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ABSTRACT

Atmospheric aerosols were sampled continuously from December 1 985 to December 1993 at the Brazilian
Antarctic Station "Comandante Ferraz"(62'05'S; 58'23.5'W). Stacked filter units fitted with 10 pm inlets

were used to collect a total of 301 samples in the fine and coarse particle-dize modos. The concenüations of
23 elements with atomic number greater than 10 were measured by Particle-lnduced-X-ray Emission

analysis. Average aerosol mass concentrations during summertime were 3.78 Fg m'' and 6.52 Fg m'', Hme

and coarse particle-dize modos respectively, whereas during wintertime they were 2.92 Fg m ' and 5.04 Hg
m'J, cine and coarse particle-dize modos. The non-sea-salt sulfur concentration in the Hlne paiticle-size
made showed clear seasonality. Non-sea-salt sulfate concentration averages on 440 ng m;' during summer
and 157 ng m'3 during wintertime. Principal factor analyses identified four different topes of antarctic
aerosols: sea-salt in the coarse and fine particle-dize modos, soil dust and sulfatos. The concentration of
some ü'ace elements like Ni, Pb and oüers appeared too high, indicating the existente of sources of re-
giona! or long-range transported pollution in the Antarctic Península.
Key words: Antarctic, aerosol particles, atmospheric monitoring, global change.

INTRODUCTION The Antarctic continent is situated far ítom

important sources of anthropogenic pollution and
se it is an ideal site to assess the trends of the con-

centration of severas trace elements, both region-
ally and globally, by the means of long temi
studies. There have been several previous works on
atmospheric aerosol particles in Antarctic or sub-
Antarctic regions(Artaxo ef aZ., 1990; Bodhaine ef
aZ., 1986; Maenhaut ef aZ., 1979; Tuncel ef a/.,
1989; Wagenbach e/ aZ., 1988; Zoller ef aZ., 1974).
Several of these studies were cam.ed out at the
geographic South Polo. It is important to collect at-
mospheric aerosol data over sites at the edge of the
Antarctic continent, as they are needed to sum up
with previous resulta in order to improve the un-

The importance of atmospheric aerosols con-

ceming global climate changes, radiation budget
and biogeochemical cycles have been recognized
recently. They can exert direct eHects on climate
due to their properties on absorbing or scattering

the sunlight radiation. The aerosol particles can
algo affect the atmospheric radiation balance acting
as cloud condensation nuclei, modifying cloud ra-

diative properties and cloud lifetimes (Charlson ef
aZ., 1992).
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derstanding of the overall processos which take
plane in the Antarctic atmosphere. The Antarctic
Península is an adequate site to study the proper-
ties of marina aerosol particles, due to the sur-
rounding ocean and to its very low soil dust load
(Mészáros & Vissy, 1974; Fitzgerald, 1991).

There are.severas mechanisms responsible for

the production of marina aerosols(Andreae ef al. ,
1986). Of special contem is the sulfur cycle (Toon
ef aZ., 1987) and the signiHlcant excess sulfato ob-
served over marina regions, due to optical proper-
ties which can influente the radiation budget and
also to the possibility of these particles to act as
cloud condensation nuclei(SchwaHZ, 1988; Savoie
ef aZ., 1989). Sulfur-bearing particles consist in the
vast majority of sulfatos. They are produced by
several mechanisms of heterogeneous sulfur con-
version, including oxidation of DMS(dimethyl
sulülde) produced by biogenic processos.

Part of the excess sulfur observed over remate

ocean áreas can algo be explained by heterogene-
ous sulfur conversion in sea-salt particles and
within cloud droplets (Sievering ef aZ., 1991),
whereas in-cloud processos could be responsible
for the production mechanisms of CaSOs particles
(Andreae er aZ., 1986).

Harvie ef aZ. (1980) report on a hydrologic
modal about the expected sequente of mineral
compounds to be fomled on the evaporation of
sea-water. This aüords a pathway for mineral crys
tais to be released to the atmosphere dpring the
evaporation of sea-water droplets formed ítom the
bubble bursting process. In addition, many studies
report the enrichment of heavy metais .at the air-sea
interface (Weisel ef aZ., 1984; Arimoto ef aZ., 1990;
Zhou ef aZ., 1990). Besides to long-range transport
of anthropogenic aerosols, bi(igenic agente may be
responsible for part of these enrichments. Among
the suggested processos are low-temperature vola-
tilization processes such as biological methylation,
emissions from planta (Cattell & Scott, 1978) and

metabolization of heavy metais at the sea-air inter-
face by bacteria, phytoplankton and zooplankton
(Duce ef aZ., 1972).

This work reports on measurements made in

the cine(dp < 2.0 pm, where dp is the aerodynamlc

diameter of the particle) and coarse(2.0 Fm < dp <
10 Fm) panicle-size modos of atmospheric aerosol
particles collected continuously from December
1985 to December 1993 at the Antarctic Península.
There were clear seasonal variabilities for severas
elements. The elemental concentrations were
measured by Particle-lnduced X-Ray Emission
(PIXE) and the data sets obtained were examined
by stepwise multiple regression, non-hierarchical
cluster analysis and principal factor analysis
(PFA).

collection time per stacked filter unit sample varied
between 5 to 8 days.

regressed against the variability of all the other
variables(í.e. the concentrations of the remaining
elemento in all samples measured). Only the inde-
pendent variables which are statistically signinicant
at a confidente levei of 95%n are considered for

these regressions. If a speciülc sample shows dif-
ferences greater than 3a between the measured and
predicted concentrations this sample will be dou-
ble-checked for contamination or analytical prob-
lema.

After the check for outliers some variables

had their missing values estimated. For these cal-
culations vaíiables with less than 8qo of missing
values were considered, but only one vaJ.iable in
this range presented more than 5qü of missing val-
ues, out of a total of 21 variables. This variable

was Sr in the fine paúicle-size made, which pre-
sented near 8% of missing values.

GRAVIMETRIC ANALYSIS

'rbe fine and coarse particle-size fractions of
aerosol mass concentrations were obtained by
gravimetric analysis of the Êllters, which were
weighed before and after samphng in an electronic
microbalance with l Fg sensitivity. Before weigh-
ing, the filters were eqüilibrated for 24 hours at
50qo relative humidity and 20'C. Elçctrostatic
charges were controlled by means of '"'Po radio-
activo sources. The detection limit for the aerosol

mass concentration is typically 0.3 Fg m'' and the
precision is estimated at about 15%. The coarse
particle-dize modo aerosol mass concentration is
named CPM, whereas the fine particle-size made
aerosol mass concentration is named FPM.

EXPERIMENTAL PROCEDURE

SAMPLD{G SITE AND PROCEDU]IES

The sampling station is located at the Brazil-
ian Antarctic Station "Comandante Ferraz'

(62'05'S; 58'23.5'W), in the King George lsland,
on the Admiral Bay, Antarctic Península. The sam-

pling site is upwind from local sources, at about l
km from the main station, and it is located at about

300m from the sea coast. The station was operated
continuously from December 1985 to December
1993, including during the winter season.

Aerosol particles were collected with stacked
filter units(Parker ef aZ., 1977) making a total of
301 samples in the cine and coarse particle-size
modem. Particles in the coarse particle-size modo

(2.0 Fm < dp < 10 Fm) were sampled on a 47-mm-

diameter, 8 Fm pare-size apiezon-coated Hllter,

while a 0.4 Fm pare-dize Hllter collected the parti-
cles in the fine particle-size made(dp < 2.0 Fm).
Tbe flow rate was 10 to 161 min'" which resulted
in 50% cut-o# diameter between fine and coarse
particle-size õactions of about 2.0 Fm. The stacked
filter units were fitted with a specially designed in-
let which provided a 50qü cut-off diameter of lO

»m. Air volumes were measured with calibrated

gas meters with a precision of about 5qo. The
stacked 6llter units were loaded with the filters in
our São Paulo clean zoom laboratory, transported
in a sealed container, and hand-cal.üed éter the
sampling. Blank filters received the same handling
as exposed filters before and ater sampling. The

PRWCIPAI. FACTOR ANALYSIS(PFA)
ELEMENTAL CONCENTRATION MEASUREMENT

The use of receptor models for the determina-
tion of the elemental composition of paíticulate
manter sources is a technique widely employed
(Gordon, 1988; Artaxo & Orsini, 1987). With the
principal factor analysis procedure(Hamian, 1976)
it is possible to build a qualitativo source proHile
using the measured elementar concentrations.

To avoid scalling effects the original concen-
tration data are nomialised se that each variable
(element) presents a concentration mean vague of 0
and a standmd deviation of 1. A modal of the vari-
ability of the traje element concentration is con-
structed se that the set of interconelated variables
is transformed into a set of independent, uncorre-
lated variables. This is dono by finding the eigen-
values and eigenvectors of the correlation matrix.
The most prominent eigenvectors(factors) are re-
tained and orthogonally rotated by a VARIMAX
rotation. The resulting "factor-loading" mata.ix rep-
resents the correlations between the traje elements

and each orthogonal factor. Also "factor scores"
are calculated and they indicate the relativo impor-
tante of each factor for the individual samples. The
set of elements which better correlate with each
factor in the rotated factor loading matrix help to
identify the factors.

The elemental concentrations were measured

by PIXE (Johansson & Campbe11, 1988). The sam
pies were iiradiated by a 2.4 MeV proton beam,
supplied by the isochronous cyclotron of the Uni-
versity of Gent (Maenhaut ef aZ., 1981, 1987;
Maenhaut & Raemdonck, 1984). The following 23
elemento were detected in the samples: Na, Mg, AI,

Si, P, S, CI, K, Ca, Ti, V. Cr, Mn, Fe, Ni, Cu, Zn,
Se, B]., Rb, Sr, Zr and Pb. The detection limit was
typically 5 ng m'3 for elemento with Z < 20, and
0.1 ng m'3 for 21 < Z < 30. The precision of the
PIXE analysis was better than 3qu for the major
elemento and about 10% for elemento with concen-
trations nea' the detection limit.B

STATISTICAL PROCEDURES

STEPWISE MULTWLE REGRESSION

The data sets of the elemental concentrations

measured by PIXE were validated by screening the
data for outliers with the method of stepwise multi-

ple regression. In this approach the variability of
the dependent variable, which is the concentration
of a given element in all the samples measured, is
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NON HmRARCHICAI, CI.USTER ANAL.YSIS from October 1st (274th Julian day) to March 31st
(90ü Julian day), whereas winte].time is comprised
between April 1st and September 30th.

There is a strong dominante of sea-sait ele
ments in the fine particle-size modo aerosol. Most
of the e]ements usua]]y associated with soir dust
particles show very low concentrations. The con-
centrations of some traje elements which could be

associated with anthropogenic activities (e.g. Cr,
Ni, Cu and Pb) appear low and are aHected by re-
gional contributions, since in the region there are
transport vehicles and equipments, like diesel gen-
erators, that contribute with high emission rates for
these elements(Boutron & Mola, 1989).

Table ll shows the average elemental concen-
trations in the coarse paíücle-dize mode. Similarly
to the fine particle-dize üaction, the sea-salt ele-
ments present concenüations that prevail upon the
remaining ones. In both the fine and coarse parti
cle-dize modos there is a seasonality of the average
concentrations, with most of the summertime aver-

ages greater than the wintertime ones.
There are relatively few works reporting ele

mental concentrations in aerosols collected on

coastal sites in Antárctica. The comparisons are not
easy to perform, lince the measurements are made
with different techniques and sampling equip-
ments. In the work of Lawson & Wlnchester

(1978, 1979) the sulfur concentration in the ülne
particle-size made on the southem tip of Souto
America was measured in the range of 52 to 98 ng
m'3. The yearly average of 79.5 ng m'3 in this
work falls within this range, with wintertime aver-
age of 51.9 ng m'' near the lower limit and the
summertime average of 125 ng m'' somewhat
above the higher limit. Tn Samba (14'S; 1 70.5'W)
the same authors report 60 ng m'' for the sulfur in
the fine pallicle-dize mode and 87 ng m'' in the
coarse pajlicle-size made. The measured winter-
time fine and coarse particle-dize modos averages
are near these values. Savoie & Prospero (1989)
report concentrations of non-sea-salt sulfato rang-
ing from 220 to 400 ng m'' at various remoto sites
on South PaciHic. Tbe resulta in this work are cear

that range: assuming all sulftlr to be in the form of
sulfates, the yearly average concentration of non-
sea-sala sulfato was estimated at 263 ng m'', with

TABLEI
Average elemental concentrations for fine mode antarctic aerosol. '

[n non-hierarchica] c]uster ana]ysis the sam-
ples are grouped on the bases of their similarities
conceming the elemental concentrations(Hopke,
1991). The more two samples are considered simi-
lar, the more they are likely to be composed of par-
ticles õ.om thesame source. This analysis provides
an altemative way to assess qualitatively the
sources of the aerosol. It is a procedure inde-
pendent of the PFA, based entirely on geometrical
considerations and in general the agreement be-
tween the two techniques on the identiHled aerosol
sources is expected to be satisfactory.

Each sample in the &atabase can be viewed as
a point in the space spanned by the n variables
whose concentrations are detemlined. Therefore
two "near" points in that n-raid space correspond
to two samples with similar concentrations of the
measured elemento. The two nearest points are
grouped in one single cluster and the analysis is re
peated again to the remaining n-l objecto. The dis-
tance is calculated as the quadratic Euclidean
distante between the points and the Ward's errar
sum method is used for the calculation of the dis
tances between newly formed groups and the re-
maining samples or clusters(Massas & Kaufman,
1983). Altematively it is also possible to group the
variables(l.e. the elemental concentrations) in the
space spanned by the N samples (Hopke, 1991).

Element

Na

Mg
AI
si
S
CI
K
Ca
Ti
Cr
Mn

Fe
Ni

Zn

Se

Br
Rb
Sr

NSS S(3)
FPM(4)

All samples
Concentration

(ng m'3)

Wintertime(2)

Concentraüon
(ng m'3)

301

301

100

72

301

301

301

301

45
37

90

240

18

123

32

85

301

9

301

301

301

188

188

44
188

188

188

188

28

27

64
144

13

76

183

14

34

188

7

188

188

188

(i)Only the concentrations above the detection limits were used in calculating the averages. t
(2)Summertime: averages of concentrations on samplers collected between October 1st and March 31s'

Wintertime: averages of concentrations on samples collected between April 1st and September 30ln. N is the
number of samples that presented concentrations abole the detection limit for each element.
(a)NSS S: non-sea-salt sulfur concentration calculated by subtracting the sea-salt sulfür concentration ftom the
total sulfur concentration using CI as the reference for sea-salt aerosol, according with data by Riley &

Chester (1971).

(4)FPM: fine particle mass concentradon, presented in Fg m
3

RESULTS

Table l shows the average elemental concen-
trations for all the samples which were above the
detection limit for the cine particle-dize made. The
non-sea-saJt sulfur concentration (NSS S) is calcu-
lated by subtracting the sea-salt sulfur õ'om the to-
tal sulfur concentration, taking CI as sea-salt
reference element, according with sea-water com-
position data from Riley & Chester (1971). The
Hlrst column shows the average concentration
measured on all samples, while the second and
third ones show the average on the samples col-
lected during austral summertime and wintertime,
respectively. In the deÊinition of the period of time
which comprises summer and wintertime it was
used the following criterion: summertime runs

V

averages of 440 ng m'3 dui.ing summertime and

157 ng m'' during wintertime.
Enrichment factors(EF) were calculated us-

ing CI as sea-salt referente element, according
with the following expression:

composition of bulk sea-water was obtained from
Riley & Chester (1971). CI was used as the refer-
ence element instead of Na due to much higher ac-

curacy in measuring CI by the PIXE method.

Figure 1 shows the calculated enrichment factors
for the samples collected during summertime and
wintertime in both fine and coarse particle-dize

modos. The elemento with EF values near l(Na,

Mg, K, Ca, Br, Sr and S) have probably a mat.ine
origin. Some elements which usually are associ-

EF(X) [C(X)/C(CI)]aerosol
[C(X)/C(CI)]sea--water

where C(X) is the concentration of the element X
in the aerosol or in the reference sea-water. The

An. Acad. orai. Ci.,(1996) (i8(Supl. l) An. Acad. ónus. CÍ., (1996) 68 (SuPI. l)
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TABLEH
Average elemental concentrations for coarse mode antarctic aerosol. l Enrichment Factor for Antarctic Aerosols

301 aerosol samples collected âom Dec. 1985 to Dec. 1993
Elemen All samples

Cot NLon

Summertime(2)

Concentration
(ng m'3)

N

IE+06

Concentration N
(ng m 3)

IE+05

Na 384 301

Mg 81.3 301

15.4AI 233

si 48.9 214

S 99.7 301

CI 1356 301
K 38.5 301

Ca 45.2 301

Ti 167

Cr 0.64 98

Mn 0.54 134

Fe l0.8 301

Ni 0.18 41

Cu 2.78
Zn 3.43 296

0.81 132

Br 5.18 301

Rb 0.72 5
0.78Sr 301

NSS S(3) 36.5 301

CPM(4) 5.59 301

(i)Only the concenüations above the detection
(2)Summertime: averages of concentrations on

188

188

14]

122

188

188

188

188

66
83

188

28

139

185

91

188

3

188

188

188

0

C
a)
E

C
LH

IE+04

IE+03

IE+02

IE+OI

IE+00

IE-OI

fine summer fine winter coarse summer[] coarse winter

l Fig. 1 Enrichment factors for 301 aerosol samples collected trem December 1985 to December 1993 in the Antarctic
Península, during summertime and wintertime in bota ülne and coarse models. CI in bulk sea-water was used as the referente
element according with composition data ítom Riley & Chester(197 1)

CPM presents nearly a summertime concentration
of 6.52 ng m'3 and 5.04 ng m'3 during wintertime.

Figure 3 shows the temporal series of the non-
sea-salt sulfür in both particle-size fractions. 'l'he
Hino particle-dize modo presents a clear seasonajity,
in accordance with other studies(Prospera ef aJ.,
1991; Wagenbach e/ aZ., 1988), while in the coarse

particle-size made this seasonality is not as clear.
Typically the non-sea-salt sulfur concentration in
the fine particle-size modo is about 94.1 ng m'' in
the summer and 25.5 ng m'3 during winter. For the
coarse particle-size modo the typical concentration
values are nearly 52.6 ng m'' during summer and
26.8 ng m'' in the winter.

The mass fraction of non-sea-salt sulfur on
the total measured sulfur was computed for both

particle-dize modes. In the cine particle-dize made
the mass âaction averages on 75% during summer-

time and on 49qo during wintertime. For the coarse
parücle-size modo the non-sea-salt sulfür accounts
for an average of 42% of the total sulfur during
summertiMe and for an average of 32% at winter-
time. The non-sea-salt sulfur in the fine particle-
size mode has a biogenic origin, whereas part of
the coarse particle-size modo can be explained by

reactions of gaseous sulfur on already existing
coarse particle-dize mode aerosol particles(one of
the pathways for heterogeneous sulfur conversion).

Three principal factor analyses of the elemen-
tal concentrations measured were perfomied: the
Hust considering all the samples collected, the sec-
ond with only the samples collected during sum-
mertime and the third with the samples collected
during wintertime. In these three analyses, concen-
trations of Hlne and coarse particle-size modos were
included. Elements which could be associated with

local pollution sources, such as Pb and Cu, were
not used in the analyses. In all three cases, tour
factors were retained, and they explained near 86qo
to 89qo of the data variability.

Table HI shows the factor loading matrix after
the VARIMAX rotation for the analysis of all the

samples, whereas Tables IV and V show the VARl-
MAX rotated factor loading maüices for the sam-

ples collected during only summer and wintertime,
respectivejy.

In Table 111, the first factor was identiHled with
the sea-salt aerosol in the coarse particle-dize modo
due to its high loadings for the elementar concen-
trations of CI, Mg, S, K, Sr, Ca, Na and Br (all in

limita were used in calculating the averages.
samp[ers co]]ected between October 1st and Marca 3] st.

Wintertime: averages of concentrations on samples collected between April 1st and September 30th. N is the
number of samples that presented concentrations above the detecüon limit for each element.

(3)NSS S: non-sea-salt sulfür concentration calculated by subüacting the sea-salt sulfur concentration ftom the
total sulfür concentration using CI as the reference for sea-salt aerosol, according with data by Riley &
Chester (1971).

l4)CPM: coarse particle mass concentration, presented in Fg m'3.

ated with soil dust aerosol(Si, Mn, Ti, Fe and AI)
are significantly enriched. Some of the remaining
elements show high EF values, similarly to the pre-
sented in other work at the South Po]e(Tunce] e/

aZ., 1 989). In addition to the local contübution, an-

other possible explanation for the presence of these

eni.iched heavy elements is long-range transport

ftom polluted áreas to Antárctica. Also, sea-water

drop[ets are enriched with heavy meta]s ]ike Zn,
Cu(Cattell & Scott, 1978) and others, by frac-

tionation mechanisms occurring at the sea-atmos-

phere interface (Harvie et a/., 1980).
Figure 2 shows the temporal series of fine and

coarse particle-dize modem of üe aerosol mass con-

centration. There is an overall little seasonality pat-

tem, although the FPM series seems to bear more

resemblance with the changing of the seasons than

the CPM series does. Typically thej:;PM concen-
tration is about 3.78 ng m'' during summertime

and 2.92 ng m'' duJ.ing wintertime, whereas the

A/z. Acad. liras. CÍ., (1996) 68 (Supl. l) An. Ac(ü. liras. Ci., (1996) 68 (Supl l)
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15
Fine particle mass concentration in Antarctic Península Non-sea-salt sulftir in the Hme made aerosol

in the Antaictjg Eç!!j01ya

E
b103
C0
g
C
g 50

0

Samples from Dec. 1985 to Dec. 1993 Samples from Dec. 1985 to Dec. 1993

20
Coarse particle mass concentration in Antarctic Península Non-sea-salt sulfiír in the coarse modo aerosol

in the Antalçtjg.Eç!!i!!!1113

a15
E
3
CElo
E
C
8C
8 5

0

Samples trem Dec. 1985 to Dec. 1993
Samples from Dec. 1985 to Dec. 1993

Fig. 3 -- Temporal series of the Hme (3bove) and coarse(below) modes of the
non-sea-sala sulfur concenüations in ng m ' for all simples coUected in the Antarctic
Península.

Fig. 2 -- Temporal series of the fine(above) and coarse(below) particle mass
concentrations in Fg m'' for all aerosol samples collected in the Antarctic Península.

the coarse particle-dize modo), and also for the
CPM. lbe second factor presented high factor
loadings for the concentrations of Ca, K, CI, Mg,
Sr, Na and Zn(all in the fine panicle-dize modo),
and also for the FPM, and se it representa the sea-
salt aerosol in the fine particle-size made. The
thild factor representa soil dust aerosol, for the

only signiHicant factor loadings were the ones cor-
responding to the Fe concentration in both particle-
size fractions. The other elements which could be

used as tracers for the aerosol provenient üom soil
dust, suco as AI, Ti and Si, could not be measured
in all samples, and thus these data were not used in

the calculations. The last factor had signiHicant

loadings only for the concentration of sulfur in the
6lne particle-size modo and, to a lesser extent, for
the FPM, showing that for this yearly average Peia
the variability of sulfur is independent of the vat.i-

ability of the sea-salt aerosol, considering the fine
particle-dize modo. Although this factor has a rela-
tively high loading of 0.52 for the FPM, the high-

est loading of 0.64 for this variable corresponds to
the second factor which is the one associated with

sea-salt aerosol in the cine particle-dize modo. The
greatest conUibution for the FPM variability comes
from the sea-salt aerosol concentration vaj'iability

in the fine particle-dize modo, followed by the sul-
fur concentration variability.

In Tables IV and V, principal factor analysis

was perfomted separately for summer and winter-
time simples. For both analyses the first factor was
identiüled with sea-salt aerosol in the coarse parti-

cle-size made and the elemental concentrations

with high loadings coincide with the ones ítom the
first factor of Table lll. In both these tables it is

possible to observe a factor corresponding to sea-
salt aerosol in the cine particle-size modo and algo
a factor due to soil dust aerosol. The important re-

sulta are the modiHications that occur in the PFA

when all the samples are analyzed together, com-

pared to the summer and wintertime samples ana-
lyzed separately: duJ.ing summertime the sulflir
concentration variability has a greater importance
for the FPM variability than the sea-salt aerosol
concentration does, regarding the fine particle-dize
modo. As we have observed, the non-sea-salt sulfur

has an average mass fraction of 75qo on the sum-
mertime Hlne particle-dize modo sulfur concentra-
tion. This implies that in the fine particle-dize

h.action during summertime, the concentration of
non-sea-salt sulfur has a vniability that tules on
the FPM variability, being of secondary impor-

An. ,{c'ad. liras. CI., (1996) 68 (Supl. l)
An. Acad. liras. Ci. (1996) 68 (SuPI l)
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TABLEHI
VARIMAX rotated factor loading matrix for the concentrations of elements

present in samples of atmospheric aerosol from the Antarctic Península
collected during both summer(1) and wintertime(1).

TABLEIV
VARIMAX rotated factor loading matrix for the concentrations of the elemento present in samples

of atmospheric aerosol from the Antarctic Península collected during summertime'".

Sea-Salt (Coarse) Sea-Salt (Fine) Soil Dust Sulfato

0.11

Element(2) Sea-Salt(Coarse) Sea-Salt(Fine) Soil Dust Sulfato

-0.03
-o.ll
D.05

-D.06
0.13
0.31

0.35
0.39

-D.07
-D.15

0.13
0.10
D.09
0.07
0.07

-0.04
0.08
0.18
0.94
0.92
0.03

0.010.270.92
-0.310.080.91
-0.070.180.90

0.140.220.87
0.170.360.86
0.200.260.86
0.170.280.85

-0.07-0.090.74
-0.250.440.65
0.160.940.15
0.130.930.23
D.130.910.32

-0.010.900.24
0.010.870.32
-0.120.870.37
0.410.62-0.21
0.920.100.02
0.90-0.030.01

0.0040.170.13
-0.090.490.16

s comnrised between October 1st and March 31st

clc
sc

CPM

MgC
CaC
STC

NaC
BTC
CaF

cw
STF

NaF

MgF
ZnF
FeC
FeF
SF

0.06
0.25
0.16
0.06

-0.03
0.01

0.20
-0.004

0.14
0.14
0.04
0.18

0.19
0.16
0.01

-D.lO
0.04
0.87

MgC
sc

CPM
KC
SrC
CaC
NaC
BTC
CaF
KF
CH
MgF
STF
NaF
FPM
ZnF
FeC
FeF

0.06
0.24
0.17

0.002
0.02

-0.007

0.29
0.19
0.11

0.12
0.01

0.14
0.14
0.20
0.52

-0.04
-D.03

0.02 IPM
(1)S..mmedime

0.72

(i)Summerüme is comprised between October 1st and March 31st, whereas wintertime runs
ftom April 1st to September 30tn.

(2)The names of the elements are followed by a letter "C" or "F" to indicate the coarse and
fine particle modem concentrations, respectively. CPM stands for coarse parücle mass
concentration, whereas FPM is the cine particle mass concentration.

(2)I'he names of the elements are followed by a letter "C" or "F" to indicate the coarse and

6me particle modos concentrations, respectively. CPM stands for coarse particle mass
concentration, whereas FPM is the Hino particle mass concentration

has a moderate loading corresponding to the sea-
salt aerosol factor in the ülne particle-size made.
Tbe resulta of the PFA agree in general with a pre-
vious work where a similar data set collected until

1988 was analyzed (Anaxo ef aZ., 1992).
Three non-hierarchical cluster analyses were

perfomied, the üirst considering all the samples
collected, while the second and third ones consid-
ering separately the summertime and the winter-
time samples, respectively. Figure 4 shows the
dendrogram of the non-hierarchical cluster analysis
including all the samples collected. In this case it
can be observed that there is a general agreement
with the identiÊied sources by the PlqA. for the game
data set. In the coarse particle-size modo, the ele-
mentar concentrations of Na, CI, Ca, Sr, K, Mg, S,
Br and also the CPM were grouped in one single

cluster, corresponding to the coarse particle-size
made sea-salt aerosol source early identiHled by the
PFA. as the Hjrst factor shown in Table 111. The some
is valid for the third factor of this table, cone-
sponding to soir dust aerosol: the elemental con-
centrations of Fe both in the Hino and coarse
particle-dize modos were clustered in one separate
group. In the fine particle-size made sea-salt com-
ponent the elemental concentrations of CI, Mg, Na,
K, Ca, and Sr were clustered together. The FPM,
Zn and S concentrations were also clustered with

the other ülne particle-size made sea-salt elements,

but they are somewhat distant. This is in accord-
ance with the relatively low loadings of these vari-
ables in die cine particle-size made sea-salt factor
calculated in the PFA. The clustering shows algo a

certain proximity between the S concentration and

lance the variability of the sea-salt aerosol concen-
tration.

During wintertime(Tab. V) and in the cine
particle-size modo, the variability of both the FPM
and the sulfur concentration(and se algo the non-
sea-salt sulfur concentration) are greatly associated

with the variability of the concentrations of ele-
ments assigned to sea-salt aerosol: the separation
observed in Tables HI and IV can not be further

distinguished. This kind of seasonality is in ac-

cordance with the conjectured biogenic origin of
the ülne particle-dize fraction of the non-sea-salt
sulfü: during summertime the biogenic activity is
maximum, the non-sea-salt sulfur concentration in

the fine particle-size modo gets on its highest val-

ues and this could a#ord for its variability to be in-
dependent from the sea-salt concentration variabil-
ity in the same particle-size modo. During
wintertime the biogenic activity is minimum and,
in the Hino particle-size mode, the average concen-
tration of the non-sea-salt sulfur is low in such a

way that its variability could be greatly influenced
by some other factors which rude over the sea-sala
concentration variability. For the PEIA of the winter
samples it was not possible to use Fe concentration

in the Hino particle-dize made, because this variable
presented too many missing values. In Table V it is

shown algo that the variability of the Zn concentra-

tion in the fine particle-size modo is independent
of the variability of the other elemento, although it

An. Acad. liras. CI., (1996) 68 (Supl. l) An. Acad. aras. Ci.,(1996) 68(SuPI. l)
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)

TABLEV
VARIMIAX rotated factor loading matrix for the concentrations of the elements present in samples

of atmospheric aerosol from the Antarctic Península collected during wintertime(1).

Non-hierarchical cluster analysis of all samples collected

C A S E 0 5 10 15 20 25
Label Num +---------+---------+---------+---------+---------+

Sea-Sala (Coarse) Sea-Salt (Fine) Soil Dust
CIF
MgF
NaF
KF
CaF
STF
SF
FPM
ZnF
E'eF
FeC
NaC
clc
CaC
STC
KC
MgC
sc
CPM
BTC

l
2

3
4
5
6

7
8
9

10
11
12
13
14
15
16
17
18
19
20

Fig. 4 Dendrogram of the non-hierarchical cluster analysis for all the samples collected. The names of
the elements are followed by a letter "F" or "C'' to indicate the fine or coarse modem. FPM stands for fine
particle mass concentration, whereas CPM is the coarse particle mass concentration.

(i)Wintertime is comprised between April 1st and September 30th.
t';The names of the elements are followed by a letter "C" or "F' to indicate the coarse and
fine particle modos concenüations, respectively. CPM stands for coarse particle mass
concentration, whereas FPM is the ülne particle mass concentration.

to sea-salt, bearing some resemblance with the PFA

where the Zn concentration appears with a consid-

erable loading in the Hino parücle-size mode sea-
salt factor.

Although the Zn concentration can easily be
a#ected by contamination, presenting an enrich-
ment factor near 104, in all three cluster analyses

performed tais variable showed some proximity of
the elements related to fine particle-size made sea-

salt aerosol, indicating that a fraction of the meas-

ured Zn can have a maíine origin.
One of the main advantages of the cluster

analysis is the qualitativo visual infomiation it can

provide compared to the PFA, where a group of
variables is assigned to just one factor and there is
little information about the relations of .diüerent

variables. In cluster analysis, instead, it is possible
to compare visually the differences between vari-

ables within a given group or to assess the behav-
ior of a variable which could possibly be
associated with more than one cluster.

CONCLUSIONS

There is a strong dominance of the sea-salt
elements in the Antarctic Península aerosol parti-
cles. The sulfur concentrations and also the non-
sea-salt sulfatos measured in this work are similar

to the presented by other authors. The non-sea-salt
sulfur showed a clear seasonal pattem in the fine
particle-size mode, probably due to biogenic ac-
tivities, and its average mass fraction in the total
sulfur measured is 75qo during summertime and
49qn during winter. The variability in the concen-
tration of non-sea-sala sulfur in the coarse particle-

size modo is partly explained by heterogeneous
sulfur conversion on the surface of existing coarse

particle-size made aerosol particles. In this parti-
cle-dize ftaction the non-sea-salt sulfur conta.ibutes

with an average of 42% of the tota] sulfür in the
summer and with 32qo dudng winter. Relatively
high concentrations were observed for some heavy
metais(Pb, Ni and others) that are the result of re-
gional or long-range-transported anthropogenic air
pollution.

the FPM, which is confimied in the Pl;A by the
high loading of this variable in the sulfate factor.

When only the summertime samples are ana-

lyzed the dendrogram obtained by the non-hierar-
chical cluster analysis is that shown in the upper
paít of figure 5. In this case there is a better agree-
ment between the two analyses: all the coarse par-
ticle-dize modo sea-sala related elemento identified

by the PFA shown in Table IV were grouped to
gether in the cluster analysis, the same occurííng
for the soil dust and üe sulfato factors. In the Hlne

particle-dize modo sea-salt cluster it can be seen
that the Zn concentration is relatively distant from
the others, which is in accordance with the PFA
since this is the variable with the smallest loading
among the ones related to the Hino particle-dize
made sea-salt factor.

In the lower part of figure 5 it is shown the
dendrogram obtained by the non-hierarchical clus-
ter analysis of the wintertime samples. Again the
results coincide with the PlqA. classiÊlcation. All the
elements which were identified with the coarse
particle-size made sea-sala aerosol source by the
PITA in Table V were algo grouped together in the
cluster analysis. The same occurred for the factors
identiHled with fine particle-size modo sea-salt, soil
dust and for the factor associated with Zn. In the

cluster analysis the mine particle-dize modo Fe con-
centration was included for illustrative purposes,
and it appears clustered together with the coarse
particle-dize made Fe concentration as it did in all
the other circumstances. This indicates consistency
in the separation of the sources of soil dust and
sea-sala aerosol. In the Hino particle-size modo, the
Zn concentration appears near the variables related

l
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Principal factor analyses were carried out and
the factors retained explained near 87qo of the total
variability of the data. Considering the summer-
time samples the four factors retained correspond
to sea-salt aerosol in the coarse and ülne particle-
size modos, soil dust and sulfates. In tais case the

FPM variability was associated with the sulfur
concentration variability in the fine particle-size
made, showing the importance of the sulfur com-
pai.ed to the sea-salt elements concentration vari-
ability in this particle-dize fraction. This is of
special relevante since the sulfur aerosol particles
have a well rccognized important role in processos
related to global change concem, mainly in the cine

particle-dize modo range. During wintertime the
four factors retained correspond to sea-salt aerosol

in the coarse and fine particle-size modos, soil dust
and zinc. In the fine particle-size mode, the vari-
abilities of the sulfur and the mass concentrations

could not be distinguished from the variabilities of
the concentrations of the sea-salt-related elements.

This can be due to the seasonality of the biogenic
activities, which are low during winter and could
not explain a signiíicant fraction of the variability
of the FPM as they did during summertime. Clus-
ter analyses were performed and they conHumed
the principal factor analyses dono, algo a#ording a

visual approach where the dissimilarities of the
variables within each cluster or factor can be di-

rectly assessed.
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Non-hierarchical cluster analysis of samples collected dulíng summertime
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Non-hierarchical cluster analysis of samples collected during wintertime
C A S E O

Label Num +. +
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20 25
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Fig. 5 Dendrogram of the non-hierarchical cluster analysis for the samples collected duúng
summertime(above) and wintertime(below). The names of the elements are followed by a letter "F" or
'C'' to indicate the õlne or coarse modes. FPM stands for nme particle mass concentration, whereas CPM is
the coarse particle mass concentration.
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