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Nuclear Analytical Techniques and their Application to

Environmental Samples

Summary

A survey is given on nuclear analytical techniques and their

application to environmental samples. Measurement of the in-

herent radioactivity of elements or radionuclides allows deter-

mination of natural radioelements (e.g. Ra), man-made radio-

elements (e.g. Pu) and radionuclides in the environment.

Activation analysis, in particular instrumental neutron acti-

vation analysis, is a very reliable and sensitive method for

determination of a great number of trace elements in environ-

mental samples, because the most abundant main constituents

are not activated. Tracer techniques are very useful for studies

of the behaviour and of chemical reactions of trace elements

and compounds in the environment. Radioactive sources are mainly

applied for excitation of characteristic X-rays (X-ray fluores-

cence analysis).

1. Introduction

Nuclear analytical techniques are used for determination of

elements. They have found application in various fields:

- Environmental Science

- Material Science

- Geology, Mineralogy, Cosmology

- Medicine

- Archaeology and Arts

The main reasons for these broad applications are high sensi-

tivity and the possibility of labeling. High sensitivity is

a main feature of activation techniques, in particular neutron

activation, although other highly sensitive methods are also
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available. The use of radioactive tracers or stable isotopes,

however, is unique in its various applications.

Nuclear analytical techniques may be subdivided into the

following groups:

- Measurement of the inherent radioactivity of

radionuclides

- Activation by nuclear reactions

- Tracer techniques

- Application of radioactive sources

- Nuclear magnetic resonance and MoBbauer spectroscopy

Most of these techniques are applied in environmental analysis.

By measuring the inherent radioactivity of elements like U, Th,

Ra, Rn, Tc, Np, Pu and other radioelements their concentration

in environmental samples can be determined. Activation is of

great importance for trace element analysis. Neutron activation,

and in particular instrumental neutron activation have many

advantages. Because of the low detection limits for many ele-

ments small samples are sufficient and preconcentration is not

necessary in most cases. Furthermore, many elements can be

determined simultaneously and, generally, the influence of

background activities is negligible. Tracer techniques are

helpful in studying the chemical fate or chemical reactions of

trace elements in the environment, for instance their uptake

by microorganisms. Radioactive sources are used in environ-

mental analysis for determination of elements by excitation

of characteristic X-rays (X-ray fluorescence). This method is

mainly applied for direct energy-dispersive multielement ana-

lysis without pretreatment. Nuclear magnetic resonance and



Mofibauer spectroscopy are used to identify the chemical state

of atoms. So far, these nuclear techniques have not found

application worth mentioning in the investigation of environ-

mental samples.

Separation of isotopes in a mass spectrometer is also a nuclear

technique inasmuch as the isotopes are separated on the basis

of their different nuclear masses. Of interest for environ-

mental analysis is mass spectrometry in combination with iso-

topic dilution. But mass spectrometry will not be considered

in more detail in this report, just as nuclear magnetic reson-

ance and MoBbauer spectroscopy.

Analysis comprises at least two steps, sampling and determination.

Additional intermediate steps may be dissolution and separation

or enrichment, respectively. Because all additional steps are

possible sources of error, the optimal way of carrying out an

analysis is the direct measurement of the sample. Thus, solid

samples may be analyzed without pretreatment by activation

analysis or by X-ray fluorescence analysis and dissolution or

fusion are avoided. The detection limits of activation analysis

are very low for a great number of elements and preconcentration

is not necessary. In the case of X-ray fluorescence, however,

the sensitivity is limited and preconcentration my be essential.

In this report only a survey can be given. For details, refer-

ences to the literature are made.
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2. Radioactive Substances in the Environment

There are two kinds of radioactive substances, in the environ-

ment, natural and man-made radioelements or radionuclides,

respectively. Natural radioelements and some natural radio-

nuclides represent the background of radioactivity on the

earth. The main sources are uranium and thorium deposits and

potassium salts. Whereas thorium is rather immobile, uranium

and radium are mobile and found in water. Radon is given off

to the air. The concentrations of these elements and their

daughter products may be determined in environmental samples

by measuring the radioactivity. The detection limits depend on

the radiation emitted and are proportional to the half-life.

In general, for activity measurements in river water or ground

water 1 L samples are evaporated to dryness and measured in a

low level counter. The detection limits for a- and (3-activity

are of the order of 1 to 10 Bq, corresponding to about 10 g

of 2 2 6Ra or about 10~6 g of 2 3 8U. For identification of the

radionuclides by a-or •y-spectrometry higher activities are

required. Radium can be determined in environmental samples

and in bones with high selectivity and sensitivity by treat-

ment with acid and after attainment of the radioactive equi-

librium with radon, transfer of the latter into an ionisation

chamber. If small concentrations of uranium are to be determined,

however, activity measurements may not be sensitive enough.

Therefore, for determination of uranium in drinking water and

in natural water preconcentration on a sorbent and X-ray flu-

orescence analysis are used [1]. The detection limit obtained
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by this combination is of the order of 0.1 ug/L U.

The concentrations of man-made radionuclides in environmental

samples are studied by many groups [2 - 9]. Main subjects of

in\sstigation are the long-lived fission products and actinides,

90 99 129 137like Sr, Tc, I, Cs, Np, Pu, Am. As the concentrations

of these radionuclides in environmental samples are very low,

the radionuclides have to be separated in most cases before

their radioactivity can be measured. This applies in particular

to p- and a-emitters. Various separation procedures are

described in the literature [ 2 - 9 ] . Usually, the method of

isotopic dilution is applied in order to determine the separa-

tion yield.

The samples analyzed for man-made radionuclides are of various

origin. Soil, plant and water samples are taken near nuclear

installations. Other samples are investigated in order to

determine the distribution of man-made radionuclides by the

fall-out from nuclear explosions or to study the pathway of

these radionuclides in the environment or in the food-chain.

Closely related to this field of investigation is the question,

whether and how long-lived radionuclides stored in repositories

might be able to enter the environment and the biosphere. In

order to answer this question of migration of radionuclides

many studies have to be made and many samples have to be

measured, mainly in the range of very low concentrations and

activities. An example are dissolution and solubility measure-

ments of substances like TcO^, NpO- or PuO^ under various con-
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ditions where the concentrations to be expected are below

10" mol/L. For investigations of this k:

tive activity measurements are required.

10" mol/L. For investigations of this kind extremely sensi-

3. Activation

Activation analysis is by far the most important nuclear

technique, because of its broad applicability. Radionuclides

can be produced from nearly all elements by nuclear reactions

and measured with high sensitivity. Activation analysis may be

subdivided into the following sections

- activation by neutrons

- activation by charged particles

- activation by photons (y-rays)

Furthermore, according to the steps involved, two different

kinds of procedures are distinguished

- instrumental methods

- radiochemical methods

Instrumental methods are applied whenever possible, because

they comprise a minimum of operations: sampling, irradiation

and activity measurement. By y-spectrometry a great number

of radionuclides can be measured simultaneously. Thus, instru-

mental activation analysis in combination with y-spectrometry

is an excellent multielement method. If y-lines of radionuclides

can not be separated in the spectrum or if the radionuclides

that are to be measured do not emit y-rays radiochemical spa-

ration methods have to be applied. In this case, an important

advantage of activation analysis over other methods of trace
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element analysis is the fact that impurities introduced into

the system after irradiation do not influence the results,

because they are not activated.

Activation by thermal neutrons is the most important technique,

because high neutron fluxes are available in nuclear reactors

and because the cross sections of the reactions induced by

thermal neutrons, mainly (n,y) reactions, are in most cases

rather high. The majority of the elements is activated by

thermal neutrons. Table 1 gives a survey of the detection

limits which are obtained by irradiation in a nuclear reactor.

As can be seen from this table, several elements are not acti-

vated in measurable amounts by thermal neutrons (e.g. H, C, N),

some give only veiy short-lived radionuclides (e.g. 0, F) and

from others only p-emitters are produced (e.g. Si, P, S, Ca,

Pb, Bi). Therefore, these elements are not detected by y-spectro-

metry. On the other hand, if these elements represent the main

constituents, other elements can be measured with high sensiti-

vity. A great number of the elements mentioned (H, C, N, 0,

Si, P, S) are the main constituents of water, soils, air dust

and biological material. This is why instrumental neutron

activation analysis is very suitable for determination of

trace elements in environmental samples. Unfortunately, however,

several elements of practical importance in environmental ana-

lysis are not detected by instrumental neutron activation,

because only (J-emitters are produced (Pb, Bi) and for others

the detection limits are relatively high (Cd, Hg).

For those elements which can not be determined by instrumental

activation analysis with sufficient sensitivity other methods
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of activation are available, either activation by high energy

neutrons produced in a neutron generator, or by charged par-

ticles, or by photons. Thus, the elements mentioned above

(Cd, Hg, Pb) can be determined by photon activation ((if»n)

reactions) with detection limits of the order of 1

Important parameters in activation analysis are the time of

irradiation and the time of decay between the end of irradi-

ation and the measurement. The influence of the time of irra-

diation can be seen from table 1. By variation of the irradia-

tion time optimal ratios of activities can be obtained. In a

similiar way, activity ratios of elements to be determined

and interfering elements vary with decay time and optimal

conditions can be selected.

In activation analysis standards are used for calibration,

because the flux density is not constant in irradiation faci-

lities. Two types of standards may be applied

- monoelement standards

- multielement standards

Monoelement standards are easier to prepare and to handle.

But the ratios of the effective cross sections (ratios of the

resonance integrals) of the standard and the elements to be

determined must be well known. Multielement standards must

contain all elements to be determined in known amounts and

must be prepared with care. The availability of homogeneous

and reliable multielement standards is of great importance

in activation analysis. All standards must be irradiated under

exactly the same conditions as the samples, a condition that

can often easier be fulfilled with small monoelement standards.



- 10 -

More detailed descriptions of activation analysis are given

in textbooks and monographs [10 - 16] .

For trace element determination in solid environmental samples

(air dust, aerosols, plant material, soil samples, ash, sludge,

suspended matter, sediments) instrumental neutron activation

analysis is extremely useful, bscause of the following reasons:

- due to the low detection limits small samples are suffi-

cient

- activation of the main constituents of these kinds of

samples is negligible

- intermediate steps like dissolution and separation are

not necessary.

By application of three different times of irradiation about :

40 elements can be determined:

- short irradiation (several minutes) and short decay time

(several minutes): Al, Ca, Cl, Cu, Dy, I, In, Mg, Mn,

S, Sr, Ti, V.

- medium irradiation (about 1 hour) and medium decay time

(about 1 day): As, Au, Br, Cu, Eu, Ga, K, La, Na, Sb,

Sm, W.

- long irradiation (several days) and long decay time (1 to

several weeks): Ag, Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, Hg,

Lu, Ni, Rb, Sb, Sc, Se, Ta, Tb, Th, Yb, Zn.

More elements can be determined after radiochemical separation.

Water samples may be irradiated without pretreatment. But

usually they are brought to dryness and the residue is irra-

diated. Volatile constituents (e.g. Hg, As) may be lost by
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drying. The mildest method is freeze-drying. Several 100 mL

may be dried on a polyethylene foil and thus reduced to a

very small volume for irradiation. The enrichment factor

obtained by drying depends on the salt content of the water

and is of the order of 102 to 104.

Problems arise if the salt content of the water is high

(sea water and other water samples of high salinity). In sea

water, the ratio of the concentration of the trace elements

to the concentration of NaCl is of the order of 1 : 10 to

1 : 10 . NaCl is strongly activated which causes very high

activities, even for small samples, and very high activity

ratios of sodium in relation to the elements to be determined.

As the half-lives of the relevant radioisotopes of sodium

24(mainly Na) are relatively long, several weeks decay time

would be necessary to bring the sodium activity down to an

acceptable level. Therefore, effective separation of NaCl

from the other constituents is necessary. If this is done

after irradiation,it means handling of very high activities

of the order of 10 GBq. Hydrous antimony oxide is suitable

for selective separation of sodium [17]. If handling of the

very high activities of sodium is to be avoided, the trace

elements and NaCl must be separated before irradiation. This

is unfavorable, because one of the main advantages of acti-

vation analysis, namely its insensitivity to impurities intro-

duced in the course of the analysis, is lost. But there are

no other means to solve the problem. Suitable methods of

separation must be selected and the separation must be carried

out with great care.
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4. Radiotracer Techniques

Tracer techniques using a radioactive indicator are applied

in environmental studies in two ways

- for determination of quantities by isotopic dilution

and other methods

- for kinetic studies in the sense that the behaviour or

chemical reactions of elements or compounds in the environ-

ment are invetigated.

Isotopic dilution is a valuable method in analysis [18, 19].

It may be applied whenever quantitative separation is diffi-

cult or impossible, in order to determine the separation yield.

Other analytical methods in which radioactive tracers are

used are based on isotopic exchange or release of radionuclides

or radiometric titration [20, 21].

For kinetic studies in the environment or in environmental

samples the application of radioactive tracer techniques is

unique because the information obtained by these techniques

is, in general, not available by other methods. For instance,

answers to the following questions are required:

- What is the fate of elements or compounds released into

the environment ?

- What is the fate of elements or compounds in a river,

in particular in the estuary (water path) ?

- How are trace elements or compounds taken up by plants

or microorganisms ?

- What is the fate of trace elements or compounds in the

food chain ?



-40-
- 13 -

The example of microautoradiography may illustrate the appli-

cation of radioactive tracers in environmental studies [22]:

Samples of river water are labeled with very small amounts of

radioactive trace elements (e.g. Cd, Hg). The water is filtered

and the suspended matter is fixed on a slide coated with gela-

tine. Microphotographs are taken. Then the slides are covered

with photographic stripping film in the darkroom. Several days

later the photographic film is developed and the slides are

again examined under the microscope. The results of these in-

vestigations may be summarized as follows: Sorption of trace

elements on quartz particles present in suspended matter is

negligible, sorption on clay particles is appreciably higher,

but different for the individual elements. Sorption by micro-

organisms shows very characteristic features: Some microorganisms

strongly enrich Hg; in some microorganisms individual trace

elements are concentrated in the outer membrane, in others

in inner parts of the cell.

This kind of information is not available by other methods.

The principle of the method may be applied for similar in-

vestigations.

5. Application of Radioactive Sources

The main application of radioactive sources in environmental

analytical chemistry is the excitation of characteristic

X-rays (X-ray fluorescence). The set-up of energy-dispersive

X-ray fluorescence analysis by radionuclide excitation is

very simple (Fig. 1). The X-rays from the radionuclide source
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enter the sample and the fluorecent X-rays from the sample

are analyzed by means of a silicon detector and a multichannel

analyzer. In this way, simultaneous multielement analysis is

possible. The samples may be compact or powdered [23]. As

environmental samples are often obtained in form of powders,

the use of these samples without further treatment is very

convenient For calibration, standards prepared on the basis

of silica gel (for silicates and soils) or standards prepared

on the basis of flour (for plant material) are well suited

[24, 25]. Correction for differences between the absorption

properties of the sample and the standard are made by means

of the Compton scattering peak [2 3].

Suitable radionuclides as X-ray sources are listed in Table 2.

109 241

Cd and Am are most widely used. In elements with atomic

numbers up to about Z = 60 the K-lines are excited, in heavier

elements the L-lines. Detection limits for various kinds of

excitation (by X-rays from X-ray tubes in combination with

secondary targets, by radionuclides, by a-particles, protons

and 0) are given in Fig. 2. It can be seen from this figure

that the detection limits vary between about 1 and 10 ppm

depending on the kind of excitation and the atomic number of

the element to be determined. That means, there are no pronounced

differences between excitation by radionuclides and X-rays

produced in X-ray tubes.

The main advantage of radionuclides as X-ray sources is that

the set-up is very compact and does not need a high voltage

supply. Therefore, X-ray fluorescence analysis by radionuclide
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excitation may also be used in form of a mobile unit in the

field [26],

Another application of radionuclides for X-ray fluorescence

analysis has been demonstrated recently [27]. Excitation of

K-lines leads to lower detection limits than excitation of

L-lines. As the energy of the exciting radiation must be at

least equal the energy of the emitted radiation, K-lines of

heavy elements with atomic numbers Z > 74 can not be excited

by use of X-ray tubes with tungsten anodes. But they are

excited by Y-rays. Therefore, Y-ray sources are used for

determination of heavy elements by X-ray fluorescence analysis,

preferably Y-rays with energies of about 300 keV.

In comparison to neutron activation analysis by Y-spectro-

metry, energy-dispersive X-ray fluorescence is a rather

simple method. It is also a multielement method, but the

detection limits are, in general, appreciably higher. There-

fore, preconcentration may be necessary, in particular in the

case of water samples, if X-ray fluorescence is to be used.
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Table 1: Detection limits for determination of elements

by neutron activation analysis at a flux density of 10 1 4 cm~2s~1

It is assumed that 10 Bq allow quantitative determination

i<rl4-jo-'jg

io-'3-io-'2g

10-'2-10""g

ur"-io-|0g

10"'o-io-9g

io-'-io-«g

t0-s-10"7g

lO-'-lO-'g

lO'-IO-'g

Irradiation time

1 hour

Dy"

Co, Rh*121, Ag*121,
In". Eu". Ir

V,Mn,Se*>,Br".I",Pr,
Er",Yb»'.Hr",Th"

Mg.AI.CI".Ar,Cu",Ga21.
Nb.Cs,Sm.Ho.Lu.Re,
Au. U

F".Na.Ge",As.Kr.Rb".
Sr.Mo,Ru,Pd,Sb.Te".
Ba,U.Nd".Gdll.W.Os,
Hg.Tl"

Ne".Si".K,Sc.Ti. Ni.Y".
Cd.Sn. Xe.Tb",Tm.Ta.Pt

P".Cr".Zn.Ce

S", Zr. Pb". Bi"

O".Ca"

Irradiation time

1 week

Eu".Dy"

Mn,Co,Rh"",Ag"21,In,
Sm", Ho, Re", Ir, Au
Na.Sc,V.Cu21,Ga'>,As,
Se>l,Br",Pd.Sb.l". Cs.U,
Pr.Er»',Tm".Yb",Lu.
Hf".W.Hg,Th"

Mg,Al.Cl".Ar,K",Cr".
Ni'1.Gelt,Kr,Y",Nb,Ru,
Gd".Tb".Tl",Os",U

F", P", Zn, Rb". Sr, Mo,
Te",Ba.Ce,Nd,Pt,TI"

Ne".Si'(,Ti.Cd,Sn,Xe.
Bi"
S".Ca".Fe.Zr

Pb"

O"

The radionuclides produced from these elements have half-

lives of 1 s to 1 min. Therefore, for quantitative deter-

mination, a decay rate of the order of 100 Bq is necessary

and the elements have been placed in the next group.

Only B-rays, no Y-rays.

' ' The percentages of the y-transitions are low. Therefore,

if the activity is measured with a y-spectrometer, the

detection limits are lower by one or two orders of magni-

tude, respectively.
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Radkxtudid*

H-3
Fe-55
Co-57
Ge-71
Se-75
Kr-85
Sr/Y-90

Cd-109
1-125

Pm-145
Pm-147(AI|
Gd-153

Tm-170

W-181
Hg-197

Pb-210
Po-210
Pu-238
Am-241
Cm-244

Exdting ndMNkm

0 "(18.4 keV)/Bremsstrahlung
Rdntgen (5.95 keV)
Y (122.1 +136.4 keV)
Rontgen (9.2 +10.2 keV)
y (121.1 to 400.7 keV)
y (514.0 keV)
g "(500+2300 keV)/

Breimttrahlung
Rontgen (22.1; 25.0; 25.5 keV)
Rontgen (27.2 to 31.7 keV);

y (35.5 keV)
Rontgen (36.9 to 43.3 keV)
0 - (200 keV)/Btemsstrahlung
Rontgen (40.9 to 48.3 keV);

y (97.5+103.2 keV)
Rontgen (51.5 to 59.3 keV);

y (84.3 keV)
Rontgen (56.3 to 67.0 keV)
Rontgen (9.7; 67.0 to 80.2 keV);

y (191.4+268.7 keV)
Rontgon (10.8 keV); -y (46.5 keV)
a (5.3 MeV)
Rdntgen (13.6 keV)
Y (59.5 keV)
Rdntgen (14.3 keV)

urfy*
Rang* o« •mKcation
latomk numfaar. z)

12-35
9-30

70-94
22-29/50-64

66-94
80-34
19-94

23-46/68-94
33-51/73-94

35-56/85-94
19-94
60-94

40-60/73-78/90-94

40-64/90-94
20-27/46-74/84-94

20-29/46-66/32-58/73-94
12-17

23-38/56-82
28-69

20-33/45-76
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Fig. 1 : Energy-dispersive X-ray Fluorescence

left: excitation by radionuclides
right: excitation by X-ray tubes in combination

with secondary targets

ppm

100

10 •

0.1

\

\ \ \ \ \ , ' v ^ Am / \
\ \ \ x Y\.' • . • ' ' \

A a y u b e \
/ filter or sec. target \ y

20 30 40 50 60 70 B0 90

K-lines L-lines

t 2 Detection limits of energy-dispersive x-ray fluorescence analysis using various methods of
excitation, (p, a. 0-16: (20); excitation by a x-ray tube (various filters or secondary targets): (22);
excitation by ntdionudides: Cd-109, Am-241: (23), M25: (19). Pu-238: (3). Co-57: (17) and for
wavelength-dispersive analysis.
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Recommendations

1) It would be very helpful to prepare a compilation of the

methods applicable for the determination of radionuclides

in environmental samples. The following radioelements and

radionuclides, respectively, are of main interest: Tc, Ra,

Q A 1 T 7 l i e 1 9 Q

Th, Pa, U, Np, Pu, Am, Sr, Cs, Cs, I. A selection

should be made of the most reliable methods with low detection

limits.

2) It would be useful to stress the importance and applica-

bility of activation techniques for analysis of environ-

mental samples. In view of that, however, it is necessary

to point out that a minimum number of irradiation facilities,

in particular nuclear reactors, is required. In the last

years one research ractor after the other is shut down in

this country, because they are of no more interest for

physical research. This represents a handicap for neutron

activation analysis.

3) It may be appropriate to emphasize the broad applicability

of radioactive tracer techniques in environmental research.

4) It could be pointed out that the simple equipment needed

for X-ray fluorescence analysis by means of radionuclide

sources, the use of powdered samples and the possibilty to

apply the equipment in the field in form of a mobile unit

does make this method very attractive for environmental

analysis as long as detection limits of the order of 10 ug/g

are sufficient. For water samples, preconcentration tech-

niques are available.


