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Chapter, 6

Nuclear analytical techniques in atmospheric trace element
studies in Portugal

M.C. Freitas, M.A. Reis, L.C. Alves, H.Th. Wolterbeek

Abstract

In this work, the nuclear techniques INAA and PIXE were used in a lichen survey using
Parmelia sulcata Taylor held in Portugal in 1993. The possibilities of the two techniques
are discussed, and the elements determined by both are compared. It is presented the concen-
tration patterns of 46 chemical elements and the assignment to pollution sources attempted
and compared with results on factor analysis previously published. Results are also compared
with other European surveys.
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1. Introduction

Nuclear analytical techniques (NATSs) and related isotopic tracer methods are well
established as important tools in a wide variety of different kinds of environmental
studies. They provide a wealth of information on sources, pathways and effects of
many elements of environmental and health-related interest. Apart from being
regarded as of particular strength in analytical quality assurance (IAEA, 1997),
nuclear and related techniques cover studies of air particulates, solid waste products,
sediments, food, water, human tissues, biomonitors and other kinds of environmental
samples. . ,
Key features of most nuclear techniques are the principal absence of effects by
element chemical forms, and the absence of necessary sample digestion procedures
(De Goeij and Bode, 1997). Apart from being an analytical advantage, the first prop-
erty should be regarded, as a drawback where information on a particular form of an
element is required (viz. methylmercury rather than total mercury), the second only
applies for nuclear signals of high penetrative power. However, the intrinsic accuracy
of most NATs makes that they are in regular use in validation procedures of analytical
methods, the development of new reference materials, and the set-up of base-line
elemental information in a variety of (health-related) environmental issues. '
Typical examples of the NAT family are neutron activation analysis (NAA) and
proton induced X-ray emission (PIXE). NAA is one of the most robust analytical
methods available in a vast range of applied sciences (Trahey, 1996; Bode and De
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Goeij, 1998), hardly asks for any extensive sample pr:
weeks analytical turn-around time, depending on the half-lives of the involved radio-
nuclides. PIXE is a fast analytical method, but asks for a strict sample homogeneity
down to the sub-mg level, which implies laborious sample preparation procedures

(IAEA/AL/095, 1996, Tadic et al., 1997). The methods are intrinsically accurate, -

multi-elemental and partly complement each other with respect to elements of envir-
onmental interest.

Both instrumental NAA (INAA) and PIXE are available at the Instituto Tecnold-

gico e Nuclear (ITN), Sacavém, Portugal, and have been applied in a national study on

atmospheric trace elements, using lichens as biomonitor materials. In the present
paper, this survey is used to illustrate the potential of NATs in environmental studies.

2. Multi-elemental techniques versus single element techniques |

The selection of elements to be analyzed and/or used in data interpretation should be
closely linked to the objectives of the study (Wolterbeek and Bode, 1995). A survey
may be dedicated to a single or only a limited number of elements, but it may also be
set up to gather information about sources/effects based on broader points of view. The
latter set-up may be regarded as most effective, because, first, the analysis of a large
number of elements may generally increase the modes for interpretation, may permit a
more reliable recognition of source finger-prints, and may show effects which are not
a-priori anticipated (Bode and Wolterbeek, 1990; Wolterbeek et al., 1996), while,
second, the resources needed for the field-work will not or hardly depend on the
number of elements of interest. This indicates that the selection of a large number
of elements principally emerges from many survey’s goals: clear and unequivocal
interpretation of data on specific elements may largely depend on the simultaneous
presence of data on various other elements.

The above can be illustrated by data taken from several multi-element air pollution
biomonitor surveys carried out at IRI: The air pollution surveys commonly include a
number of soil-associated elements (e.g. Al, Fe, Sc, Cr, Th) and several rare earth
elements (Kuik et al., 1993a,b). In the Factor Analysis interpretation of the data on all
selected 20 elements, the soil indicator elements serve to extract a “soil-factor” (De
Bruin and Wolterbeek, 1984), based on which, for a/l individual elements, site-speci-
fic soil-associated fractions of the total concentrations can be calculated (Kuik et al.,
1993a,b).

The selection of a relatively large number of elements occurring in high temperature
processes (e.g. V, Sb, Se, As) helped to discriminate between processes such as waste
incineration, coal combustion, and other high-T sources (Kuik et al., 1993a,b), while
the simultaneous analysis of elements like Br, I, and Na suggested a sea-aerosol
associated and long-distance origin of As, for about 25% of its total occurrence in
mosses in a 1992 survey (Kuik and Wolterbeek, 1995). ‘

One of the most clear and simple examples can be given for the Zn smelting
industries in the south-eastern part (Kempen area) of The Netherlands: here, Cd occurs
as a by-product in a Zinc ore at a characteristic relative abundancy of 1 Cd:200 Zn.
The analysis of a large number of elements, combined with the application of Factor
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Analysis, yielded a well-defined finger-print for these Zn smelting industries: they
could be characterized by a Zn/Cd factor, in which Cd and Zn were obtained ina 1:212
relative abundancy (De Bruin et al., 1987).

~ The data suggest that a careful selection of elements facilitates the interpretation of
results on each of the individual elemients; the larger the number of relevant elements
involved in the eventual analysis, the more detailed information may be present in the
data-set. Thus, the principal choice may be the multi-elemental analysis: the problem
here is how to extract the wealth of information from the set, which may contain
thousands of analytical data. A fast and functional approach may be found by the
application of Factor Analysis techniques (Kuik et al., 1993a,b).

3. Nuclear analytical techniques in environmental research

Although no sharp lines can be drawn between nuclear and non-nuclear techniques
(see De Goeij and Bode, 1997 for a review), the principle of the nuclear technique says
that the analytical information on element and concentration originates from the
nucleus and not from the atom. As such, chemical binding, chemical compound or
matrix composition has no essential influence on the accuracy of the results (Bode and
Wolterbeek, 1990; De Goeij and Bode, 1997). It should be noted here that although
techniques such as particle/proton induced X-ray emission (PIXE) and X-ray fluores-
cence spectrometry (XRF) are basically derived from the behaviour of inner orbital
electrons rather than the nucleus itself, they are often counted as a nuclear technique,
primarily because inner orbital electrons do not predominate in the characteristics of
the atom’s chemical behaviour (but see also De Goeij and Bode, 1997 for NMR and
Mossbauer techniques).

Nuclear analytical techniques such as Instrumental Neutron Activation Analysis (-
rays oriented INAA, see Bode and De Goeij, 1998), PIXE, or XRF are all multi-
element techniques, and non-destructive. Advantages of the first characteristic are
discussed elsewhere in this chapter. The latter makes them different from a large
number of other widely used (non-nuclear) analytical techniques, such as atomic
absorption spectroscopy (AAS), inductively coupled plasma spectrometry (ICP), or
mass spectrometry (MS). It also makes that INAA, PIXE or XRF are principally well
suited for the routine analysis of the solid samples often encountered in environmental
research: it is not necessary to bring the sample into solution, with all the associated
problems ranging from incomplete digestion (elemental losses) to impurities in the
applied chemicals (elemental contamination) (Bode and Wolterbeek, 1990; De Goeij
and Bode, 1995). It may be clear that the absence of effects of chemical forms and the
non-destructive character of the nuclear technique pays off particularly in (environ-
mental) base-line surveys comprising large numbers of samples and/or strongly vary-
ing sample matrices (e.g. ecosystem research, including samples of soils, plants,
animal tissues). It should be noted, however, that nuclear techniques may be success-
fully applied also in mechanistic (process) dynamic environmental studies, due to the

isotope-specific responses in nuclear analytical approaches (De Goeij and Bode,
1997). '
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4. Nuclear analysis by INAA and PIXE o T

INAA stands out by non-destructivity, multi-element capability and adequate limits of
detection for the majority of elements of environmental interest. The absence of
digestion steps and the independence of chemical forms make that a high level of
accuracy can be obtained (De Goeij and Bode, 1994, 1997). The intrinsic technique
characteristics imply that this high accuracy can be maintained over a large dynamic
range, from ppb to % level (Bode and Wolterbeek, 1990).

Gamma-radiation is the radiation of choice in neutron activation analysis, since itis

mono-energetic and in most cases characteristic for the emitting nucleus. The other
advantage of y-radiation is that it has a high penetrating power, so.that it is hardly
adsorbed in the radioactive material itself (Bode and De Goeij, 1998). INAA is
routinely used in a2 mg to g mass range of samples (IAEA/AL/095, 1996), and only
when the sample matrix has a high overall atomic number Z, and/or when large
samples are being analyzed, problems may arise due to self-attenuation of the induced
vy-radiation, and, even more exceptional, self-shielding of the neutrons during irradia-
tion. These phenomena are well-understood, and proper corrections can be applied,
thereby making INAA applicable in a mg to kg sample mass range (Bode and Over-
water, 1993; Overwater et al., 1993;.Bode and De Goeij, 1998).

Although INAA may be calibrated for a large number of elements (up to 70
elements calibrated at IRI, Delft, The Netherlands, see Bode and Wolterbeek
(1990)), INAA is not capable of determining low-Z elements of environmental inter-
est, such as Be, B, Li, or high-Z elements such as Pb, Bi and T1. Here, complementary
techniques should be applied.

PIXE and INAA overlap and partly complement each other with respect to
elements. The main difference between INAA and PIXE is that X-ray energies asso-
ciated with PIXE are much smaller than the energies of emitted y-rays used in routine
INAA. These differences come out in differences in self-absorption (absorption of rays
within the sample), which makes that PIXE should be practically regarded as a “‘thin-
layer” (surface-related) technique, with energy-related depth-profiles, also depending
on general sample matrix characteristics. This means that for all sample materials,
including environmental ones such as bio-organisms, biomonitor materials, air parti-
culate matter etc., key steps in PIXE analyses are the sample homogenization and
pelleting: eventual elemental determinations are generally carried out on basis of very
small (lower mg range) sample masses.

Both INAA and PIXE are intrinsically accurate, but for PIXE the small X-ray
energies involved, taken together with the small sample masses in actual analysis,
implies a strong dependency on both sample matrix characteristics and bulk sample
homogeneity. This makes that for PIXE particular difficulties may be encountered in
quantitative calibration procedures. An associated problem is that existing certified
reference materials (CRMs) are generally certified for much larger sample masses:
they are mostly inadequate for quality control in PIXE (IAEA/AL/09S, 1996). There-
fore, in both sample and CRM preparations, much effort is devoted to increase the
number of sample particles in analyzed sub-samples by grinding into smaller indivi-
dual particle sizes and aV01d1ng so called “nuggets” (IAEA/AL/095, 1996). .

" Although high-(energy )-resolution detectors are in use in both PIXE and INAA
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peak overlaps are encountered in both techniqites:“The resulting doublets or multiplets = -

can often be resolved mathematically without too many difficulties (Bode and De
Goeij, 1998), but in both techniques, however, unsolvable multiplets remain, for
which parallel information should be available (e.g. Si-Na—Al-Mg and P-Al in
INAA, or the As (K, ), Pb (L,) interferences in PIXE) (Gonsior et al., 1982). Here,
too, both techniques may complement each other in resolving overlaps (Knoll, 1989).

5. Survey
5.1. Introduction (

In Portugal, data of heavy metals in airborne particulate matter was scarce till the
middle of the ninety-decade. Since then, we have published a few papers (Freitas et al.,
1996, 1997, 1999a,b; Reis et al., 1996; Freitas and Nobre, 1997; Alves et al., 1998a,b)
and some papers were published by the Universities of Aveiro (Pio and Feliciano,
1996; Harrison et al., 1997; Pio and Lopes, 1998, among others), Lisbon (Ruhling,
1992; Sérgio et al., 1993, among others) and Oporto (Tavares et al., 1993; Soares and
Vasconcelos, 1995; Vasconcelos and Tavares, 1998, among others). The interest of
the heavy metal monitoring is internationally recognised. Although it is not expected
severe atmospheric pollution in heavy metals in Portugal due to the geographical
position in Europe and due to the lower industrialisation, it is of the most importance
to have a reference data basis. This importance is for the country itself but also for the
international organisations of the atmosphere, within globalisation programs. The
recognition of the problem of lack of data led our Institute to undertake some projects
in this area since 1993, supported by Electricity of Portugal, International Atomic
Energy Agency, and Portuguese Ministry of the Environment.

The sensibility of lichens to atmospheric pollution was demonstrated in the last two
decades in various international and national publications. Recent studies showed that
the survey of a large territory with lichens turns identification of atmospheric pollution
sources possible (Sloof, 1993). The use of lichens is the only possibility to go through
a large scale monitoring, which otherwise would be done with an enormous amount of
air samplers and samples. Response of lichens to the environment is being studied
through modelling very recently in our Institute (Reis et al., 1999). This is made with
lichen transplants whose response to airborne particulate matter, and total deposition
1s followed experimentally.

5.2. Methods
5.2.1. Sampling

A lichen collection campaign was held in Portugal during the months of July and
August 1993. Due to the high industrial asymmetry between the coast and the interior
of the country, two different grid sizes were used for sampling site definition. Near the
~ Aflantic coast and up to 30 to 80 km from the coast line, a 10 X 10 km grid was used; in
' the interior a 50 X 50 km grid was selected. A total of 228 samphng squares were thus
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Figure 1. Grid 10 X 10 km at the Atlantic coast and 50 X 50 km at the rinterior.

defined; within each square and the nearest possible to the centre lichen samples were
collected. The chosen lichen was Parmelia sulcata Taylor and it was collected from
olive tree bark. In each place, this lichen was sampled from at least five different olive
trees and all around the trees, at a height of 1-2 m above the ground level. Lichen
samples of the same place were mixed in one bag, except in 10% of the places where
they were kept separated for local variation determination. In Fig. 1 it is shown the
sampling places. Spots missing are squares where it was not possible to find P. sulcata
or olive tree.

5.2.2. Laboratory preparation )
In the laboratory, remains of the tree bark and other lichen species where removed
from P. sulcata transplants. Then each sample was put in a nylon sieve and rinsed in

18 MQ) water ejected for 30 s, freeze dried and ground in a Teflon® (balls and capsule)
mill.

5.2.2.1. Instrumental neutron activation analysis (INAA) Two different size pellets
were made: 500 mg was used for long irradiation (5 h) and 50-200 mg for short
irradiation (30 s). The long irradiations were done in the Portuguese Research
Reactor at ITN at a thermal neutron flux of 1.2X 10" c¢cm™? s7! and the short
irradiations in the Interfaculty Reactor Institute (Delft University) and the Hahn-
Meitner Institut reactors at thermal neutron fluxes of 1 X 10-1x 10 ¢cm™2 57,
Gamma-spectra of the irradiated samples ,were collected using hyperpure
germanium detectors of high resolution, after 4 days and 4 weeks for long
irradiation, and after 10 min. for short irradiation. Gold and zinc were used as
~comparators. Concentrations were determined using Gent University software for

~ ko-standardization method. In addition to the lichen samples, reference materials
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" were prepared and analysed similarly to the lichetsamples, for quality control (IAEA

336 lichen material, NIST Tomato leaves, Pine needles and Citrus leaves) (Freitas and
Nobre, 1997). Contents for the following elements were determined: sodium,
chlorine, magnesium, aluminium, ‘potassium, calcium, scandium, titanium,
vanadium, chromium, manganese, iron, cobalt, copper, zinc, gallium, arsenic,
selenium, bromine, rubidium, strontiom, molybdenum, silver, antimony, iodine,
caesium, barium, lanthanum, cerium, neodymium, samarium, europium, terbium,
lutetium, hafnium, tantalum, tungsten, mercury, thorium, and uranium (the elements
which are determined by both techniques are shown in bold type).

5.2.2.2. Proton induced X-rays emission (PIXE) Samples were pelletized inserted in
a boric acid cap. Samples were irradiated with a 2.0 MeV proton beam for filtered
spectra and with a 1.2 MeV for filterless conditions. Spectra were obtained with a 200
eV Si(Li) X-ray detector and analysed with AXIL computer code. Concentrations
were then calculated with the DATTPIXE program. Quality control was made by
analysing in similar conditions to lichen samples the IAEA 336 lichen material and
the CTA-OTL-1 tobacco leaves. Contents for the following elements were
determined: silicon, phosphorous, sulphur, chlorine, potassium, calcium, titanium,
vanadium, chrominom, manganese, iron, nickel, copper, zinc, gallium, arsenic,
bromine, rubidium, strontium, zirconium, barium, and lead (the elements which
are determined by both techniques are shown in bold type).

The two multi-elementary techniques determine 46 elements (16 by both techni-
ques) in P. sulcata.

5.3. Results and discussion

The local variation of P. sulcata was published somewhere else (Freitas and Nobre,
1997) and found to be on the average +20%.

In Tables 1 and 2 it is shown the results obtained by PIXE and INAA, respectively.
There it is mentioned the number of analysed samples, the maximum and minimum
values found for each element, the mean and the median of each elemental set. It is
observed that the elements Cu, Ga, Mo, Ag, Nd, and W, are determined by INAA only
in a few samples, although Cu and Ga are determined by PIXE in most of the samples.
The elements Ca, Sr, and Ba are not determined by INAA in 50 to 100 samples,
although Ca is determined by PIXE in all the samples.

In Table 3 it is presented the mean and median differences (in %) between the
results obtained by both techniques, and the maximum and the minimum of these
differences. In general there is a normal distribution around the mean (which is quite
similar to the median) for all the elements. The value of the mean gives an idea of the
existence of a systematic error. For K, Ca, V, Fe, Zn, Br, and Sr the means are lower
than *=10%, and between *10 and =30% for Cl, Ti, Mn, and Ba, for the others the
means are larger than +30% and go as far as £88% (Cr, Cu, Ga, and As). The
elemental heterogeneity of the samples may be the main cause for the differences.
It is reminded that PIXE uses very small amounts of the sample (estimated less than 1

mg) while INAA uses 500 mg at least. In the further paragraphs, it will be discussed

element by element.
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Table 2. Results of INAA (mg/kg) for the 1993 lichen survey

Na Mg Al Cl K Ca Sc Ti \% Cr
No. of 301 295 297 297 301 255 297 297 297 301
samples » ;
Maximum 270 X 10° 471 x 10° 288 x10* 381x10° 1.09x10* 263x10* 283x10° 1.04 x10° 145 x 10> 3.77 x 10
Minimum 131 %X 102 1.90x 10> 217x10° 248x10* 210x10° 1.15%10° 135x107" 544 % 10! 226 x10° 144 x10°
Mean 585x 10 1.91x10°  540x10° 137x10° 524x10° 649x10° 653x107" 3.20x 10 1.57 x 10 5.45x 10°
' Median 490 x 10> 176 x 10° 4.63x10° 127x10° 501x10° 562x107" 248x10% 1.14x 10 4.69 x 10°
i Mn Fe Co Cu Zn Ga As Se Br Rb
No. of 296 297 297 117 301 92 301 299 300 300
samples .
Maximum 147 X 10> 7.57%10°  290x10° 345x 10> 449x 10> 789x10° 3.10x10! 1.17x10° 9.31 x 10° + 01
Minimum  1.87 x 101 3.90x 10> 136x 107! 254x10° 1.60x10' 280x107' 435x 107! 1.32x107! 7.08 x 10°  3.97 x 10°
Mean 502x 100 210x10°  775x107Y 632x100 7.12x10'  2018x10° 213x10°  4.02x107" 225x 108 1.59 x 10!
Median 463x 100 185x10°  668x1071 472%x10'  561x100 178 x10°  134%x10° 3.73x 107! 198 x 100 1.36 % 10!
St Mo Ag Sb I Cs Ba La Ce Nd
No. of 219 41 11 291 297 299 250 301 301 90
samples
Maximum  1.09 X 10> 277 x10° 480x 107" 673x10° 116x10> 395x10° 1.60x10> 1.34x 10 262x 101 134 x 10
Minimum 759 X 10°  3.67x 1077 517X 107? 749%x107%  1.05x10°  1.03x 107! 401x10° 475x 10711 1.06x10° 142 % 10°
Mean 235x 100 941x107" 189x107! 342x107' 757x10° 640x 107" 3.35x 101 3.00 x 10° 6.56 x 10°  4.28 x 10°
Median 2.06x 10" 828x 1071 168x 1071 220x 107! 6.15x10°  5.12x 1070 296 x 100 2.49 x 10° 570 x 10° 372 % 10°
Sm "Eu Tb Lu Hf Ta \Y Hg Th U
No. of 301 289 297 292 301 301 126 296 301 200
samples
Maximum  1.85x 10°  747x 107! 244x 107" 1.14x 107" 1.83x10° 393x 107" 128x10'  1.75x 10° 6.60 x 10°  1.81 x 10°
Minimum 889 % 1072 325x 1072 726%x 107> 444x107® 553x107% 992x107% 897x1072 9.17x 1072 8.66x 1072 7.87x 1072
Mean 447x 107" 1.84x 107" 609%x107* 261x1072 413x107' 751x1072 503x1070 3.02x 107! 926 x 1071 271 x 107!
Median 390% 107" 162X 107" 512x 1072 222x 1072 345x 1070 599%x 1077 262X 1070 278X 107 694 % 107" 2.07x 107"
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Table 3. Comparison of INAA and PIXE results (%) for the 1993 lichen survey

Cl K Ca Ti v Cr Mn Fe
No. of samples 296.0 300.0 255.0 296.0 259.0 266.0 296.0 297.0
Maximum 143.8 105.7 177.1 .164.6 183.7 188.4 146.5 144.4
Minimum —125.1 —79.8 —131.7 —1323 —168.3 —135.1 —97.0 ~142.5
Mean 20.7 9.8 0.0 24.6 2.2 87.8 23.3 51
Median 214 8.9 4.9 27.5 2.4 94.7 25.0 6.6
h Cu Zn Ga As Br Rb Sr Ba
No. of samples . 117.0 299.0 86.0 251.0 300.0 300.0 219.0 170.0
Maximum 191.2 154.1 159.2 179.8 126.0 141.2 170.3 178.1
Minimum —145.3 —136.4 —155.1 —177.8 —120.4 —136.3 —143.5 —147.1
Mean 54.6 1.9 334 —60.8 —6.0 =115 0.5 27.5
Median 58.8 -2.1 36.1 —78.0 -10.0 —13.7 —29 254

961
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* The results obtained by INAA and PIXE for the different elements were mapped as
concentration data patterns for the whole country by making use of an extinction rule
of 1/ (r is the distance between plot point and sampling point) without any cut-off
distance artificially introduced. It means that for every grid cell of the map a plot value
was calculated from the concentrations found for all sampling points as the average of
these concentrations weighted with the 3rd power of the distance between plot point
and sampling point (Sloof, 1993). The computer code used was Surfer®. In Figs. 2—13
it is shown the maps so-obtained for all the elements determined. The discussion is

made on basis of the pollution sources associated to elements as defined by Nriagu
(Nriagu, 1989).

5.3.1. Coal-fired power stations

The elements associated to the coal-fired power stations are arsenic, sulphur, and
selenium. Their pattern maps are shown in Fig. 2.

Setibal '

Sines

Setiibal /

Sines

Figure 2. 1993 Survey using P. sulcata.
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~ The arsenic data obtained by PIXE and INAA present quite different patterns.
Whenever a large concentration of lead is present in the samples arsenic spectra
peaks obtained by PIXE can be interfered, and also if arsenic is present in large
quantities lead data can be also interfered. Comparing Fig. 2 with Fig. 5 we observe
that in the south of the country around Lisbon the Pb-As pattern is quite similar. In the
other hand Fig. 5 presents large concentrations of Pb in the north of the country which
is there quite similar to the As pattern given by INAA. Therefore we are taken to
conclude that the As-pattern given by PIXE should not be selected for this kind of
samples. The difference between the two techniques shown in Table 3 is now
explained. Therefore INAA data should be selected. ‘

The correlation of As, S, and Se shown in Fig. 2 is hardly observed. In the north of
the country, As-pattern resembles the pattern of the elements related to soil contribu-
tion and shown in Fig. 8, therefore there arsenic is predominantly originated on the
ultrabasic complexes of that area, as already referred by Prudéncio et al. (1997). There
1s some similarity for As, S, and Se at south of Lisbon and near Oporto which are,
respectively, in the neighbourhood of the Sines coal-fired power station and the
Tapada do Outeiro coal-oil fired power station. Reis et al. (1996) and Freitas et al.
(1997) did not identify clearly these elements to coal combustion in their factor
analysis. Rahn and Huang (1999) define a coal source with a high peak of As and
smaller peaks of S and Se, besides other elements. '

5.3.2. Fuel-fired power stations

The elements associated to the fuel-fired power stations are vanadium, nickel, and rare
earth elements (lanthanum, cerium, néodymium, samarium, europium, and terbium).
Their pattern maps are shown in Fig. 3. Vanadium patterns obtained by both techni-
ques are very similar which agrees with the similarity of values obtained for V and
shown in Table 3 (mean difference between both techniques: 2.2%). Therefore INAA
and PIXE are good techniques for V determination in lichens.

Comparing the figures we observe that the largest concentrations of vanadium are

Lisboa
\\/

Setibal B ;

e
Sines

Figure 3. 1993 Survey ﬁsing P. sulcata.
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found in the same area of nickel, both indicating the oil-fired power stations of
Carregado and Setibal around Lisbon and the coal-oil power station of Tapada do
Outeiro as the main sources (confirmed by factor analysis made by Reis et al. (1996),
Freitas et al. (1997) and Rahn and Huang (1999)). The spot at north-east of Lisbon is
not identified. Nickel has still a maximum in the north-east of the country in the same
place as the elements correlated to soil contribution, which is referred by Prudéncio et
al., 1997 as soil based in ultrabasic complexes.

When we look at the rare earth elements shown in Fig. 4 we conclude that there is
no correlation with Ni and V. They are more similar to the elements discussed further
in the soil contribution part, so we delay the discussion till that moment.

5.3.3. Mobile sources

The elements associated to mobile sources are bromine and lead. Their pattern maps
are shown in Fig. 5. INAA and PIXE patterns of bromine are similar showing both a
predominance of bromine at the Atlantic coast. The results obtained by the two
techniques are similar as shown also in Table 3 (mean difference between the two
techniques: —6%). Both maps show no correlation with Pb pattern and Br seems to
have a marine origin. As referred before lead determined by PIXE may have influence
on arsenic data and it was concluded that in north of Portugal lead shows a maximum
(large spot in the middle of interior north) because there is a maximum of arsenic
there. So we consider that spot as arsenic not lead. The largest concentrations of lead
coincide with the regions of larger traffic in Portugal so we consider the mobile
sources as the main origin of Pb. The spot at south-east should be considered as
soil contribution since it also appears for the soil correlated elements.

5.3.4. Incinerators

The elements associated to incinerators are silver, zinc, antimony, cadmium, tin, and
lead. Of these elements Zn, Sb, and Pb were determined in this work. Their pattern
maps are shown in Fig. 6 (Fig. 5 for Pb). Zn obtained by both techniques gives similar
mformation for the same large areas (near Oporto and near Lisbon), although the
patterns are not so similar. In Table 3 it is presented a mean difference between the
two techniques of 1.9%. The patterns of Zn, Sb, and Pb show larger concentrations of
these elements in the same large areas: axis Lisbon-Setibal-Sines and in the vicinity of
Oporto, therefore it might be consequence of incineration. Officially there are no
incinerators in our country, the first one started operation in February, 1999. We
think that these elements appear associated due to incineration in the open air at
small scale. Rahn and Huang (1999) applied the positive matrix factorisation to our
data and found one factor which he identified as industry where antimony and lead are
the largest components, and zinc is also present. Freitas et al. (1997) included it in one
factor associated to general oil powered industries.

5.3.5. Cement production

IR -

The elements associated to cement production are calcium and magnesium. Their
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pattern maps are shown in Fig. 7. Calcium patterns determined by both techniques are
similar with a few spots well pointed out, which in Freitas et al. (1997) factor analysis
identified as cement sources (also Rahn (1999) identified this source after a more
detailed factorisation). Ca values of INAA do not show the large spot in the south
of the country as PIXE, because INAA Ca values were not measured. This is the
reason why INAA values for Ca are only 255. In terms of the values itself the mean
difference is 0% which is quite good (see Table 3). Magnesium is not associated to
calcium and the pattern is more of one soil component (see further).

5.3.6. Soil contribution

The elements associated to soil contribution are, according to Nriagu (1989), manga-
nese, aluminium, scandium, silicon, iron, and titanium. Their pattern maps are shown
in Fig. 8. Manganese and titanium values determined by INAA are larger than the
PIXE values. The mean difference found for both elements is about 20%. However, for
each element the patterns are similar and the largest concentrations are found in the
same areas. Iron data obtained by both techniques agree each other and also the
patterns. The mean difference for Fe is 5% (see Table 3). For all the elements, the
maps show high concentrations in the north-east of the country, due to the ultrabasic
composition of the soils as referred previously for arsenic, nickel, the rare earth
elements, lead, and magnesium. No explanation was found for the fact that only a
few of the elements in discussion have heavy spots in south-east of the country. The
patterns are similar for these elements demonstrating its correlation with soil contri-
bution. The rare earth elements shown in Fig. 4 have similar patterns to the soil

contribution elements. This is not surprising since the composition of soil in rare
earths is soil tracer. '

}

5.3.7. Wood burning

The elements associated to wood burning are potassium and carbon. Unfortunately
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carbon is not determined by any of the techniques. Fig. 9 shows the potassium
obtained by PIXE and INAA. The mean difference between both techniques is 10%
(see Table 3). The patterns are similar although the PIXE values are lower. The
regions with larger concentrations of potassium coincide with the areas of the country

with more percentage of fires during summer, but we would need carbon to demon-
strate the correlation.

5.3.8. Refineries

The rare earth elements are shown in Fig. 4. It was said previously that these elements
are more soil contribution than anything else. Looking more in detail we observe that
neodymium has a different pattern (except in the northern region) and samarium
shows large concentrations in the centre east. The spot south of Sines might be related
to the Sines refinery, as well as the small spot near Oporto.

5.3.9. Sulphide smelters

The elements associated to sulphide smelters are indium, cadmium, arsenic, selenium,
and sulphur. In and Cd were not determined because of their high limits of detection
with these techniques. The other elements were shown in Fig. 2 in association to coal-
fired power stations. One spot which was not explained there was the one which is
north-east of Sines, present in As- and S-patterns but not in Se-pattern. Might be that
spot due to sulphide smelters?

5.3.10. Other elements

A few more elements were determined which areypresented in Figs. 10-12. We will
start to comment the similarity of the elements determined by both INAA and PIXE.

For Cl, INAA values are larger than the PIXE values and the difference is 20% on
the ‘average (see Table 3). In general the patterns indicate both more Cl near the
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Atlantic coast as expected given the proximity of the ocean. For Cr, the mean differ-
ence (see Table 3) is quite large (88%). The INAA values are larger than the PIXE
values and we think it might be due to interference of the sum peak of Sc-47 peak
originated in Ca-47 (2 X 160 = 320 keV). We conclude that Cr values obtained by
PIXE are probably more accurate. INAA determined copper only in 117 samples in a
total of 301 due to the worse detection limit. Also the mean difference is quite large
(55%, see Table 3). We think PIXE is more reliable than INAA in Cu determination.
For Ga, very few results were obtained by INAA. Therefore the PIXE values should be
preferred. For Rb, both techniques give similar values (mean difference: 12%, see
Table 3) and similar patterns. Therefore we should adopt both Rb sets. For Sr, the
values of both techniques agree quite well (mean difference: 0.5%, see Table 3) and
also the patterns are similar. The drawback for INAA is that Sr values of INAA are just
219 instead of 301. For Ba, the mean difference is 28% (see Table 3) and the patterns
are not so similar. Ba values are interfered with U fission and correction is sometimes
quite important. That may be the reason why INAA results are larger than the PIXE
ones. In the other hand the PIXE results reach only 170 in a total of 300 samples.
Therefore both techniques have drawbacks and it is suggested to accept both. In short,
for the elements just discussed the following patterns will be adopted in Figs. 10-12.

e Both techniques: Cl, Rb, Sr, and Ba;
e Cr, Cu, and Ga: the selection will be done after patterns analysis.

We will discuss now eventual associations of the elements shown in Figs. 10-13
among themselves in one hand, and with the other elements discussed in the previous
sections.

A marine source might be associated to Na (Fig. 10), Cl (Fig. 10), and I (Fig. 12) but
their patterns are not similar. Na accumulates at the Atlantic coast but Cl also spreads
to the north-centre interior indicating some other source than the ocean spray. Phos-
phorus concentrates more over the agricultural part of Portugal (north and centre) and
copper in the north-west and south-west of the country might originate in copper
sulphate used in the vineyards. Co (Fig. 11), Cs (Fig. 12), Hf (Fig. 11), and Ta
(Fig. 11) have patterns similar to the soil elements. The values of Cr (Fig. 10), Ba
(Fig. 12), and Ga (Fig. 11) obtained by INAA also have soil patterns but not the PIXE

‘ones. In general these elements are indeed soil components therefore the INAA
patterns look more plausible than the PIXE ones. Zr (Fig. 10) has a very specific
pattern with spot in the north-east much probably originated in the soil. Mo (Fig. 12)
shows two strong spots near the centre of the country of unknown source. Wolfram
was expected to be more concentrated in the centre interior where some important W
(Fig. 12) mines are located, but instead the main spot is located south of Oporto where
important chemical industry is located. In this area we find also Hg (Fig. 12) contam-
ination, as well as in the axis Lisbon-Setibal-Sines axis where the chemical industries
are also concentrated. As to Th and U (Fig. 13) the patterns are very similar with
concentrated spots in the centre interior where the U mines of Urgeiri¢a are located.
The spots in the north-east should be soil originated and the spots in the north-west are
of unknown source.
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In Ruhling (1992) Portuguese mosses were collected from 1990 to 1992 and analysed
for the elements Cd, Cr, Cu, Fe, Pb, Ni, and Zn. Comparison with Cr, Pb, and Ni was
made in Freitas et al. (1999). It was found that in Portugal, surveys based on P. sulcata
and the mosses Hypnum cupressiforme and Scleropodium touretii give similar infor-
mation for these elements. We will compare now the elements Cu, Fe, and Zn. For Cu,
similar large concentrations are found in the north-west and south-centre of the coun-
try. The large concentrations found in the interior centre are not visible in our survey
probably because of the different grids adopted in the two surveys, finer with mosses.

Table 4. Results obtained in The Netherlands (mg/kg) in 1982/83 and 1986/87 reprinted from Sloof

(1993)

Element No. of samples Minimum Maximum Mean
analysed
Arsenic 110/329 1.7/0.5 17/17 5.715.7
Bromine 110/337 17/15 120/170 44/56
Chromium 110/337 7.6/4.0 58/270 22/26
Caesium 108/322 0.3/0.2 21/5.3 0.9/0.8
Iron 1107337 1100/720 15000/30000 4100/5800
Mercury 99/316 0.1/0.1 3.7/36 0.4/0.5
Lanthanum 99/316 0.8/0.8 16/64 4.1/6.2
Nickel 69/201 3.0/1.9 53/51 14/16
Lead 1232 /3.1 1367 /147
Selenium 98/332 0.4/0.4 4.0/7.5 1.4/1.8
Antimony 110/334 0.6/0.3 10/12 3.0/3.3
Vanadium 102/99 8.8/5.7 130/99 29/32
Wolfram 93/248 0.1/0.1 2.0/10 0.5/0.9
Zinc 80/61 630/1100 90/210

110/327
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. For Fe, the results are similar for both surveys:-larger concentrations in the interior
north and south. For Zn, the largest spots are in both surveys around Lisbon and
around Oporto, although the Zn areas in the north of the country are larger for the
lichen survey.

In The Netherlands similar survey was made in 1982/83 and 1986/87 using also P.
sulcata (Sloof, 1993). In Freitas et al., (1999) comparison was made for arsenic,
chromium, mercury, nickel, lead, antimony, selenium, and vanadium. It was
concluded that when compared to The Netherlands, Portugal has regions with much
lower contents in lichens, but the industrialised areas are as much polluted. Table 4
‘shows the levels of the elements which can be compared in this paper.

We observe that Br, Cr, Fe, Hg, and Zn contents in Portuguese lichens are quite lower
than the Dutch lichens; V and W have similar values; Ni and Sb have lower minima; Cs,
La, Pb, and Se lower maxima; and As has larger maxima. Comparing the means we
observe that except for W all the elements in comparison are much lower in Portugal,
for that contributing the not industrialised interior of the country. Therefore we may say
that in Portugal pollutants can be as high as in The Netherlands in some regions of the
country (near the Atlantic coast) but on the average the contents are still low.

6. Conclusions

In this work PIXE and INAA nuclear techniques were applied to a 1993 lichen survey
held in Portugal. The two techniques determined 46 elements with 16 common
elements. The common elements were compared and conclusions were attempted to
select the best values, based on the concentration patterns obtained. It was concluded
that:

e Ca, Cu, Ga, Sr, Mo, Ag, La, Nd, and W were determined by INAA but their
detection limits are not good enough to give results in all the samples; Ca, Cu,
and Ga are determined by PIXE in all the samples.

e Onaverage: 1)K, Ca, V, Fe, Zn, Br, and Sr agree each other within =10%; 2) Cl, Ti,
Mn, and Ba between =10% and +=30%; 3) Cr, Cu, Ga, and As between *30% and
+90%; the heterogeneity of the samples may be the main cause of the differences.

¢ In PIXE results whenever As and Pb are present in the samples, they interfere each
other, and the values should be observed carefully.

e Some pollution sources could be regionally identified: 1) coal-fired power stations
(As, Se, and S) at south of Lisbon and near Oporto; 2) fuel-fired power stations (V
and Ni) in the axis Lisbon-Settibal and near Oporto; 3) mobile sources (Pb) in
regions of larger traffic (north-west and Lisbon and south Lisbon); 4) cement
production (Ca); 5) soil contribution: Mn, Al, Sc, Si, Fe, and Ti, also Mg, REE,
Co, Cs, Hf, and Ta (Cr, Ba, and Ga).

e It was observed two regions of large concentrations of metals in north-east of the

~ country pointed out as originated in the ultrabasic complexes, main constituents of
the soil of that region.

¢ The chemical complex of Estarreja (south of Oporto) is put in evidence by the Hg
contents in lichens.
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e Except for a few spots our results for Cr, Pb, Ni, Cu, Fe; and Zn agree quite well

with the results obtained with a moss survey in a 1990/92 campaign made in
Portugal using non-nuclear techniques.

e In general the pollutants determined in this work in the industrialised areas of the
country near the Atlantic coast can be as highly concentrated as in The Netherlands
(1982/83 and 1986/87 Dutch campaigns with the same lichen).There are regions of
the country mainly located in the interior which have very low concentrations as
compared with the Dutch values. Therefore on the average the elemental contents
in the Portuguese lichens are still low as compared with the Dutch ones.
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