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- The advent of analytical techniques for the simultaneous dct#rrﬂiﬁétio’n of a great number of -~ 7. |

- elements has creatéd an enormous interest for milti-element studies in environmental sciences, -
s “Since the introduction”of emission spectrometry more than sixty. years ago; a variety. of optical,
.. X-ray, mass spectrometric, and nuclear techniques have been introduced and applied to studies of
: roclf_s and minerals, soils, plant and animal tissue, acrosols, and many other sample categories of *
- -environmental interest. At the -present .time the most popular mullet-elemient ‘feéhniqués for
, studies of énvironmental problems seem to be induction-coupled plasma emission spectrometry . -
" (ICP-ES), partiele-induced X-ray 'einission” (P1XE), instrumental - neutron - activation analysis, e

-~ (INAA), ‘and ‘most. recently, induction-coupled -plasma ‘mass’ spectrometry -(ICP-MS). Each of =" .

‘;, thése tcchniqdc_é have. their.own merits ‘and problems. < <. SRS P St
- INAA as a. multi-element technique depended “on vlhe'aevelépment; orf"‘s‘lab_le ‘solid-state”

N

~detector systems’ for gamma-spectrometry. First introduced for the analysis-of silicate rocks.[1],: ..~

INAA soon found applications to other sample types of environmental intercst 'such as aerosols .
(21, fly ash-[3], water [4]. and plant tissue [5]. The strongest merits of INAA was relatively few
sources of systematic errors, lower detection limits in many.cases than what could be achieved by .

-other multi-clement techniques, and the fact that no dissolution of the sample was recessary.. '~

‘ Moreover it was in some cases possible to‘analyze very small samples for a considerable number’
of elements. On.the other.hand ‘the .precision and’ detection limit that could be obtsined Gften
depended strongly on'the element composition of the: samplé, and a combination” of different”
irradiation and counting times was necessary to achieve an optimal result. Last, but-not the least, -
INA.A :showed poor performance for some of the elements of 'grca/tesri‘meres‘t in environmental
. pollution studies, i.e. lead, nickel, copper, cadmium and tin, and had to bé supplemented by other -
- techniques in cases where these elemcntsfwere of importance [6]. Therefore, although still having
a strong position in specific cases such as the analysis of acrosols, INAA has 10st considetarable
‘ground since its strongest period in the 1970"s: In particular the introduction of ICP-MS, which.- ™
* offers low detection limits for most elements in the Periodic table, has imade INAA Tess attractive
than before for a number of multi-élement studies. .= - LT LD T
v The stronger competition from analytical techniques has made it more necessary than before -

i

for the activation analyst to look for approactics to.improve the selectivity and detection power of

"o his r‘nt?lhogis.jln ‘many. casesthat’can be achieved by meansof epthermal neutron activation -
:- analysis (ENAA) where the thermal ncutrons are excluded by surrounding the samples with a -
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suitable filter material, enabling only the resonance and fast reactor neutrons to penetrate into the
sample. In the present paper the performance of ENAA to environmental studies is discussed,
and based on the experience of the authors, some examples are given where it has been possible
by ENAA to determine trace elements which could not be done as well by non-nuclear
techniques. - : SR '

2. ACTIVATION WITH EPITHERMAL NEUTRONS

The neutron energy spectrum in a nuclear reactor is conventionally divided into the
following three parts: )

a) Reactor fast neutrons, exhibiting an energy range up to at least 15 MeV, and with the most
probable energy at about 1 MeV; . : '

b) Neutrons of intermediate energies, which are in the process of slowing down in the reactor.
This component is usually named resonance neutrons, and includes neutrons with energies
from below 1 eV to about | MeV;. )

¢) Thermal neutrons, which are in thermal equilibrium with the moderator, with a most °
probable energy of about 0.03 eV depending on the neutron temperature.

The thermal neutrons can be effectively removed by means of a filter consisting of some
material with very high thermal neutron absorption cross-section, such as boron, cadmium, or
gadolinjum. This facilitates selective activation.with the epithermal neutron flux in the reactor
(resonance + fast neutrons). The practical «cut-off» value of the thermal neutron filter depends on
the character and thickness of the filter material. For the commonly used 0.7 mm cadmium foil it
is about 0.4 eV. ) :

Most radioactive nuclides originating from activation with thermal or resonance neutrons are

‘ produced by (n,y) reactions. In the thermal neutron_ region the (n,y) activation cross-section of

most nuclides follows the 1/v law (is inversely proportional to the neutron velocity). Some
nuclides mainly follow the 1/v law also in the epithermal region, whereas others show strong
resonances in-their cross-section function in that region. Therefore the ratio of thermal to
epithermal activation shows large variation between different target nuclides, as conveniently
illustrated by the ratio of resonance activation integral/thermal neutron cross-section (I,/c,) of the
nuclides concerned. Whereas this ratio is of the order of 0.5 for nuclides following the 1/v law in
the resonance region, it may be as high as 100 in other cases. This means that the radionuclide
distribution originating from epithermal activation may deviate strongly from that apparent when
the whole reactor spectrum is employed, and that forms the basis of ENAA.

In Table I relevant data for long-lived nuclides (T,>15 h) shown to be suitable for
determination by ENAA are listed along with the most important interfering nuclides in
environmental samples, and in Table I a similar list is presented for short-lived  nuclides.
Normally the advantage of ‘ENAA is significant if the I/o, ratio corresponding . to the
radionuclide of interest is 10 times higher or more than that of the interfering nuclide, provided
that the total counting rate of the epithermally irradiated sample is sufficiently high to ensure
good counting statistics. :

In addition to improving detection limits, ENAA sometimes leads to reduction in fission
product interference from uranium, such as in the determination of molybdenum (7]. Moreover
fast-neutron induced reaction products play a much more prominent role than in ordinary INAA.
This means that detection limits for elements such as Ni and Si which can be determined via
(n,p) reactions are strongly improved. On the other hand interference from (n,p) and (n,ct)
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Table 1. Feasibility of ENAA for some elements yielding long-lived isotopes Table IL. Feasibility of ENAA for some elements yielding short-lived isotopes

(T12>10 h) by (n,y) reactions. A: Favourable by ENAA, (T1n <10 h) by (n.y) reactions. A: Favourable by ENAA,
B: Favourable by thermal NAA B: Favourable by thermal NAA
Element Tﬂget Tin of groduct L/c. (21] Element Target nuclide Tip of product  Lo/Go [21]
- nuchde nuclide . - nuclide :
Ga "Ga 141 h .61 - : A .
As SAs 263 h 13.6 F :F 1125 . 234
Se se 119.8 d 100 S Br Br ;‘_'1472:‘ 33
Br Br 353h 19.3 ’ . . . /
Rb ... . ®Rb . 13'3/ d ., .. 148 ‘ o Rl . R mRh :gf; ;g
Biq. . .
;: %;: fg'?, : 12?‘: : In l’z’:ln 542 m 16.8
Mo Mo 659h 53.1 o Sn o 232 m o
Ag 1®ag 24974 17.5 ! 51 BOm .
Ccd e ‘53.5 h 396 Lu » Lu 364 h 34.
Sn 2g, 115.1d 484 S : Th n?‘h 223 m ‘ 11.5
Sh n21gp, _ 270d 330 . ' 5 U U 23.5m 103.4
23, H N
(s:: mits’ g%: g fg: Mg 2:7Mg 9.46 m 0.64
Ba 1op, l184d 248 5 . Al 37Al 224m 0.71
Sm g, 467h 144 : Cl “CI 37.2m 0.69
Eu 13g, 8.56 h 57 Ca ‘SCa 872 m 0.45
cd 15804 186h 31.0 ‘ S‘,: ) Sc? 18.7s 0.55
o N 7214 179 , Ti s‘:n. . 576 m 0.67
Ho 1654, - 268h 109 v v w5y 375 m 055
Tm 1T 1286 d 14.5 Mn. Mn 2.58h 1.05
e e Opgriat iy TBIPEE B b T [ 4 TN gy e e e o R Ni “Nx 252h 0.67
w 186y .0 239h 13.7 . Cu nscu 5.10 m 1.06
Re 185pe 90.6 h 15.4 : * Ba mBa 83.1m 0.88
Au ¥ay 274d 15.7 Dy Dy 1.26 m 0.25
Th 2, 274 d (2Pa) 15 : s 233 h o
U 28y 235d (mNp) 103.4 : . U U (fission) : 0.
B:
Na PNa 150h - 0.59
P 3p 142d 0.49
K 2K 124 h 0.97
Ca “Ca 453d 1.3
Sc . %5 83.8d 0.43
Cr Bcr 27.7d 0.53
Fe B 454d 097
Co’ Co 527y 1.99
Cu Sy 127h 1.14
Zn /) 2439 d 1.91
La 139 a 403 h 0.88
Ce Mce 3254d 0.83
Nd -~ H5Nd 110d 2.00 ,
Eu Bigy 124y 0.87 .,
Yy (fission) 0438 ’
' \ o} \



reactions. in the determination of elements such as Na, Mg, Al, and Cr becomes more
troublesome and must be carefully controlled.

For a more comprehensive treatment of ENAA the reader is advised to review papers [8-
10].

3. ENAA IN MULTI-ELEMENT STUDIES OF ENVIRONMENTAL SAMPLES

Since Brunfelt and Steinnes [11] reported the first multi-element study by means of ENAA,
dealing with silicate rocks, this technique soon became a routine tool in many earth science
laboratories. It may therefore seem ‘surprising that ENAA hardly seems to have been used in
corresponding studies of environmental samples such as soils and sediments, which normally
consist mainly of mineral matter and therefore should be similar to silicate rocks with respect to
mixture of radionuclides after neutron activation.

Another example where ENAA was early shown to exhibit an excéllent multi-element
capability, was in the case of coal and coal fly ash [12]. It is not known to the authors to what
extent ENAA may have been used later for routine analyses of coal and coal ashes, but there is a
deficiency of published material on this matter.

Epithermal NAA of biological material was first studied in a systematic manner by Kucera
[13]. Although a considerable number of papers on this topic has appeared in the literature,
ENAA of biological material has not proved equally feasible as for geological material. Reasons
for this appear to be threefold:

1. Many elements with favourable epithermal activation properties are present at extremely low
levels in biological tissue.

2. One of the major interfering nuclides in INAA of biological material, “Br, is produced from a
nuclide with a high /o, ratio.

3. Biological samples generally require more space during madlanon, and are more sensitive to
high temperatures.

In general the improvement with epithermal activation relative to conventional INAA seems
to be greatest for the elements Ni, As, Se, Sr, Mo, Ag, and L. '

Two areas of environmental analysis seems to deserve particular attention when the
feasibility of ENAA relative to non-nuclear multi-element techniques is to be discussed: the
analysis of airborne particulate matter, and the related subject on analysis of biomonitors of
atmospheric deposition.

3.1, Analysis of airborne particulate matter

Ever since the first applications of INAA to study trace elements in air particulate, a majority
of investigations related to trace elements in air at rural and remote locations have relied on this
technique. This is mainly due to the fact that the total mass of the aerosol collected on a filter
sample is often rather small, and thus favours direct instrumental techniques rather than those
depending on dissolution of the sample prior to analysis. Air filter analysis therefore seems to be
an area where INAA hardly can be replaced by any non-nuclear analytical technique at the
present state of the art. Comprehensive texts on INAA of airborne particulate matter have
appeared in the literature [14,15].

The elements that form the major activity upon neutron activation of aerosols are very much
the same ones as in the case of e.g. silicate rocks and fly ash. This means that the advantages of



Fig. 1. Elements suitable for determination in moss by the present version of INAA (Q) and
by ICP-MS (O). Closed symbols indicate the preferred method.for the element in question.
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using epithermal activation should also be similar, provided that the induced activity is sufficient
to yield satisfactory counting statistics. As shown by Landsberger [16] this is indeed the case for
several trace elements of importance in studies of long range atmospheric transport. It is therefore
surprising that ENAA has been so little used in aerosol studies. In the opinion of the authors this
is an area where much remains to be done, and at JINR, Dubna, ENAA is now being used in
several projects involving the analysis of aerosol filters. -

3.2, Analysis of moss used as biomonitor of atmospheric deposition

Another challenging area to the environmental analyst is the determination of trace elements
in mosses and lichens used as biomonitors of atmospheric deposition. Such primitive. plants have
no root system, and therefore absorb nutrients and other chemical substances on their surface
predominantly from the atmosphere. Mosses have been used in Norway since 1977 on a regglar
basis to monitor atmospheric deposition of heavy metals in a nationwide grid. The analytical
approach used from the beginning was INAA, supplemented by atomic absorption spectrometry
for the elements Pb, Cd, Cu, and Ni. Prior to the survey in 1990 it became evident that ICP-MS,
which had then become available, was able to produce results of acceptable quality for all
elements of first priority [17], and has therefore been used since then in the regular monitoring
work. : :

During the same period, work has continued to test the feasibility, of other analytical
techniques for the trace element determination in moss. In particular the use of ENAA was
investigated employing the IBR-2 pulsed fast reactor in Dubna, which is characterised by a
particularly high fraction of resonance and fast neutrons in the total spectrum. By this means the
determination of 15 elements (Zr, Sn, Hf, Ta, W, Au, Th, and eight REE) previously not detected
in such samples was demonstrated [18], and the relative merits of ENAA and ICP-MS in moss
analysis were discussed on the basis of an intercomparison exercise [19].

Prior to a recent deposition study in 1995 covering large parts of Europe:three moss
reference samples were produced and distributed among more than 60 laboratories in 15
countries to test the relative performance of different laboratories and analytical techniques [20].
The results of this intercomparison demonstrated that good ICP-MS laboratories are now capable

- of producing apparently satisfactory results-for about 55 elements in mosses. The corresponding
figure for ENAA is around 45. In the periodic table shown in Fig. 1 those elements which can be
determined in moss by either ENAA or ICP-MS are marked. In 40 cases both techniques can be
used, and for a majority of these elements it is difficult on the basis of present evidence to give
preference to one technique or the other. In 7 cases (Sc, As, Sb, Hf, Ta, Au, Th) ENAA is judged
10 be the preferred technique, whereas ICP-MS seems preferable jn S cases (Sr, Sn, Ba, Ce, Nd).
Four elements (Cl, Br, I, Se) could only be determined well by ENAA, whereas the reverse
situation applied for another 14 elements (Li, Cu, Ga, Ge, Y, Cd, Te, Pr, Dy, Ho, Er, Tl, Pb, Bi).
The choice of either multi-element technique thus depends on the purpose of the investigation
and the priority of elements. ‘

It should be added that the simultaneous determination of the halogens Cl, Br and I, which is
rather straightforward by ENAA in mosses as well as in several other environmental sample
types, is hardly possible at all by any existing non-nuclear technique at the levels concerned.

3.3. Environmental analysis: toial concentrations or acid-extractable fractions of elements? -

" In classical chemical analysis the determination of an element in a given sample.always

meant the total concentration of the element, regardless of chemical form. Environmental

8

samples are often a mixture of organic and mineral material, and it is therefore difficult to find a
simple method of total decomposition prior to wet-chemical .analysis. Techniques such as
INAA/ENAA not requiring sample dissolution therefore have a great advantage if the total
concentration is the aim of the analysis. ‘

In environmental studies there is now a strong tendency to use strong acids, most often
concentrated nitric acid, for sample decomposition, e.g. in high-pressure bombs. This treatment
leaves a large part of mineral matter undissolved, but it is very likely to extract all forms of an-
element that could become bioavailable on a short time scale; Being rather simple it is now the
preferred procedure in many environmental studies, including monitoring programs such .as the
aforementioned European moss survey. In the intercomparison on trace elements in reference
moss samples preceding the 1995 deposition survey the laboratories were therefore requested to

_use concentrated nitric acid if decomposition was required for their:method. This resulted in’-"
systematically high results by INAA for elements primarily associated with soil particles
supplied to the moss by wind erosion [20]. For elements in the moss typically associated with air
pollution there was no such bias, . .

The advantage of «non-destructive» nuglear methods stated above may therefore turn to a
disadvantage if acid-extractable rather than. total concentrations are preferred. The choice of
ENAA or an alternative non-nuclear multielement-technique may therefore depend on whether
the total concentration is requested or not. '

4. CONCLUSIONS

Activation with epithermal neutrons offers a distinct advantage to conventional INAA for a _
number of trace elements in many categories of samples involved in environmental studies, and
extended use of ENAA is therefore recommended. Analysis of air particulate is a case where

.....extensive application of ENAA is likely to_be.particularly fruitful:- A similar case where ENAAUCRE oL

has shown strong performance is in the analysis of moss samples used to monitor atmospheric
deposition, where as much as 45 elements have been determined.

The strongest competitor among non-nuclear multi-element techniques is definitely ICP-MS.
In cases where samples can be dissolved in a small volume of nitric acid, and where the chloride -
content of the sample is low such as in- moss, the number of trace elements that can be
determined with acceptable quality may be very high. In the case of moss there were only 4
elements (Cl, Br, I, Se) among those determined by ENAA where ICP-MS failed to give any
useful result. The three halogens however represents a case where no non-nuclear techniques can
match the performance of ENAA for environmental studies.

The choice of analytical technique also depends on whether the total content or an acid-
extractable fraction of the elements in question is desired. In this case the force of nuclear
techniques such as ENAA'is evident when total concentrations are required.
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