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Abstract 

Characterization of atmospheric aerosols collected in the northeast part of the Amazon Basin is presented. The main 

aerosol source in that region is the forest natural biogenic emission. The aerosol samples were collected using stacked 
filter units, and were analyzed applying several analytical techniques: Particle Induced X-ray Emission (PIXE) for the 
quantitative analysis of trace elements with 2 > 1 I; Particle Induced Gamma-ray Emission (PIGE) for the quantitative 
analysis of Na; Ion Chromatography (IC) was used to quantify ionic contents of aerosols from the fine mode particulate 
samples. A reflectance technique was used in order to measure black carbon concentrations; Gravimetric analysis was 
used in order to determine the total atmospheric aerosol mass concentration. The comparison from PIXE and IC con- 
centration measurements for S. K and Ca techniques were in an excellent agreement. A good agreement was also ob- 
tained for Na concentrations measured by PIGE and IC techniques. Multivariate statistical analysis was used in order 
to identify and characterize the sources of the atmospheric aerosol present in the sampled region. The Serra do Navio 
aerosol is characterized by biogenic emissions. responsible for the majority of the total fine mass concentration. A 
strong marine influence was also noted. Soil dust is also an important aerosol source in that region. 0 1998 Elsevier 
Science B.V. 

1. Introduction 

Tropical rainforests are characterized by an in- 
tense release of biogenic trace gases and aerosols. 
The Amazon Basin has the world’s largest rainfor- 
est. It is a region with intense convective activity 
[l] resulting in a rapid vertical mixing of biogenic 
gases and aerosols to high altitudes where they 
can be transported over long distances and have 
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an impact on the global atmospheric chemistry. 
The tropical rainforests of the world are in a deli- 
cate nutrient-limited environment [2,3]. Several 
nutrients, like phosphorus and nitrogen, are criti- 
cal in these ecosystems and could limit their annu- 
al primary productivity [4]. It is necessary to 
extend our knowledge of the chemical processes 
that determine the background composition of 
the atmosphere in these areas, and to understand 
the biosphere-atmosphere interactions. It is also 
important to obtain a better understanding of 
the effects of changes in land use in tropical forests 
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on the atmospheric composition. Vegetation plays 
a fundamental role in the control and composition 
of the atmosphere in tropical forest regions. It is 
an important source of sulfur gases, such as 
COS, DMS (dimethyl sulfide), DMDS (dimethyl 
disulfide), SO?, H2S and CS,. The tropical forest 
is also a major source of atmospheric organic par- 
ticles [5,6]. The emitted biogenic aerosol is com- 
posed of different kinds of primary particles, and 
an important fraction of them is secondary aero- 
sol, originating from gas to particle conversion 
processes. 

The Amazon rainforest, with around 4 million 
km’, is the greatest tropical forest. It is responsible 
for a large fraction of the world’s biogenic aerosol 
production. Biogenic aerosols can act as cloud 
condensation nuclei (CCN) [7710], potentially af- 
fecting the cloud formation processes. The in- 
creased number of CCN can generate brighter 
clouds, with a bigger reflectivity of solar radiation 
back to space. Some important nutrients, like S, P, 
K and Ca, are also emitted during the process. The 
rapid deforestation now occurring in tropical re- 
gions has the potential of changing the atmospher- 
ic composition with a regional climatic impact 
near the equator. Biomass burning is one of the 
most important anthropogenic sources of particu- 
late matter and gaseous emission into the atmo- 
sphere [ll]. Aircraft measurements during the 
burning season show high concentrations of aero- 
sols and black carbon in large areas of the Amazon 
Basin [ 121. This is confirmed by aerosol analysis 
using remote sensing techniques [13]. 

In order to investigate the major aerosol sourc- 
es in Amazon, an aerosol monitoring network has 
been operating at different locations of the Ama- 
zon since 199 1 [ 14,151. The collected samples were 
analyzed using different analytical techniques (nu- 
clear-related techniques and chemical analysis) to 
characterize the atmospheric aerosol. This work 
presents a comparison among the results obtained 
by Particle Induced X-ray Emission (PIXE), Parti- 
cle Induced Gamma-ray Emission (PIGE) and Ion 
Chromatography (IC) analysis of samples collect- 
ed in Serra do Navio (0’ 54’ N, 52” 0’ W), in the 
northeast part of the Amazon Basin. This site is lo- 
cated 190 km north of Equator in a primary trop- 
ical rainforest. The Serra do Navio sampling site is 

relatively free from anthropogenic aerosol emis- 
sions: there is no industry activity for at least 
1000 km around, and it has no severe contribu- 
tions from regional biomass burning emissions. 
The aerosol source apportionment obtained at 
the Serra do Navio is also discussed. 

2. Experimental methods 

PM,” aerosol particles, with an aerodynamic di- 
ameter (d,) smaller than 10 urn, were sampled 
using Stacked Filter Units (SFU) [16]. The SFU 
can separate the PM10 aerosol in two fractions: 
coarse particulate matter (CPM), with 2.0 < 
dp < 10 urn, collected on a 47-mm diameter, 8 
urn pore-size Nuclepore filter, and the fine particu- 
late matter (FPM), with clll < 2.0 urn, collected on 
a 47-mm diameter, 0.4 urn pore-size Nuclepore fil- 
ter. The flow rate is typically 15 1 per minute. The 
SFUs are fitted with a specially designed PMlo, so 
that only inhalable particles are sampled. SFUs 
are loaded with Nuclepore filters in a clean room 
at the University of Sao Paulo, transported in a 
sealed container, and hand-carried after the sam- 
pling. 

The mass concentration of both CPM and 
FPM were obtained by gravimetric analysis. The 
filters were weighed before and after sampling by 
a Mettler M3 electronic microbalance with 1 ug 
sensitivity. Filters were equilibrated for 24 h at 
50% relative humidity and 20°C before the weigh- 
ing. Electrostatic charging was avoided by means 
of “OPo radioactive sources. The detection limit 
for aerosol mass concentration is 0.3 ug/m3. Black 
carbon concentrations were determined using a 
variation of the reflectance technique [17]. The 
black carbon concentration is proportional to the 
absorption of light originated from a source illu- 
minating the sample. The equipment is calibrated 
by means of filters loaded with known amounts 
of black carbon originated from the combustion 
of acetylene. The precision of this method is 
around 20%, and the detection limit for black car- 
bon for sample volumes and filter areas used is 
about 50 ng/m3. PTXE [18] was used to measure 
concentrations of up to 28 elements (Mg, Al, Si, 
P, S. Cl, K, Ca, SC. Ti, V, Cr, Mn, Fe. Co, Ni 
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Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Au, Hg, Pb). 
The samples were irradiated by a 2.4 MeV proton 
beam, supplied by a dedicated NEC (National El- 
etrostatics Corporation) SSDH tandem Pelletron 
accelerator facility, at the LAMFI (Laboratorio 
de Analise de Materiais por Feixes Ionicos) from 
University of Sao Paulo. Detection limits are typ- 
ically 3 rig/m3 for elements in the range 13 < 
Z < 23 and 0.1 rig/m” for elements with Z > 22. 
These detection limits were calculated based on a 
sampling flow rate of 15 1 per minute, sampling 
time of 72 h and irradiation time of 600 s. The pre- 
cision of the elemental concentration measure- 
ments is typically less than lo’!!, with 20% for 
elements with concentration near detection limit. 
The Na concentration was measured using PIGE 
[19]. The PIGE detection limit for Na quantifica- 
tion was 25 rig/m3 for a 2.4 MeV proton beam 
and when the 440 keV gamma line (from the 
‘3Na(p,py’)23Na reaction) is measured. IC was 
used to determine the water-soluble concentrations 
of acetate, acetic acid, formate, formic acid, meth- 
yl sulfonic acid, H+, Na+, NH:+, K’, Mg’+ Ca*+ 
Cl-, NO;, SO:-, C#-, PO:-, in the Serra do Na: 
vio aerosol fine fraction. The IC measurements 
were made in CSIRO, Australia. Principal Factor 
Analysis (PFA) was applied to the measured ele- 
mental compositions in order to separate the dif- 
ferent aerosol sources at Serra do Navio [20,21]. 

3. Results and discussion 

The time series of FPM and CPM concentra- 
tions measured at Serra do Navio show a back- 
ground value of about 15 ug/m3 for the PM,” 
aerosol concentration. Serra do Navio presents a 
different rain pattern when compared with other 
regions of Amazon basin. The most rainy period 
in Serra do Navio occurs between March and June 
with an average precipitation of approximately 
2700 mm/month. During the driest period, Sep- 
tember and October, the monthly precipitation in 
Serra do Navio is still high, 80 mm/month. There- 
fore, there is not a well defined dry season in Serra 
do Navio, as there is in the central Amazon. Fur- 
thermore, the Serra do Navio sampling site is not 
strongly affected by biomass burning, in contrast 

to other regions of Amazon Basin. A large aerosol 
emission from biomass burning occurs at the east- 
ern and the southern Amazon during the end of 
the dry season (July-September) [14,15]. Thus, a 
much smaller concentration of inhalable particu- 
lates was expected in Serra do Navio than in the 
central Amazon. Some increase in the FPM con- 
centration during the biomass burning season 
can be detected in Serra do Navio, but far less in- 
tense than in other regions of the Amazon Basin, 
where biomass burning is the strongest source 
[14,15]. 

Although an almost constant aerosol mass con- 
centration at Serra do Navio was observed during 
the year, some clear episodes of higher coarse 
mode aerosol concentrations (40-60 ug/m”) were 
identified. These episodes during December and 
February are possibly caused by long range trans- 
port of Saharan dust [22]. During this time of the 
year, the position of Intertropical Convergence 
Zone (ITCZ) allows the intrusion of Saharan dust 
into the Amazon Basin. This phenomenon has 
been reported and broadly discussed in the litera- 
ture [4,22,23]. 

As samples are being regularly collected, only 
results from the fraction of the filters already ana- 
lyzed by PIXE and the other complementary ana- 
lytical techniques are presented (18 November 
1991 to 21 June 1994). Up to 15 October 93 IC re- 
sults allowed a comparison with PIXE and PIGE. 
Fig. 1 shows the correlation between the sodium 
concentration from PIGE and IC measurements. 
The results are in good agreement. The linear re- 
gression between PIGE and IC results is presented 

Na PIGE x Na Ion Chromatography 
Serra do Navio - Fine Mode Aerosol 

Fig. 1. Sodium quantification in fine mode aerosol samples 

using PIGE and IC. 
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PIXE, PIGE, and IC linear regression results for Na. S. K and Ca 

Element 

Na 

s 

K 

Ca 

Linear regression R’ 

IC concentration = (I ,058 f 0.043) PIGE + (4.0 k 10.0) concentration 0.83 
IC concentration = (0.922 f 0.021) PIXE + (11.7 k 9.3) concentration 0.94 

IC concentration = (0.946 + 0.018) PIXE + (-16.4 f 4.3) concentration 0.96 

IC concentration = (0.614 + 0.019) PIXE + (4.17 f 0.97) concentration 0.90 

in Table 1. The adjusted linear coefficient is very source. This source has strong contributions from 
close to one, showing an excellent agreement, in the ionic compounds, K, S, and FPM. Black car- 
terms of absolute scale, between the two data sets. bon and Zn associated with this factor can be ex- 
Also, no scale shift was detected, since the adjusted plained as a small influence of biomass burning 
constant term is compatible with zero. The linear plus the natural biogenic release of these com- 
regression results for PIXE versus IC are also pounds. The elemental compositions of biomass 
shown in Table 1. Ion chromatography sulfur con- burning and natural biogenic aerosol are similar, 
centrations were obtained by stoichiometric analy- making their separation by PFA technique diffi- 
sis of SO:-. Also good agreement between PIXE cult. The second and third factors are clearly asso- 

and IC results were obtained for S and K. IC con- ciated with soil dust (Al, Si, Ca, Ti, Fe and Co) 
centration measurements for Ca are 61% of the and sea salt (Na, Cl and Mg) aerosol particles, res- 

PIXE ones. One possible explanation for this fact pectively. The fourth factor, associated only with 

is the different nature of PIXE and IC analysis. Mn, represents the local contribution from Mn 

PIXE measures the total elemental concentrations mining activities in Serra do Navio, which has 

and IC measures only its soluble fraction. the biggest Brazilian manganese mine. 

Table 2 presents the average concentration for 
all elements and compounds measured in the fine 
and the coarse mode aerosol. The CPM concentra- 

tion is more than twice the FPM concentration. 

Much larger concentrations of coarse Na and Cl 
in the Serra do Navio aerosol indicate the strong 

influence of sea salt aerosol characterized by large 
crystals of NaCl. The concentration of soil dust 

characteristic elements, such as Si, Al, Ca, Ti and 
Fe are around three times greater in the coarse 

mode than in the fine mode aerosol. On the other 
hand, S is twice more concentrated in the fine 
mode. An important fraction of the sulfur present 

in the aerosol appears as fine sulfate particles, 
formed by gas-to-particle conversion of the SO: 

emitted by the vegetation and the sea. 

The first coarse mode has significant compo- 
nent loadings for Si, Al. Sr, Ti, Ca, K, CPM, SC, 
Fe and Co. This factor has a clear association with 
soil dust particles, but the K component loading 

(0.88) for this factor is an indication of an interfer- 
ence of natural biogenic emission. The second fac- 

tor is clearly related to sea salt aerosol, with high 
component loadings for Cl, Na, S and Mg. The 
third factor is again associated with Mn from 

mines in Serra do Navio. 

4. Conclusions 

PFA [20] applied to the Serra do Navio concen- 
tration time series identified four factors in the fine 
mode aerosol and three factors in the coarse mode. 
In case of the PFA, the variability in trace element 
concentrations is used as a basis for transforming 

the intercorrelated variables to a set of indepen- 
dent, uncorrelated variables. The first fine mode 
factor is associated with a natural biogenic aerosol 

PIXE, PIGE and IC analysis of aerosol samples 
present consistent results, demonstrating the utility 

of the application of these complementary analyt- 
ical techniques in aerosol research. Serra do Navio 
has smaller concentrations of FPM and CPM than 
other sampling sites in the Amazon Basin affected 
by biomass burning aerosol emissions. Natural 
biogenic emissions is well correlated with the fine 
particulate mass concentration. Biogenic aerosol 
also responds by the majority of SOi- and carbon 
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Average concentrations, in ng/m3. for the aerosol particles collected in Serra do Navio. Mean, mean standard deviation, and number of 

samples, in which the concentrations of the element was above the detection limit are shown 

Serra do Navio fine fraction Serra do Navio coarse fraction 

Mean Mean std. dev. Number of samples Mean Mean std. dev. Number of samples 

Na 

Mg 
Al 

Si 

P 

S 

Cl 

K 

Ca 

SC 

Ti 

V 

Cr 

Mn 

Fc 

co 

Ni 

cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Rb 

Sr 

Au 

Hg 
Pb 

H‘ 

Na’ 

NH; 

K’ 

Mg’- 
Ca’. 

Cl 

NO< 
so; 

czo;. 

POj- 

Acetate 

Acetic ac. 

Formate 

Formic ac. 

MSA 

BC ’ 

FPM * 

CPM . 

194 

109.0 

129 

298 

1.870 

348 

13.7 

176 

37.0 

1.220 

10.8 

0.46 

1.72 

3.63 

81.9 

0.560 

0.170 

15.8 

1.80 

0.130 

0.098 

0.373 

0.255 

3.79 

0.78 

0.548 

0.185 

0.321 

0.739 

1.96 

210 

138 

150 

22.6 

27.1 

6.09 

20.6 

996 

19.6 

6.50 

6.56 

12.9 

5.84 

6.44 

8.02 

146 

6.82 

13 

5.8 

14 

33 

0.069 

26 

3.3 

14 

3.2 

0.067 

1.2 

0.11 

0.58 

0.33 

8.3 

0.050 

0.026 
- 

0.12 

0.014 

0.011 

0.034 

0.018 

0.33 

0.10 

0.055 

0.022 

0.036 

0.050 

0.23 

15 

16 

14 

1.3 

2.1 

0.65 

3.1 

73 

5.5 

0.65 

0.72 

1.6 

0.71 

0.79 

0.53 

60 

0.57 

(125) 
(125) 
(125) 

(125) 

(6) 
(125) 

(9) 
(125) 

(125) 

(125) 

(125) 

(19) 

(5) 

(125) 
(125) 

(125) 

(13) 

(I) 

(125) 

(54) 

(45) 
(80) 
(125) 

(125) 

(44) 
(125) 

(51) 

(54) 
(125) 

(125) 

(125) 

(125) 
(125) 

(125) 

(125) 

(125) 

(85) 

(125) 
(125) 

(35) 

(56) 

(62) 

(125) 
(125) 

(125) 

(125) 

(125) 

2060 

269 

404 

770 

7.6 

137.0 

1059 

135 

161 

3.19 

46.2 

2.36 

1.59 

59.20 

472 

1.50 

0.820 

10.3 

7.4 

0.673 

0.504 

I .46 

0.459 

1.721 

1.54 
7 73 -.__ 

0.680 

1.49 

2.83 

_ 

_ 

_ 
14.62 

110 

12 

42 

91 

1.2 

6.3 

51 

10 

17 

0.25 

4.2 

0.25 

0.14 

0.62 

42 

1.31 

0.075 

3.1 

2.2 

0.077 

0.072 

0.14 

0.027 

0.098 

0.28 

0.17 

0.080 

0.23 

0.56 
_ 

_ 

_ 

- 

_ 

- 

_ 

_ 

_ 

- 

_ 

_ 

0.93 

(142) 
(142) 

(142) 

(143) 

(38) 
(142) 

(142) 

(142) 

(142) 

(142) 
(142) 

(99) 

(54) 

(142) 

(142) 
(142) 

(88) 

(142) 
(142) 
(36) 
(17) 

(89) 

(76) 

(77) 

(34) 
(142) 

(24) 

(14) 

(55) 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

(142) 
- 

* BC. FPM and CPM are black carbon, fine particulate mass and coarse particulate mass concentrations. respectively. FPM and CPM 

are expressed in ug/mz_ 
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particles. These compounds act as cloud condensa- 
tion nuclei and can have a role in Amazon atmo- 
spheric albedo. The coarse fraction of the aerosol 
shows a significant influence of sea spray. The sec- 
ond main source of coarse aerosol has contribu- 
tions both from biogenic natural aerosol release 
and soil dust particulate. 
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