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Abstract
Among nuclear and nuclear related analytical techniques, neutron activation analysis and X-ray

fluorescence spectrometry proved to be particularly useful for environmental studies owing to their
nondestructive character and multi element capability. This paper emphasizes their importance among other
multielement analytical methods by discussing their specific role due to specific physics basis, quite different to
other destructive non-nuclear methods, and by summarizing results obtained in several studies related to air
pollution research, including analyses of airborne paniculate matter, water samples, lichens and mosses.

1. INTRODUCTION

1.1 Air pollution

The environment is increasingly affected by a growing number of various atmospheric pollutants.
The pollutants may include any natural or artificial composition of matter capable of being airborne.
They may occur as solid particles, liquid droplets, gases, or in various admixtures of these forms.
Natural sources include volcanic emissions, accidental fires in forests and on prairies, dust storms, soil
particles, salt particles emitted from the oceans, and various products given off by plants.
Anthropogenic sources of air pollution comprise emissions due to industrial activities (e.g.
manufacturing products from raw materials, industries that convert products to other products, etc.),
power generation (e.g. fossil fuel combustion), traffic, agriculture, waste incineration, residential
heating, and many others. These pollutants, if present in high concentrations, are contaminating the
environment close to the emission sources, posing a threat to human health, and also contribute to
regional and global atmospheric pollution problems. Main sinks of airborne pollutants include the soil,
vegetation and water bodies. Due to the diversity of contaminants and materials to be analyzed, a large
variety of analytical techniques should be available in studies related to air pollution problems.

Toxic and heavy metals represent an important group of air pollutants to be considered, and are
therefore taken into the consideration in this contribution.

1.2. Multielement analytical techniques

For the assessment of pollutant elemental levels and identification of their sources, which are
also prerequisite for studying effects of contaminants on the environment and human health, a
multivariate data base containing as many pollutant elements should be generated. Therefore,
multielement methods are usually used for such studies. The analysis of samples for their bulk minor
and trace element content is governed by the sample type, the elements of interest, the sensitivity,
precision and accuracy needed and the availability of (or access to) the technique. The choice of
multielement methods available includes inductively coupled plasma atomic emission spectrometry
(ICPAES), inductively coupled plasma mass spectrometry (ICPMS), X-ray fluorescence spectrometry
(XRF), ion beam analysis (IBA) [i.e. particle induced X-ray emission (PIXE) and proton induced
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gamma-ray emission (PIGE)] and nuclear activation analysis [instrumental neutron activation analysis
(INAA), prompt gamma neutron activation analysis (PGNAA), charged particle activation analysis
(CPAA)], and several other methods, which are seldom used on a routine basis. Some of these methods
can be complemented by the use of single-element techniques such as anodic stripping voltammetry
(ASV) or atomic absorption spectrometry (AAS).

1.3. The role of nuclear and nuclear related analytical techniques

For handling solid samples, nuclear activation analysis, XRF and PIXE are the most appropriate
as they are nondestructive methods, so the probability of contaminating a sample with the element to be
determined is negligible, and eventual losses during the sample destruction and preparation are
excluded. Among the three methods, neutron activation analysis (NAA), in its instrumental or
radiochemical mode, is often used as one of the analytical methods in the process of certifying new
reference materials. This is due to its good accuracy, selectivity and sensitivity for many elements.

Environmental samples such as soils, airborne particulate matter (APM) or plant materials, often
contain an insoluble component, e.g. a mineral fraction, which could be only partially soluble in acids
routinely used for sample destruction applied in many laboratories. Therefore the accuracy and
comparability of measurements obtained using different procedures and/or methods for determination
of total elemental content should be validated and taken into account. It has been shown, for instance,
that several elements in National Institute of Standards and Technology (NIST) leaf standard reference
materials (SRMs) are only partially soluble in HNO3/HCIO4 [1], that about 20% of the uranium in
NIST SRMs 1571, 1575, and 1572 (Orchard Leaves, Pine Needles, and Citrus Leaves, respectively)
resides in a phase that is not made soluble by conventional wet-ashing procedures [2], and that even in
NIST SRMs of the new generation such as 1515 Apple Leaves and 1547 Peach Leaves, which were
prepared using dedicated equipment and modern technology, several percent of the total element
content is contained in the mineral grit phase [3]. It was also shown [4] that incomplete solubilization
can occur even when well-accepted, vigorous regimens are used. So, the analysis of any botanical
sample (this is also valid for soil and APM material) by solution-based analytical techniques for the
total element content must ensure that the mineral is dissolved as well as the bulk material.

Methods intercomparisons using different multielement analytical techniques [5-9] confirm the
conclusions drawn in the previous section. The quality of destructive analysis of biomonitors is
influenced by specific matrix effects that may not be matched by the matrix of other plant reference
materials. The level of the mineral fraction contained in a biomonitor may depend on the level of
pollution, so the recovery of an element during the dissolution may not be the same for the same type of
material analyzed. One should also be careful when using reference materials or samples, since in some
cases the values are reported on an acid-soluble basis, so misleading conclusions may be drawn by their
analysis [9].

These facts and problems encountered by using destructive methods make nuclear and nuclear-
related analytical techniques (NATs) indispensable in laboratory intercomparisons to improve the
quality of trace element determinations in environmental materials. NATs also proved to be highly
appropriate for the analysis of various materials used in studying trace element air pollution. NAA has
been extensively used for such studies and numerous references and review papers can be found in the
literature [e.g. 10-23]. The k0 -based INAA [24] has been found to be a particularly useful tool, offering
the possibility of determining all the radionuclides appearing in the accumulated gamma spectra of the
neutron-irradiated sample. It has also been shown [e.g. 22, 23, 25-28] that relatively simple energy
dispersive X-ray fluorescence spectrometry (EDXRF) using radionuclide excitation sources can be
efficiently used in air pollution research. In addition, the samples analyzed by this technique can
subsequently be submitted to analysis by other techniques, which is not the case when using other
methods. Some examples of the use of INAA and EDXRF in atmospheric pollution studies in Slovenia
are presented in the following sections.

2. SAMPLING AND SAMPLE PREPARATION

Various types of samples are collected and analyzed for studies aimed at determining the levels
of trace elements contaminating the environment and at better understanding the fate and cycling of
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contaminants, both on local and national scale. The samples include the following types of materials:
airborne paniculate matter, bulk deposition, soil leachate water, spring water, soil, and rocks.

2.1. Airborne participate matter (APM)

APM samples are collected either by the "Gent" stacked filter unit [29] for NAA analysis or by
an in-house constructed single-jet APM separator [27] offering the possibility of collecting higher filter
loadings (up to 1 mg cm"2) needed for EDXRF analysis due to its lower sensitivity. In both cases two
fractions, from approximately 2.5 to 10 um and finer than 2.5 um, are collected on polycarbonate
membranes. Loaded filters are weighed after neutralizing the charge with a static eliminator. Filters are
kept in Petri dishes prior to analysis. APM-loaded filters are pelletized with a manual press in a pellet
die of 5 mm when analyzed by INAA.

2.2. Liquids

Water samples are usually not considered as appropriate to be analyzed by NAA. Moreover, in
many reactors it is even not allowed to irradiate liquid samples. However, if a suitable neutron source is
available, NAA can efficiently be used for water analysis, providing information on the same elements
as determined in other types of samples from the same study. Typical detection limits for some
elements in a typical water sample are outlined in Table I.

TABLE I. COMPARISON OF NAA DATA WITH CERTIFIED VALUES FOR NIST SRM 1643C
TRACE ELEMENTS IN WATER

Element

As: / ua L"1

Al / ua L"1

As / ua L"1

Ba / ua L"1

Ca / me L"1

Cd / ua L"1

Co / ua L"1

Cr/uaL"1

Fe / ue L"1

K / mg L"1

Mg / me L"1

Mn / ue L"1

Mo / ua L"1

Na / mg L"1

Rb / ua L"1

Se / ue L"1

Sr / ue L"1

Ta / ua L"1

V / ue L"1

Zn / ue L"1

NAA data

2.4 ± 0.4
124 ± 8

88.6 ±3.3
54 ± 8

38.2±1.1
14.4±1.9

24 ± 4
20.9 ±0.6
124 ±28

2.43 ±0.16
10.0 ±0.4
35.0 ±0.5

104 ±5
12.4 ±0.2
12.1 ± 1.4
14.2 ±0.5
278 ± 14

0.061 ±0.017
31.1 ±3.1
83.9 ±2.5

Certified values

2.21 ±0.3
114.6 ± 5.1
82.1 ±1.2
49.6 ±3.1
36.8 ±1.4
12.2 ± 1.0
23.5 ±0.8
19.0 ±0.6
106.9 ±3.0

2.30
9.45 ± 0.27
35.1 ±2.2
104.3 ±1.9

12.19±0.36
11.4 ±0.2
12.7 ±0.7

264.0 ±2.6
0.079

31.4±2.8
73.9 ±0.9

Detection limit

0.3
4

0.2
11
0.6

0.05
0.03
0.5
50

0.04
0.1

0.07
0.1
0.7
1

0.1
18

0.01
0.3
2

Bulk deposition measurements are used in developing input budgets of water and chemical
constituents into the area under investigation. The bulk precipitation is collected by continuously open
collectors and comprises only elements and substances which are deposited by sedimentation under the
influence of gravity and washout. The collection system consists of a polyethylene funnel (diameter
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26 cm) and a polyethylene bottle (5 L). The funnel-bottle system, having an orifice of 452 cm2, is
mounted inside a stainless steel cylinder placed on a concrete plate, keeping the upper edge of the
funnel 1.3 m above ground level. The opening of the funnel is protected by a coarse filter mesh made of
polyethylene (with mesh diameter 2 mm) and a nylon net (pore size 250 |jm) in order to prevent an
ingress of coarse particles (e.g. leaves) and insects. Before each sampling period (one month), 10 ml
cone. HNO3 (suprapure) is added to the bottle to preserve the precipitation collected, achieving a final
pH of about ~2.

Soil leachate water is collected to monitor dissolved and colloidal elements and substances. For
this purpose, lysimeters are used. They are in form of an open-topped square bodied drainage vessel
(45 cm x 35 cm) made of PVC with an outlet at the bottom. The lysimeter is inserted intact into the soil
at 50 cm depth to collect the vertical water flow. The vessel is filled with silicate sand (2 mm diameter)
and connected to a 5 L sampling bottle. The collection bottle contains nitric acid prior to collection, to
achieve a final pH of about ~ 2.

Spring water measurements are used to estimate output budgets and chemical constituents of the
watershed under investigation. Water is collected directly in a polyethylene bottle.

All water samples are filtered (0.45 |im polycarbonate membrane filters of Nuclepore) and
analyzed by INAA, measuring the filtrate and the filters with suspended particles separately. A 5 ml
aliquot of filtered water is transferred to an acid washed polyethylene vial, and the filter is pelletized
with a manual press in a pellet die of 5 mm.

2.3. Solids

Soil samples are taken with a plastic shovel, usually from four different depths: 0-5 cm, 5-10 cm,
10-20 cm, and 40-50 cm, about 1 kg each. The average soil sample from each site is prepared as a
composite of three subsamples. In the laboratory the samples are homogenized, dried at 30 °C and
passed through 2 mm plastic sieve. The dried soil samples are then ground in an agate mill to a suitable
size (100-mesh).

Rocks: approximately 5 kg is collected at a chosen sampling site. An appropriate subsample is
taken and crushed by a hammer. A suitable subsample is taken then and ground in an agate mill to an
appropriate size (~ 1 |am).

Both types of samples are pelletized with a manual press.

2.4. Biomonitors

The sampling sites for collecting lichens are located at least 300 m away from main roads and at
least 100-200 m away from any road or dwelling, mainly in forest glades or open habitats. Several
healthy lichen thalli of different sizes are taken from the same tree and likewise from 3-5 nearby trees,
1.5-2 m above the ground, and if possible the lichen material is taken from all around the tree to reduce
the influence of relative source position. In the laboratory lichens are moistened with distilled water and
then the adhering bark particles removed from the lichen using nylon tweezers. The samples are made
brittle by immersion in liquid nitrogen, and then crushed and ground in a zirconium mortar with a Zr
ball in a Fritch vibration micro-pulverizer. About 100-200 mg of dry lichen powder is then used to
make tablets for INAA.

The moss sampling is carried out according to the recommendations for the European moss
survey [30]. The three youngest fully developed segments of plant or corresponding green or green-
brown parts are taken for analysis. The samples are prepared in a similar way as lichens.

About 100-200 mg of dry lichen or moss powder is used to press tablets for INAA.

3. ANALYSIS

3.1. INAA

Samples are irradiated, together with an Al-0.1% Au alloy wire of 1.0 mm and a 0.125 mm Zr
foil (serving as comparator and fluence rate monitors), in the 250 kW TRIGA Mark II reactor of the
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Jozef Stefan Institute (US), using different irradiation-decay-measurement schemes [31, 32]. After
irradiation, the samples are transferred into clean polypropylene mini scintillation vials for
measurement on an HP Ge detector connected to a Canberra Series 90 multi-channel analyzer. The
radionuclides used in the determination of 53 elements in each sample, their half-lives and gamma
energies measured are given elsewhere [32]. Spectra are processed by the SAMPO program [33] and
elemental content determined by the KAYZERO/SOLCOI software package [34].

3.2. EDXRF analysis

Samples are placed on an in-house constructed automatic sample changer carousel facility with a
capacity of ten specimens. Two different setups are used for EDXRF analysis: (1) a 1 Gbq 109Cd
excitation source and a Si(Li) detector; and (2) a 1 Gbq 241Am excitation source or a 1.8 Gbq 55Fe
source and a low-energy Ge detector, both coupled to a Canberra S 100 multi-channel analyzer. Spectra
are processed and quantitative analysis performed using AXIL-PC software [35]. Using the described
setups, up to 20 elements having Z > 13 are usually sought: (i) Si, P, S, K, Ca, Ti and V using a 3:>Fe
exciting source, (ii) Cr, Mn, Fe, Ni, Cu, Zn, Pb, Br, Sr and Zn using a 109Cd exciting source, and (iii)
Cd, Sb and Ba using a 241Am exciting source.

3.3. Analytical quality assurance and control (QA/QC)

Continuous emphasis is placed in developing and enforcing appropriate QA/QC procedures for
the analysis. These procedures comprise careful verification of any new procedures used, participation
in the relevant laboratory intercomparisons, and the inclusion of reference materials as "blind" samples
in each batch of samples analyzed. Environmentally related reference materials of different origin and
matrices are used, including the following ones which have been found appropriate for routine quality
control:
Institute for Reference Materials and Measurements (IRMM) Certified Reference Materials (CRMs)
038 Fly Ash from Pulverised Coal, 101 Spruce Needles, 128 Fly Ash on Artificial Filter, 277 Estuarine
Sediment;
International Atomic Energy Agency (IAEA) Reference Materials (RMs) SL-1 Lake Sediment, Soil 7,
336 Lichen;
National Institute for Standards and Technology (NIST) standard reference materials (SRMs) 1515
Apple Leaves, 1547 Peach Leaves, 1570 Spinach, 1571 Orchard Leaves, 1572 Citrus Leaves, 1573
Tomato Leaves, 1573a Tomato Leaves, 1633a Coal Fly Ash, 1643c Trace Elements in Water, 1646
Estuarine Sediment, 2704 Buffalo River Sediment, 3087 Metals on Filter Media.

The results have been reported in the literature [13, 20, 27, 31, 36-39], and only two examples
are presented in this paper: NAA results for NIST SRM 1643c Trace Elements in Water (Table 1), and
EDXRF results for NIST SRM 3087 Metals on Filter Media (Table II).

TABLE II. EDXRF DATA FOR NIST SRM 3087 METALS ON FILTER MEDIA

Element EDXRF data Certified values
[u.g per filter] [|ag per filter]

Ba 25 + 4 25.88 + 0.29
Cd 16 ±4 15.510.17
Cr 10.0 ±2.0 10.33 ±0.12
Fe 28 ± 4 25.84 ± 0.29
Mg < 1000 25.83 ±0.29
Ni 27 ±4 25.86 ±0.29
Pb 39 ±6 41.33 ±0.46
Se 23+4 25.84 ±0.29
Zn 109 ±14 103 ±1.2
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4. EXAMPLES OF AIR POLLUTION STUDIES

4.1. Air pollution study using NAA

As part of the IAEA research co-ordination project on "Applied research on air pollution using
nuclear related techniques", APM samples were collected, using the "Gent" stacked filter unit (SFU)
and analyzed by INAA. Two sampling stations were chosen: one at the urban residential area located at
the Hydrometeoro logical Institute of Slovenia (HIS) situated in Ljubljana city, and other one at the rural
site at Iskrba. At both sites, the samples were collected for the period of 24 hours, twice per week,
during one year. The aim of the study was to determine elemental concentrations in both inhallable and
respirable fractions of APM in order to find out the levels and possible sources of pollutants, including
their seasonal trends. Some findings are summarized in Table 3. Average annual APM concentrations
found were 47 u.gm"3 and 21 |agm"3 for Ljubljana and Iskrba, respectively. Higher values for the site in
Ljubljana are mostly due to higher concentrations found in winter (up to 200 |-igm"3), caused by coal
burning.

Principal component analysis, applied to the data set, yields similar patterns for each APM
fraction at both sampling sites. Therefore, similar pollution sources for both sampling sites may be
assumed. High enrichment factors for As, Cd, Cu, Mo, Sb, Se, and Zn were found in the fine APM
fractions; and for As, Cd, Cu, Mo, Sb, and Se, in the coarse fractions, at both sites, respectively
(Table III). Additional measurements are being carried out to identify the potential sources.

TABLE III. AVERAGE ANNUAL ELEMENTAL CONCENTRATIONS IN APM FRACTIONS
AND ENRICHMENT FACTORS FOR ABOVE TWO STATIONS

Element

Al
As
Ca
Cd
Cr
Cu
Fe
K
La
Mn
Mo
Sb
Se
Th
V
Zn

HIS
Coarse

229
0.47
1083
0.71
12
12

334
114
0.18
6.7

0.54
1.3

0.39
0.06
2.4
17

Concentration
(ng/m3)

Iskrba
Coarse

56
0.40
242
1.3
9.3
5.4
75
51

0.08
1.5

0.46
0.13
0.14
0.03
0.46
1.9

HIS
Fine

40
1.8
350
1.4
2.6
13
163
223
0.14
7.8

0.48
1.26
1.14
0.03
7.4
48

Iskrba
Fine

26
1.6
350
0.95
0.11
6.1
48
133
0.09
2.1
0.22
0.42
0.53
0.02
2.6
22

HIS
Coarse

1
92
11

1270
42
76
2
2
2
3

128
2310
2770

3
6
87

Enrichment factor

Iskrba
Coarse

1
323
10

9440
135
143
2
3
4
2

445
940
4070

6
5

40

HIS
Fine

1
2030

19
14200

53
473

7
17
9
17

650
12800
46300

8
111
1380

Iskrba
Fine

1
2780

30
14900

3
347

3
16
9
7

460
6570
33150

9
60

980

4.2. Environmental contamination caused by polluted air in the Salek valley

The Salek valley and its surroundings, comprising an area of about 40 km2 is one of the most
polluted areas in Slovenia. The coal fired Sovtanj thermal power plant (TPP), is a large regional SO2,
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NOX, dust, and trace elements emission source, and the main reason for the pollution of the valley. Its
annual emissions during last years reached 90000 tons of SO2, 12000 tons of NOX, 5000 tons of
escaping fly ash, and unknown quantities of other pollutants. It was calculated [38] that the total annual
release of volatile elements from the TPP operation estimated as the emission on stack fly ash plus the
vapour phase release is about 6 t for As, 2.7 t for Cd, 36 t for Cr, 0.6 t for Hg, 134 t for Pb, and 122 t
for Zn. Comprehensive studies have been carried out, aimed at studying environmental impacts of the
TPP and other sources on the environment, including analyses of coal, electrostatically precipitated
(ESP) fly ash, size fractionated escaping fly ash particles, APM, bulk precipitation deposition, leachate
water, spring water, soil, rocks, and biomonitors.

The composition of coal and ash particles from the TPP using INAA and atomic absorption
spectrometry (AAS) for Cd and Pb was studied to determine the elemental composition of size
fractionated ash particles emitted by the stack, and those trapped by the ESP, in comparison to the
original coal composition. 39 elements were analyzed by INAA. Enrichment ratios (leading to a
detailed source characterization) and overall mass balance during operation of the power plant were
calculated [38].

A monitoring system comprising six sampling sites has been established to: (1) follow the
concentrations of metals in APM, (2) determine the participation of local emitters of APM in Salek
valley, and (3) determine the exposure of the population to emission of APM, including possible health-
effects assessment. Due to large number of the collected samples EDXRF technique is applied, and the
in-house constructed APM samplers are used. It has been found that elemental concentrations can be
measured for Ca, Fe, Pb, S, Si, Ti, and Zn in all ambient APM samples, while levels of the elements
Ba, Br, Cd, Cr, Cu, K, Mn, Ni, Sr, V, and Zr are sometimes below the detection limit [27]. The TPP,
however, was found to be the main source of pollution, although other local sources were also
identified [27].

To identify the causal relationships between forest damage, atmospheric deposition, and the
consequences in runoff and soil water, investigations on the deposition of inorganic substances in forest
areas have been initiated [13, 20]. An ecosystem unit in a study carried out was a watershed or drainage
area, with vertical and horizontal boundaries defined functionally by its biological activity and the
drainage of water. Three small watersheds with similar vegetation and geology and subject to the same
climate, were used for the study. Samples of bulk deposition, soil leachate water, spring water, soil, and
rocks were collected and analyzed by INAA. Overall, the analytical results showed: (1) an increased
input flux and accumulation trend for some elements including As, Ba, Br, Cd, Co, Cr, Cu, Sb, Se, U,
and Zn in the Salek valley, and (2) increased input fluxes of trace elements close to TPP, being this
plant the main pollution source [20].

4.3. Biomonitoring atmospheric trace element deposition

It is well known that direct measurements of airborne pollutants require enormous efforts as to
investments in infrastructure and manpower. Application of direct measurements in air, e.g. APM, on a
large scale is extremely costly and labor intensive, therefore impractical and almost impossible.
Airborne pollutants can be transported over large distances, raising a high public interest also in remote
areas, and biomonitoring is an appropriate tool for assessing the levels of air pollution. In several
countries biomonitoring is used on a regular basis for such surveys [30, 40]. Application of biomonitors
has several advantages compared with the use of direct measurements of contaminants, related
primarily to the permanent and common occurrence in the field, the ease of sampling and trace element
accumulation. Furthermore, biomonitors provide a measure of integrated exposure over a certain
amount of time, they are present in remote areas and no expensive technical equipment is involved in
collecting them. Suitably chosen biomonitors accumulate contaminants over certain periods of time,
concentrate them, thus allowing more reliable analytical measurements. Simple and cheap sampling
procedures (in contrast to direct measurements) allow a very large number of sites to be included in the
same survey, permitting detailed geographical patterns to be drawn. Nuclear and related analytical
techniques have been shown to be particularly appropriate for the analysis of air pollution biomonitors,
such as moss and lichen [10, 12, 15, 17, 18], being multielement, reliable, extremely sensitive for
many toxic elements, matrix independent and suitable for all concentration ranges (i.e. from nanogram
to percent levels). The efficacy of these sampling and analysis techniques has been amply shown in
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several national and international programmes. In combination with the specimen banking (long-term
storage) of selected samples, biomonitoring can be an effective tool for pollutant mapping and trend
monitoring by real time and retrospective analysis. By application of appropriate statistical tools,
information can also be obtained on the type and location of pollution sources as well as on the short,
medium and long range trans-boundary transport of environmental pollutants.

A monitoring survey on the national scale using the epiphytic lichen Hypogymnia physodes (L.)
Nyl. was carried out, using the existing 16 x 16 km bioindication grid which had previously been
introduced for some regular studies connected with forest decline [41]. Samples were collected as
described in section 2.4. 36 elements were determined using INAA, in each lichen sample from 86 grid
points. Application of Monte Carlo-assisted factor analysis [42, 43] on the 28 elements with
environmental relevance resulted in nine factors (possible types of sources), that explained 84% of the
total variance in the data set. Detailed results can be found elsewhere [19].

The survey using lichens has been supplemented with the nationwide monitoring using mosses
[44]. Samples of the moss species Pleurozium schreberi and Hypnum cupressiforme were collected
from 30 sites, uniformly selected from the same grid, so as to comply with the recommendations for
European moss surveys [30]. 40 elements were determined using IN A A. Comparison of both surveys is
summarized in Table IV. The mean elemental contents are evidently comparable for both biomonitors.
The mean values for Ag, As, Br, Hg, Sb, and Zn are significantly higher in lichens, and the mean
values for Ba, Co, Cr, Fe, K, Sc, Th, and U are significantly higher in mosses. It can only be concluded,
however, that both organisms used for biomonitoring are suitable; the content of metals in lichen
reflects an average exposure of at least ten years period of time, and in mosses an average exposure of
three years period of time [45]. Observed differences may therefore be attributed to yearly variations in
deposition rates, and not to different accumulation properties of the biomonitors used.

TABLE IV. COMPARISON OF NATIONWIDE BIOMONITORING SURVEYS USING LICHENS
AND MOSSES. RESULTS ARE IN mg kg"1

Lichens Mosses

Element Range Mean Range Mean

Ag
As
Ba
Br
Cd
Co
Cr
Fe
Ha
K

Mo
Sb
Sc
Se
Th
U
Zn

0.03-0.21
0.57 - 2.97
7.1 -212
6.0-32
0.3 - 5.4

0.24- 1.74
2.3 - 22

492 - 3760
0.04-1.46
1650-8640
0.19-9.2
0.14-3.5
0.15-1.2

0.05 - 0.68
0.11 -0.82
0.04-0.31

47-151

0.087
1.24
28
15
1.1

0.55
5.8

1250
0.11
4090
0.72
0.35
0.37
0.27
0.29
0.12
90

0.06 - 0.22
0.14-5.8
11 -131
1.1 -4.9

0.24-3.0
0.13-7.8
1.4-50

206-14800
0.01 -0.13

3540-12200
0.14- 1.7
0.07-0.58
0.05-5.9
0.06-0.4
0.04 - 6.4
0.015-1.8

25-74

0.007
0.8
40
2.0
1.0
1.0
8.0

1940
0.04
7200
0.6
0.2
0.7
0.2
0.7
0.2
41
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5. CONCLUSIONS

Although it is considered that nuclear methods are in a continuous decline due to the emergence
of new competitive analytical techniques, they definitely have an important role in environmental
studies related to trace element pollution and cycling. Examples shown in this paper strongly support
this conclusion.

Intercomparisons aimed at certifying new reference materials have amply shown that the results
obtained by NAA are reliable and accurate. Therefore, it is highly appropriate for validating other
methods and checking procedures used by destructive analytical techniques. NAA is particularly
suitable for analyzing samples where low detection limits are needed, having in mind that the detection
limits are largely element-dependent. Using the k0 -based of INAA as implemented in the above
studies, more than 60 elements can in principle be determined from double irradiation. When analyzing
environmental samples, quantitative data for 30 - 40 elements can realistically be expected. It is well
known, however, that Pb cannot be determined by NAA at î g.g "' level, and another technique
(including ED XRF) should be applied for analysis of this heavy metal. Since the throughput of
samples analyzed by INAA in the Laboratory for Radiochemistry of the US has been found to be
approximately twelve samples per day for short irradiations and approximately twenty samples per
week for long irradiations, the method is more usable for the analysis of biomonitors, where the number
of samples is relatively low, rather than for APM collected on filters, where the demand exceeds the
analytical capacity. In the latter case INAA can best be used as a reference and control method for a
limited number of samples analyzed by ED XRF.

This method is much faster than INAA, requiring less than two hours per measurement, thus
allowing a throughput of about sixty samples per week when using a sample changer and two detectors.
It is suitable for processing a large number of samples of similar matrix composition such as APM
collected on filters; however, the quantity of air sampled should be such as to allow elemental surface
densities of approximately 0.1 jj.g.cm"~ in order to ensure acceptable quantitative analysis.

Both techniques are extensively used at the US for the analysis of bulk precipitation, biomonitors
of atmospheric deposition, and for the analysis of APM. Based on experience obtained in
implementing both methods, EDXRF was chosen for the analysis of APM, and the INAA procedure as
a control method for the APM, as well as for the analysis of bulk precipitation and biomonitors. The in-
house constructed APM separator collects up to 1 mg APM cm"2 of filter, which allows quantitative
determination of 15 elements by EDXRF, on average, including Si, S, Ni, and Pb, thus representing
elements complementary to the INAA data.
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