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ABSTRACT

The combined application of instrumental-, radiochemical- and prompt gamma neutron ac-
tivation analysis to two spruce shoot materials from the German Environmental Specimen
Bank (ESB) resulted in information on 50 elements, covering more than 50% of the total mass.
Comparison of the element concentrations in the 'fingerprint' mode clearly indicated a dif-
ferent status of heavy metal pollution at the two distinct collecting sites.
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INTRODUCTION

In 1936 when Hilde Levi and George de Hevesy discovered the principle
of neutron activation analysis in Copenhagen using a radium/berylium neu-
tron source for activation of rare earth elements, they recognized that the
new analytical technique had an enormous potential. The actual develop-
ment proceeding during the last 50 years has far exceeded even their sanguine
expectations [1]. Major technological improvements such as the availability
of intense neutron sources from nuclear reactors (the Oak Ridge X-10
graphite-moderated, air-cooled, natural uranium-reactors, 1012-flux reactor
being the first around 1945 [2]) or the introduction of high resolution Ge(Li)-
detectors around 1965 [3] operated at low temperatures and high voltage, im-
mensely increased the field of application. These semiconductor detectors
revolutionized gamma counting because of their superior resolution com-
pared to the previously used Na(Tl)I detectors. Since the mid-eighties a new
development can be recognized that might have as far reaching consequences
as the former innovations: fast ADCs and amplifiers were introduced into
high count rate systems [4], opening new fields of applications such as the
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determination of very short lived isotopes [5], or 'in beam'-techniques like
PGNAA [6]. The use of these latest developments in combination with rather
well explored techniques like instrumental and radiochemical neutron activa-
tion analysis makes nuclear analysis an almost universal technique for all
kinds of inorganic analytical investigations. Not only the inherent lack of
matrix interference, but the potential in detection capacity (sensitivity and
range of elements) and its true multi-element character renders NAA an in-
dispensable tool for all kinds of environmental, biomedical, nutritional,
geochemical and other investigations. An example of the combined applica-
tion of several nuclear techniques to a certain sample type (marine bivalves)
is given in [7].

METHODS AND MATERIALS

In this work RNAA was applied to the Environmental Specimen Bank
(ESB) samples in the classical approach for the determination of Cu, As, Cd,
Sb and Sn using liquid/liquid extraction as described in [10-12] and by anion
exchange for Co and Ni [13]. Radiochemical analysis is certainly the oldest
and most investigated technique among the other activation methods.

Separation techniques for almost all activatable elements in a vast variety
of matrices are described in the literature [8]. The enormous sensitivity of
this technique makes it the method of choice for the exploitation of some of
the rarest elements in the biosphere, such as the platinum metals [9]. Hitherto
post-irradiation separation was preferred because of its relative freedom
from contamination problems. The irradiation of the total matrix, however,
puts limitations on the neutron dose because of safe handling of the high ac-
tivity samples and the relatively high gamma ray dose to which the analyst
is exposed to. Taking advantage of improvements in clean handling recent
development is tending towards controlled pre-irradiation group separations
and a post-irradiation clean-up step to obtain a larger capacity and flexibility
for longer irradiations and thus increasing sensitivities further by orders of
magnitude.

Instrumental NAA using a large Nal (Tl) well and annulus as a Compton
suppressor surrounding a co-axial Ge detector was applied to the same mate-
rial and provided information on 33 elements. The standard comparison
method was used and Certified Reference Materials were analysed in the
same way for quality assurance as described in Refs 14 and 15. Considerable
improvement in sensitivity is obtained by anti-Compton counting, provided
that standard and sample are of similar activity at the time of counting.

The use of promptly emitted gamma rays from neutron absorption for
chemical analysis was suggested by Isenhour and Morrison in 1966 [16] and
Henkelmann together with Born proved its merits experimentally in 1973
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[17]. Since then a number of scientific groups have published their ex-
periences with the technique [18-22]. In principle it is possible to use isotopic
neutron sources as well as reactor neutrons for excitation; the latter either
as near-core irradiation and counting through a beam port far away from the
sample [22] or by a guided, well collimated beam of thermal or cold neutrons
far away from the core in a low gamma ray background environment. Only
the last version proved to be sensitive enough, although beam intensities at-
tainable today are 5-6 orders of magnitude lower than neutron fluxes in a
near-core position. This technique is particularly useful for the quantifica-
tion of low Z-elements like H, B, C, N, S, P, etc. and a number of elements
with exceptionally high cross sections like Cd and Gd. As the cross section
for the absorption of neutrons is inversally proportional to the velocity, cold
neutrons of about 4 A wavelength increase the sensitivities around a factor
of 2.5 [23]. A further increase in neutron flux rates is achieved by the use of
beam collimators lined with 58Ni supermirrors for focusing of neutrons
onto a small spot [24]. Prompt Gamma Cold Neutron Activation Analysis
(PGCNAA) was applied at the ELLA laboratory of the KFA-Jiilich to the
ESB materials, obtaining information on 19 additional elements [25].

DISCUSSION OF THE RESULTS

Two spruce shoot materials from the German Environmental Specimen
Bank, RMF I and RMF II, were used to illustrate the potential of the three
combined but, independent nuclear analytical techniques. Information on 50
elements can be obtained and the results are listed in Tables 1 and 2. Quality
control over analysis was achieved by the current use of certified reference
materials. The agreement with the certified values was generally good except
for a few cases, particularly with PGNAA, where the synthetic standards had
to be corrected according to the certified values in the SRMs [25].

As one of the important aims in the characterization of Specimen Bank
Materials is 'fingerprinting' of as many inorganic constituents as possible,
the use of our data for such purposes is demonstrated in Figs 1 and 2. The
two materials are compared in the bar graph presentation, listing the ele-
ments with increasing atomic number Z. A selection of elements called 'es-
sential' or 'homeostatically controlled' seems to be very equally concentrated
in these two materials collected at two sites in Germany with rather different
pollution status: RMF I is from a remote and clean air site, namely Ber-
chtesgaden, Bavaria — and RMF II from a more industrialized area near
Saarbriicken, Saarland, which is reflected by comparing the concentration of
pollutant elements such as V, Ni, As, Cd and W. Elements such as Na, Mn,
Fe, Co and Br might be released from the local smelter industry and are par-
ticularly enriched in the spruce shoot material from the Saarbriicken area.
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TABLE 1

Element concentrations in fresh spruce shoot material RMFI. Water content was 48.5%. All
values are means ± S.D. in mg/kg

Element

C
H
N
K
Ca
Si
S
Mg
Mn
Cl
Al
P
Fe
Na
Zn
Ti
Ba
B
Sr
Rb
Ni
F
Cu
Br
Cr
I
Zr
Gd
As
Co
Cd
Ce
Sn
W
La
Mo
Cs
V
Sb
Se
Sc
Th
Hg

RNAA

0.282 ± 0.008

2.06 ±0.155

0.048 ± 0.0036
0.016 ± 0.0008

0.0825

0.0159 ±0.0013

INAA

2784
2287

51.81

25.93
3.87

27.53

5.67

4.90
4.27
0.295

1.696
0.117
0.179

0.267

0.0296
0.016

0.0338

0.0105
0.0237
0.0261
0.0363

0.0172

0.0058
0.0036
0.0120

± 221
± 110.3

± 3.49

± 1.19
± 0.40
± 2.13

± 0.40

± 0.28
±0.13
± 0.006

±0.138
± 0.025
± 0.030

± 0.088

± 0.0018
± 0.0018

± 0.0075

± 0.00218
± 0.0031
±0.0047
± 0.0018

± 0.0025

± 0.0010
± 0.0002
± 0.0020

PGNAA

366 000 ± 17 900
38 700 ± 2090
13 100 ± 1627

3200 ± 256
2410 ± 250

446.2 ± 17.8
507.4 ± 47.2
528.3 ± 37

407.5 ± 81
537.8 ± 29
250.0 ± 55

5.02

6.42 ± 1.73

3.46 ± 0.48

1.25 ±0.038

0.52 ± 0.057

0.0107 ± 0.00225

0.096 ± 0.035

0.0173 ± 0.002
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TABLE I {.continued)

Elemeni RNAA INAA PGNAA

Sm
Hf
Ta
Vb
Eu
T>
Au

0.0025
0.002
0.0020
0.0010
0.0006
0.0004
0.0007

0.0004
0.0006
0.0003
0.0003
0.00007
0.00001
0.0003

TABU :

concentrations in fresh spruce shoot material RMFII. Water content was 48.4%. All
valucv arc means ± S.D. in mg/kg

Elemcrv RNAA INAA PGNAA

C
H

N
K
Ca
Si
s
Mg
Mn
a
A!
p
Fe
Na
Zn
Ti
Ba
B
Sr
Rb
Ni
F
Cu
Br
Cr
1
Sr
Gd
As

3.55 ± 0.115

2.72 ±0.212

0.408 ± 0.038

3235 ± 606
2331 ± 192

814 ± 9.99

267 ± 42.6
63.8 ± 3.66
26.3 ± 2.22

12.0 ± 0.77

5.4 ± 0.316
3.63 ± 0.206
3.4 ±0.147

2.87 ± 0.231
2.29 ± 0.259
1.12 ±0.112

0.856 ± 0.0805

0.323 ±0.0199

326 400 ± 10 608
37 200 ± 4166

12 100 ± 2783
3230 ± 607
2400 ± 178
1265 ± 125

1122.5 ± 314
910 ± 270

617 ± 183

534.8 ± 63.6

380.7 ± 47.6

14.4 ± 2.59

6.82 ± 0.34

3.18 ± 0.57

1.02 ± 0.066

0.67 ± 0.123
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TABLE 2 (continued)

Element

Co
Cd
Ce
Sn
W
La
Mo
Cs
V
Sb
Se
Sc
Th
Hg
Sm
Hf
Ta
Yb
Eu
Tb
Au

RNAA

0.279 ± 0.0067

0.129

INAA

0.25 ± 0.0165
0.195 ±0.034
0.187 ± 0.0309

0.128 ±0.0265
0.112 ±0.009
0.0975 ± 0.051
0.0877 ± 0.00442

0.0825 ±0.007
0.0485 ± 0.0095
0.0364 ±0.0029
0.0265 ± 0.00263
0.0226 ± 0.00289
0.0129 ± 0.0028
0.0077 ± 0.00217
0.0072 ± 0.00052
0.0056 ±0.000825
0.0041 ± 0.00049
0.0028 ± O.OOO325
0.00119± 0.000168

PGNAA

0.187 ± 0.026

0.086 ± 0.023

0.0248 ± 0.0089

1.0E*04

1.0E*03

Imo/kfl]

1.OE*O1

1.OE*OO ;

1.0E-O1 :

1.0E-02
J

H% B C% N% F Mg P S K Ca Cu Zn Se Rb Mo

fingerprint

Fig. I. Essential elements in RMF I (solid) and RMF 11 (hatched).
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Img/kg!
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1.0E*01 =

1.0E«00 =

1.0E-01 E
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Na V Mn Fe Co Ni As Br Cd W

fingerprint

Fig. 2. Pollutant elements in RMF I (solid) and RMF II (hatched).

Other elements such as Al, Sc, the rare earth elements, Ta and Th are present
equally enriched in RMF II and may reflect more the influence of the growth
site than antropogenic influence [27].

This type of 'fingerprint-comparison' is carried out on materials collected
from different sampling sites [26], between different materials from one site
(increasing trophic levels) and between the same material from one site, but
at a different collection time. Large masses of data have to be processed and
therefore this fingerprint technique helps to extract relevant information
from the ESB materials.

CONCLUSIONS

Nuclear analytical techniques with their broad band of applicability to
almost all matrix types and their exceptional sensitivity for so many elements
are an indespensable tool for environmental research. The high information
value of the combined techniques makes fingerprinting and ratio techniques
feasible, and leads to a more profound understanding of all kinds of en-
vironmental processes. Although nowadays not exactly 'main stream'. NAA
techniques which experienced a sweeping development during the last fifty
years are still vital and dynamic and will be developed further to sustain their
proper part in the armoury of inorganic analytical techniques.
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