turbidimetric measurements were performed with a Hach Double Beam
Turbidimeter (mod. 2100).
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Ion chromatography. The determination of Cl and Na concentration was performed by
ion chromatography with the techniques described by Piccardi et al.”

Other parameters

From the dry mass data, the following parameters were calculated:

~ suspended matter concentration (PM);

— mass balance percent excess (MB%) of the particulated matter, in non-foaming gas-
bubble enrichment process, which can be expressed as follows'®:

MB% = {[(PDM, + PDM,) - PDM,, ]/PDM_ } x 100

unt. unt

where PDM, denotes the dry mass (under vacuum at 20°C) of the particulated matter
obtained by filtration of the enriched fraction of the sample, PDM, the dry mass of the
particulated matter in the depleted fraction of the sample and PDM,, the dry mass of the
particulated matter in the untreated sample (all masses are referred to the whole fractions
of the sample).

The surface rheological properties were expressed by:
the limit surface elastic modulus €, = dy/dlogl’,

where vy = surface tension, I' = surface concentration excess;
and the characteristic frequency w, = (dc/dT’)’ D/2,
where ¢ = bulk concentration and D = diffusion coefficient.

From the fluorescence and Cl concentration data, the enrichment ratio (F,) with
respect to the seawater (sw) composition was calculated. As pointed out elsewhere’, the
enrichment ratio is expressed as: F, =(,,,../Cl .. Y{dn_/CL,).

RESULTS AND DISCUSSION

Characterization of the surface active fluorescent organic matter (SAFOM) present in
Antarctic snow

Fluorescence spectra. Marine humic substances show (in the range 320-580 nm) an
emission spectra characterised by a large fluorescence band (350450 nm), when they
are excited with near UV light (308 nm)”. As the emission spectra show frequently very
broad bands, in order to get further information, synchronous scan spectra®” are widely
used. In Figure 1 are reported respectively the synchronous scan fluorescence spectra
obtained with a AA of 20 nm, for the marine Antarctic water, and for the enriched
fraction 5(2)6f the melted snow. These spectra show similar features to those previously
reported™”.
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Figure 1 Synchronous scan spectra of the enriched fraction of the snow sampled at Mt. Melbourne station,
and of surface Antarctic seawater sampled in station 46 (campaign 1990-91).

FT-IR spectra. In Figure 2 are reported respectively (a) the infrared spectra of marine
fulvic acids (FA) extracted from the above reported sea surface water, and (b) the
infrared spectra of the enriched melted snow after lyophilization. Because the
lyophilization was done on the gas-bubble enriched fraction'*'®, a substantially larger
mass of organic matter with respect to the saline component was obtained in the samples.
In this case, the interference of SO,” is lower than that in the previous spectra’.

The comparison is done between a class of extracted compounds (FA) and the
enriched fraction of all those organic substances, present in the snow, which include fatty
acids and lipids in general (collected and selected principally because of their surfactant
properties and molecular weight). Notwithstanding these limitations, the similarity
appears well pronounced also for IR spectra. This strongly suggests the fulvic acid nature
for a large part of the organics in the present sample, selected by the non-foaming gas-
bubble extraction process”. The extraction and the separation of FA on a large sample
(about 1 m’) of Antarctic snow, collected during the 1993-94 campaign®, confirm the
above reported findings.

From the inspection of the IR spectra reported in Figure 2, independently from the
interference of the SO,” group, we cannot exclude the presence, in the enriched melted
snow, of other surface active components which can have important additional role in the
interaction and transport via “marine aerosol” of some particular components.
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Figure 2 IR spectra of marine FA extracted from Antarctic surface seawater (campaign 1990-91) (a);
enriched and lyophilised melted snow (same campaign) (b).
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Characteristics of SAFOM and physico-chemical properties of natural samples

As reported by Chester™, the microlayer at the air-seawater interface can be considered
as a “soup” of many components in the largest part constituted of humic substances,
polysaccharides, fatty acids, and their esters.

In the following, we will provide some data to facilitate the comparison of the
SAFOM contained in seawater and in snow sampled in different campaigns. In Table 1
are reported the physico-chemical parameters of the large snow sample (1991-92
Antarctic campaign) together with those of the samples which were considered in other
previous Antarctic campaigns™'*',

In Table 2 are reported the mean values of the same parameters for sea surface water
collected in 1990/91 both in a coastal station (6 samples), and during the “Cariboo”
cruise in Terra Nova Bay (6 samples).

Surface active nature of organic matter in natural samples. Maclntyre” and Bock and
Frew” suggest that the surface dilatational properties appear the most significant
parameter for the physico-chemical characterization of surface active matter in seawater.
As noted previously", surface dilatational properties could be able to characterise wet
and dry surfactants. Taking into account the complex composition of SAFOM, Table 1
evidences, in particular for sample 4 (1991-92), the presence of surfactants as it results
from g, and (, values. Moreover, for sample 4 the fitting of the experimental values of

Table 1 Physico-chemical properties of Antarctic melted snow (1988-1989, 1990-1991 and 1991-1992
campaigns)

Parameter Camp. 1988-89 Camp. 1990-91 Camp. 1990-91 Camp. 1991-92
snow 1130 m snow 1130 m snow 200 m snow 1130 m
above sea-level above sea-level above sea-level above sea-level
@ @ @ @

Turbidity-NTU £ 1% 0.05 0.05 1.90 0.24

P.M. conc. mg.dm™ + 1% 0.073 0.14 1.85 0.37

MB% + 10% +91 +62 -42 -23

I, 2% (filtered) traces 6.1 37 11.1

g, mNm"' + 8% 0.2 21.0 215 20.7

o, Hz £ 3% n.d. 49x10™ S1x10* 355x%x10°

Cl conc. mg.dm™ + 1% 1.06 25 14.2 95

Sample @, @ and ® = snow, Station Mt. Melbourne (Lat. 74° 26' S, Long 164° 45' E) at 1130 m above sea-
level, Sample ® = snow, Station Carezza Lake (Lat. 74" 43' S, Long 164" 01" E) about 200 m above sea-level.

Table 2 Mean values of physico-chemical properties referred to six samples of
Antarctic surface seawater (1990-91 campaign).

Parameter Mean St. dev. N
Turbidity-NTU + 1% 0.38 0.40 12
P.M. conc. mg.dm™ + 1% 1.05 0.67 17
1 £2% 29.75 11.34 17
g, mNm™ + 8% 72.67 21.83 12

0, Hz +3% 4.81 x 107 475x% 107 12
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dilatational surface modulus to the diffusional model indicates the wet character of
soluble surfactants, in agreement with the prevalent humic nature of the SAFOM. This
aspect is reinforced by the large ®, value (@, = 0 is the characteristic frequency for an
insoluble film).

Particulated matter (PM) and mass balance (MB%). Owing to the involvement of
colloidal organic matter in the marine aerosol formation'*'®, the MB% information
constitutes an interesting characterization parameter, utilised here for the first time for
Antarctic snow. Referring to sample 4 (Table 1) it can be seen that the values of
particulate matter, turbidity and In, are the highest with respect to samples 1 and 2. The
interpretation of these data must be given in terms of seasonality, intensity and duration
of meteorological events. In this respect, the snow sample 4 is probably referred to a
“salt storm” event of stronger intensity than those occurring in samples 1 and 2. A more
intense “salt storm” with higher winds could have transported particles of larger size at
1130 m above sea-level. Therefore, the negative mass balance excess (MB%) obtained in
the non-foaming gas-bubble enrichment process should indicate that the sample was
subjected to a lower ox1dat1ng UV action' as a consequence of the larger partlcle
dimensions. This hypothesis is in agreement with the previous mterpretatnon given for
sample 3 on the fluorescence enrichment and its negative MB%'®. We may also observe
that this finding is in line with particulated matter selection predicted according to the
proposed models of MaclIntyre and Blanchard™® for the particles of greater dimensions.

Parameters related with transport phenomena: the fluorescent surfactants enrichment

The enrichment ratio F, of SAFOM for sample 4 (Table 1) was found to be 1.3 x 107,
The InSW of reference was taken the mean value of the seawater samples in all our
campaigns (1987-88, 1988-89, 1990-91) which resulted Ing,, = 10.9.

A number of studies have been reported in the literature which show experimentally
that the ratio OM/Na increase with the dimensional lowering of the marine aerosol
particles. We would like to stress the fact that the SAFOM amount increases with the
decrease of the particle diameter, as suggested by the literature for the OM/Na, of which
SAFOM makes a major part.

Hoffman and Duce’' showed that about 80% of the particulated organic carbon (POC)
was present in particles smaller than 2 pym. Barker and Zetlin® found the highest OM
concentration in the smallest sampled particles. We also recently have found similar
behaviour for the surfactant fluorescent matter (SAFOM) in samples collected at our
meteomarine station in Leghorn (Tyrrhenian sea coast). We report here the samples
collected in Leghorn for two reasons. First, the amount of material we have collected for
any sampling operation in Antarctica, was not enough to make a comparison between
different samples collected in particular weather conditions for different known particles
dimensions. Second, we can consider the dependence of the SAFOM amount on the
particles diameter during the enrichment and the aerosolization processes, as well as
during the long range transport phenomena.

In Figure 3a are reported typical results for a marine aerosol integrated sample,
sampled in rough sea conditions, with inland winds (185°-270" direction and speed >
6 m/s). An Andersen high volume sampler MP 1000 equipped with a Sierra 235 five
stage impactor used in the standard flux, piloted with an intelligent meteorological
trigger”’ permitted to reach a final volume of 12700 dm’ comprehensive of many stormy
events. Above each histogram column the Na concentrations, are reported, for the
corresponding particle dimension. In Figure 3b are reported the corresponding F, vs.



20:47 17 January 2011

Downl oaded At:

AIR-SEA EXCHANGE 23

70

= 60

5

Q

E 50

E

§.§5 40

£%

£55

3

§ 2

=}

=

= 10
0

0.1225 0.49 0.95 1.5 3 7.2
Particle diameter (um)
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particle diameter values, referred to the mean fluorescence intensity of the seawater
samples collected in the same period.

These results, in first instance, evidence for the SAFOM a well defined increase, with
the dimensional decrease of the aerosol particles. Therefore, they reinforce the
interpretation on our previous findings on Antarctic snow SAFOM F. in terms of the
dimensional selection of the particles due to the altitude effect. They also appear in
agreement with our hypothesis that, for our last Antarctic snow sample, a strongest salt
storm, should be responsible of particles injection with higher size particles. No direct
comparison with Fr of Leghorn SAFOM with that present in Antarctic snow is possible,
because the complex mixtures of components that form the adsorption microlayer of the
two places are expected different. A further interpretation of the increasing SAFOM Fr
with the dimensional lowering of particles will be reported in a work in preparation.

It is necessary here to recall the characteristics of humic substances and the
characteristics of the sea microlayer™ which are strictly correlated to some aspects of the
aerosolization process™.

As reported by Hunter and Liss™ the dissolved organic carbon (DOC) in seawater is a
fraction up to 20% of the total organic carbon (TOC) and consists for the most part, of
surface active species much as planctonic lipids and proteinaceous materials. Stuemer
and Harvey” isolated the humic substances from marine water and concluded that they
constitute the most important contributor of film forming substances at the air-sea
interface. Therefore, the air-sea interface -i.e. the marine microlayer- and the new
interface originated by the breaking waves events, undergo an enrichment of the above
mentioned “soup” of SAFOM®, together with interacting microcomponents as natural
and synthetic organic compounds, transition metals, and microorganisms®, both in the
dissolved and in the aggregate state®. The whole phenomena are well represented by the
proposed scheme of Lion and Leckie®.

Transport of organic microcomponents into the snow

In a previous work'’, it was evidenced the transport of many natural and synthetic
organic components, with aerosolization experiments in laboratory, both on artificial and
natural seawater samples. The presence in dissolved state of SAFOM was always
detected together with other organics transferred from seawater to air. The presence of
particulated matter depressed the transfer efficiency. Moreover, for some organics the
partition between bulk water, aerosol spray, and surrounding atmosphere, subsequent to
the non-foaming gas-bubble process, was evaluated in relation with their vapour
pressure.

Desideri et al. reported the concentration of many classes of natural and
anthropogenic organic compounds in surface Antarctic water, ice pack and coastal snow.

The question arises if the organic products are present in Antarctic snow as a result of
direct transport together with marine aerosol or of their vapour scavenging from the
atmosphere by the snow precipitations.

37-39

Transport of organics in Antarctic snow. To check this point we evaluated the
enrichment ratio F, for four typical products. The selection of the organic compounds
was done considering both natural and anthropogenic materials and their behaviour with
respect to their surface physico-chemical properties and to their interactions with fulvic
acids. Three stations were considered in two different campaigns, respectively: campaign
1987-88 for the Campbell Glacier (920 m above sea-level) and Mt. Crummer (900 m
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above sea-level) stations™; and campaign 1990-91 for Mt. Melbourne (1130 m above
sea-level) station. The concentrations of the considered organic compounds in surface
seawater were referred to the same campaign for the first two stations®. For the Mt.
Melbourne station the enrichments on the snow samples were calculated, in a first
approximation, referring to the concentration of the same compounds in seawater
sampled in the 1988-89 campaign by the same authors”. The average values of Cl
seawater concentration are taken from the literature®.

In Tables 3a and 3b are reported the concentrations both in the melted snow and in the
surface seawater for the above mentioned stations. In Table 3c are reported the
enrichment ratios F, as previously defined. Notwithstanding, the above mentioned
limitations, the mean values for the snow sampled in the two campaigns appear
consistent with those expected for organics interacting with marine aerosol, and with the
SAFOM F, found in Antarctic snow.

Table 3 Concentrations and enrichment ratios (F) of selected organics in Antarctic snow and seawater
(in ng/dm") (from the data of Desideri ef al."")

(a)
Mt. Crummer Campbell Glacier Seawater
900 m 920'm mean values
above sea-level above sea-level 1987-88
(1) C-31 b.d.l 56 330
(2) Squalene - - -
(3) Di-iso-butyl-phthalate 102 126 203
(4) Bis-2-ethyl-hexyl-phthalate b.d.l 88 129
Chlorine (Piccardi et al.)? 7.36 x 10° 1.73 x 10° 1.98 x 10'°
(b)
Snow Seawater
Mt. Melbourne mean values
1990-91 1988-89
(1) C-31 37 9.30
(2) Squalene 121 221
(3) Di-iso-butyl-phthalate 61 22.1
(4) Bis-2-ethyl-hexyl-phthalate 173 51.2
Chlorine (our data)'® 9.5x 10° 1.98 x 10'®
(c)
Enrichment Mt. Melbourne Mt. Crummer Campbell Glacier
ratio 1990-91 1987-88 1987-88
F (1) 8.2x10° 4.03x10* 2x10°
F (2) 8.6 x 10° - -
F (3) 6x10 1.3x10° 7x10°
F (4) 7x10° - 7.8x10°

b.d.l.—Below detection limits
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The presence of anthropogenic components in Antarctic aerosol of marine origin. The
recent finding on the Antarctic atmospheric particulates collected by Ciccioli ef al.”'
show that samples collected prevalently from marine air masses are particularly enriched
in organics, including phthalates, that, for their phdysico-chemical properties, are well
involved in the process of marine aerosol formation'. The authors evidence that many of
synthetic organics found in their atmospheric particulate samples are the same as those
found in marine Antarctic water, ice pack, and snow” . Taking into account the
predicted interactions of these compound with humic substances, and their F, values
found in the snow, these results further support the hypothesis that during the “salt
storms”, many organic compounds present in surface seawater are associated to marine
aerosol, both as a result of their surface properties and of their interaction with SAFOM.
Therefore, a large part of those synthetic organic compounds found by Desideri et al.”” in
Antarctic snow should be prevalently associated with the marine aerosol transport, as
also our recent laboratory experiments showed .

These results could be considered of particular relevance because they are referred to
the Antarctic summer period in which the maximum concentration at the vapour state of
organic compounds is to be expected.

CONCLUDING REMARKS

The presence in Antarctic snow of fluorescent surface active matter of marine origin is
confirmed. The fulvic acids (FA) nature of this matter reinforces its role in the transport
phenomena via “marine aerosol” in Antarctica.

The presence of some organic pollutants in Antarctic snow could therefore be
explained in terms of transport via this “marine aerosol”. The support to this last
conclusion is given by the enrichment ratio values here reported, in agreement with those
found by measurements of surface active fluorescent organic matter (SAFOM) of fulvic
acid nature in Antarctic snow at similar altitude on the sea-level and laboratory
experiments following the marine aerosol formation models of MacIntyre and Blanchard.
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