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FOREWORD

One,
if not the most important, aspect of environmental protection
against radioactive contamination is the ability to measure accurately lowlevels of radionuclides present in the environment. This is particularly
true of the marine environment where improved and more rapid methods of
analysis are required to identify the source and radiological impact of
anthropogenic inputs to the oceans. In recent years a number of sources
have contributed different radionuclides to the marine environment. Manmade radionuclides now present in the oceans can be traced to atmospheric
and underwater testing of nuclear devices; controlled discharges of liquid
waste; run-off from land; leakage from packaged low-level wastes disposed
in the oceans; lost or destroyed military hardware, propulsion reactors,

and

radioactive

sources used

in space;

and

from

accidents at

nuclear

facilities. Also there is growing concern over the potential for
environmental enhancements of natural series radionuclides originating from
industrial concentration and release. Inputs from several of these sources
can be expected to continue in the future and there may be contributions

from sources yet to be identified. Furthermore, more sensitive and rapid
analytical methods with smaller analytical errors are required to study the
behaviour of different radionuclides in the marine environment. Some of
these radionuclides serve as useful research tracers that aid in

understanding many complex oceanographic processes.
With the ever-increasing demand for more accurate data, the IAEA
considered it necessary to convene an Advisory Group Meeting to identify
those long-lived radionuclides that may be measured by alternative
techniques and discuss and evaluate the sensitivity of the analytical
methods. The meeting was held at the IAEA Marine Environment Laboratory in
Monaco from 6 to 9 June 1989 and was attended by 6 invited participants and
several observers.
This report from the meeting is divided into two parts. The first
contains 5 contributing chapters. In these chapters the authors have
endeavoured to explain the principles of each measurement technique, the
strengths and weakness of the method as applied to marine sciences,
comparative costs and sensitivities, future developments and topics of
interest to the Agency. The reviews and sensitivities were prepared
exclusively by the participants on the basis of their own experience and
knowledge of the existing literature. All authors agreed to follow the
definition provided by Halverson in "Nuclear Instruments and Methods in
Physics Research", Vol. 223, 349-355 (1984) for the "limit of detection" or
"minimum detectable amount (MDA)". The second part of this report is the
appendices section in which can be found tables of radionuclides considered
in this report and a comparison of sensitivities for different methods of
detection.
All the participants wish to thank V. Noshkin of the IAEA-MEL for
arranging the meeting, together with T. Hamilton and D. Vas for preparing
this document. The financial support of the Agency is gratefully

acknowledged.
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Abstract

The chapter aims primarily to provide a reference with which the
various mass spectrometric methods may be compared. The fundamental
problems created by low specific activity in the measurement of very longlived radionuclides using radiometric techniques are noted and discussed in
terms of the different types of decay, background count rates, source
weight and spectral interferences. An attempt is made to identify typical
detection limits for the radiometric determination of the various longlived radionuclides. The use of neutron activation as a means of enhancing
sensitivity or convenience of measurement for long-lived radionuclides is
described with appropriate illustrations. Mass spectrometry and radiometry
are seen as complementary, not competitive techniques for the measurement
of radioactive materials, each with its own advantages and disadvantages.

1.

INTRODUCTION

The primary purpose of this chapter is to identify several important
fundamental problems inherent in the use of radioactive decay as a means of
measuring low concentrations of long-lived radionuclides in environmental
materials. It does, however, also provide a form of reference against which
the detection limits of the different mass spectrometric methods of

analysis may be assessed

and allows attention to be drawn to certain

disadvantages that arise when mass measurements alone are used
analysis.
The

basic

difficulty

in

trying

to

determine

any

for the

long-lived

radionuclide by measurement of its radioactive decay is one of low specific
activity (rate of decay per unit mass of a nuclide). For many environmental
samples, the problem of low specific activity of the radionuclide is
compounded by its low concentration in the sample matrix. Their combined

effect means that very few decay events will actually be available for
detection even when quite large samples are taken for analysis. At best
this creates the need for lengthy radiochemical separations and long
counting times (sometimes running into several weeks) so that statistically
meaningful data may be collected. But all too frequently one is still
unable to identify the decay events from the nuclide of interest in the
presence of background radiation.

Some of the difficulties associated with low specific activity may be
overcome in one of two ways. The most obvious is to measure the mass of the

nuclide of

interest

instead

of its

radioactive decay

various types of mass spectrometers available

for

and many

of

the

such measurements are

described in subsequent chapters along with their specific applications. An
alternative

approach,

which

has

been

used

with

some

long-lived

radionuclides, is radioactivation analysis. Here the sample is bombarded
with

nuclear

particles

so that

some

of

the

long-lived

nuclide

becomes

converted to a much shorter lived (higher specific activity) nuclide of the
same or neighbouring element in the periodic table. In this chapter a few
of the applications of activation techniques for the assessment of some of

the long-lived radionuclides are discussed. The reason for including
neutron activation analytical methods in this chapter is because the
measurement of the shorter lived activation product also must rely on
instruments that detect radioactive decay events rather than the mass. A
discussion of other nuclear reaction techniques such as prompt gamma
neutron activation

analysis

(PGNAA), accelerator

fast neutron activation

analysis (FNAA), charged particle activation analysis (CPAA), and photon
activation analysis (PAA) is beyond the scope of this chapter but recent
developments using these methods can be found in the reviews by Ehmann and

Yates (1988) and Ehmann et al. (1990).
Analysis by conventional nuclear analytical instrumentation methods
for the list of long-lived nuclides identified in Appendix I is considered
in two groups: Those which decay by alpha particle emission and those which
decay with the emission of beta particles or by electron capture.

2.

ALPHA EMITTERS

Under this heading the following nuclides are considered:
Pu, 237Np, 238U, 236U, 235U, 234U, 231Pa, 232Th, and 230Th. Of these,
the uranium, protactinium and thorium nuclides are all naturally occurring
239

except

23

°U. All 10 of the nuclides can be considered to decay entirely by

alpha particle emission and, since alpha decay results in the emission of
helium nuclei at discrete energy levels, an alpha spectrum, unique to each
nuclide, may be obtained by alpha spectrometry. Typically, the less stable
(shorter half-life) nuclides emit the more energetic alpha particles thus,
for the present group, alpha energies range from 3 MeV for 232T^ to 5_^ j^ey
for 240Pu.
The most common detectors now used in alpha spectrometric work are
silicon surface barrier detectors
(Knoll, 1979). These offer high
resolution and a detection efficiency of about 25-35% (depending on their
active surface area) which is effectively independent of alpha energy at
least over the range 3.5 MeV to 6 MeV.
Background performance
characteristics differ considerably from one detector to another being
dependent upon many factors including the quality of materials used in
manufacture, contamination of the active surface (especially during the
testing procedures used by some manufacturers and laboratories), and
ultimately by sample sources themselves -particularly those containing
volatile recoil decay products. The associated electronic circuitry which
amplifies and sorts the pulses can also be an important source of noise
which then appears as a contribution to the background count.
Background count-rate is ultimately the limiting factor controlling
the minimum amount of alpha activity that can be detected. In the very best
counting systems, the background count-rate is so low over the range 3.5

MeV to 6 MeV that only very few counts may appear in the peak region of any

given nuclide during many weeks of counting. At such low count rates the
application of normal statistics for the calculation of lower limits of
detection becomes difficult. Because of this, Table 1 has been prepared to

show the kind of practical limits of achievement which have been obtained
for the alpha spectrometric analysis of a selection of the nuclides of
interest
that
have
been
radiochemically
separated
from
different
environmental samples. The data show that, given sufficient time to record
the decay events, the practical detection limit for alpha emitters
separated from reasonable amounts of material by this technique lies
between 10 and 100 piBq. Table 2 indicates the equivalent in terms of mass
for each nuclide under consideration due to differences in their halflives. It is against detection limits such as this that analytical
techniques based on mass measurements should be compared. It has to be
remembered, however, that such small amounts of activity can only be
measured satisfactorily by alpha spectrometry only if separated sources are
counted for long periods of time (up to 10 weeks if necessary).
A

less obvious difficulty

associated with the measurement of very

long-lived radionuclides by alpha spectrometry is well illustrated in the

case of 232Th. Figure 1 shows the progressive spectral degradation caused
by increasing amounts of thorium oxide on a source. The three sources were
counted for different lengths of time in order to give the same area under
each peak. From Table 3 it is clear that, for the size of detector (15 mm
active area) and active source area used (5 mm diam.), alpha spectrometry
ceases to be a satisfactory means of assay when the amount of thorium oxide
deposited on the planchette exceeds some 1000 times the .minimum detectable
amount of 232Th (see Table 2). This is indeed very restrictive and although
the problem can be relieved to some extent by increasing detector size and
electrodeposited area, this too has its limits in terms of spectral
resolution.
One of the most useful parameters in environmental radioactivity
measurements is the ratio between the various nuclides present in a sample
(commonly referred to as isotopic ratios). Such ratios find use in a number
of important environmental applications including the study of reaction
mechanisms and disequilibrium (e.g., 234u/238U, 230Th/232Th, Ivanovich and
Harmon, 1982) and as a means of differentiating between the origins of
contaminantsts. For example, the ratio 238pu/239+240pu has
been used
extensively to distinguish between the various sources of plutonium in the
environment (fallout ratio is now about 0.05 and nuclear power fuel wastes

about 0.2-0.3, Sholkovitz, 1983). The ratio 239pu/240Pu on the other hand
provides valuable information concerning the type of nuclear weapon or
burnt out satellite responsible for atmospheric fallout (Bertine et al.,
1986). When considering the use of mass spectrometric methods as
alternatives for the analysis of nuclides in this group, the need for
appropriate isotopic data for shorter-lived nuclides such as 23®Pu must be
taken into account. In view of this, radiometric methods and mass
spectrometric methods should really be looked upon as complementary rather
than in competition with each other.

The cost of alpha spectrometric systems for high quality, low-level
work, though not approaching the cost of some mass spectrometric equipment,
is nevertheless quite considerable. For example, to achieve the detection
limits quoted in Table 2, samples may need counting for up to 50 days each.

Thus for an average throughput of 2 samples per day, at least 100 detectors
will be required. The present cost of a system to operate this number of
detectors is approximately $300,000.

3.

BETA EMITTERS AND ELECTRON CAPTURE NUCLIDES

Nuclides
107pd/

99Tc,

considered

in this

93Zr, 79Se, 59Ni>

category

135

include

53Mn, 36C1/ 26ftl/

Cs,

14C/

129

I,

10Be.

and

126

Sn,

Their

relevant nuclear characteristics are given in Table 4 where it can be seen
that most are pure beta emitters, a few such as 3"C1 and 2 Al display mixed
beta and electron capture decay while others decay entirely fay electron
capture (59Ni and 53Mn).
When isotopically pure, all the nuclides in the group may be assayed
satisfactorily by liquid scintillation counting (Horrocks, 1974) . Modern
standard liquid scintillation spectrometry now offers background countrates of less than 10 counts per minute with counting efficiencies ranging
from as high as 90% for the more energetic beta emitters down to some 40%
for the low-energy beta emitters and electron capture nuclides. A
competitive alternative method of counting for the higher energy beta
emitters (J3~max.>0.07 MeV) is thin end-window, gas flow proportional or
Geiger counting. With detectors designed for 50 mm diameter counting
planchettes, a background count rate between 0.3 and 0.5 counts per minute

is readily achievable. The counting efficiency of such detectors for betamean energies greater than 0.1 MeV is at least 30-40% (211 geometry with
planchette designed for the size of the end-window detector). The present
day cost of such equipment is of the order of $50,000.
Radiometrically, the minimum detectable amounts of nuclides in this
group are not as low as those quoted in the previous section for alpha
emitters. This is chiefly due to the much higher background count rates

inherent in beta detection equipment, a fact which also tends to limit the
useful count-time duration to a maximum of about 2-3 days. With nuclides
such

as

detected

126

Sn,

are

99

Tc,

similar

26

A1, and

10

Be, the minimum

for both end-window

gas

amounts

flow

that

counters

can be

and

liquid

scintillation counters -about 0.5 dpm (0.01 Bq) . In contrast, end-window
detectors show poor detection efficiency for both electron capture nuclides
such as 59Ni and 53Mn and the very low energy pure beta emitters 93Zr or
107

Pd. For these nuclides the best that

liquid

can be achieved with

scintillation equipment is around 2-3 dpm

each nuclide represented by these amounts of

standard

(0.05 Bq) . The mass of

radioactivity

is given in

Table 5. When the data are compared with those for the alpha emitters in

Table 2 it becomes clear that, in terms of mass, the minimum amounts
detectable fal] in the same general range because of half-life differences.
Detection limits for most of the nuclides discussed in this section may be
lowered by at least an order of magnitude when using an ultra lowbackground liquid scintillation spectrometer in conjunction with special
P.T.F.E. counting vials. Specialist end-window gas flow Geiger counters

employing anti-coincidence guards and massive shielding claim even lower
detection limits for detection for B-emitting radionuclides (e.g., Inoue
and Tanaka, 1976). However, the high cost of such equipment tends to
severely restrict general applicability. Hence Table 5 does not reflect the
capabilities of either system.
Unfortunately the above situation applies to the beta and electron
capture nuclides only when they are isotopically pure. Several factors
increase the difficulty of making quantitative measurements for many such
nuclides in environmental samples. For example, unlike alpha particles,
beta particles are not emitted at discreet energy levels. A beta spectrum
therefore shows a continuum of recorded events downwards in energy from the

maximum beta energy and, although beta spectra of different nuclides vary
in shape, the individual nuclides cannot be uniquely characterized by their

10

beta spectra especially at low levels of activity. Figure 2a gives an
illustration of this phenomenon in the case of two pure beta emitters. For

comparison the response of the same liquid scintillation spectrometer to
the x-rays emitted by two electron capture nuclides is shown in Fig. 2b.
All four spectra are plotted on the same scale- For end-window counters
using sheets of metal (usually aluminum) of increasing thickness placed
between the source and the detector will generate an absorption curve which
is the only practical way to identify the approximate purity of a sample

containing a beta-emitting radionuclide.
One type of problem which can arise with environmental samples is
exemplified in the case of 135Cs. This nuclide cannot be determined
unequivocally by beta-counting because any present day environmental sample
likely to contain 135Cs, will invariably also contain 137Cs (half-life = 30
years) which itself is beta active. Theoretically, the presence of ^-"Cs
could be assessed . from measurement of beta/gamma ratios or by using

absorbers but such approaches are unlikely to succeed in practice because
of the relative quantities of the two nuclides present in most samples. The
same type of problem occurs in the case of ^26Sn where environmental
samples will always contain 121mSn (half-life = 55.5 years) as has been
pointed out by Koide and Goldberg (1985a) and Patton and Penrose (1989).
Similar problems must also be considered in the cases of 93Zr or lOse,
though in these cases it may be practicable to store samples, if necessary,
until the short-lived 95Zr or 7Be have decayed before attempting assay for
the long-lived nuclide.
A different problem arises in the case of -I. Quite a number of
197
environmental samples contain substantial amounts of stable iodine (-^^'1)
and its presence often severely limits the size of sample that can be
analysed for 129I. For example, Muramatsu et al. (1984) showed that, in a
range of present day environmental materials, the 127Iyl29I ratio varies
from 1:10~9 to 1:10~^. Thus at the 1:10~9 level, a counting source
containing 0.5 dpm of 129j would also have the equivalent of more than 1
gram of stable iodine associated with it. Neither liquid scintillation nor
end-window methods will be capable of giving very satisfactory results with
such samples. Comparable difficulties are also likely to occur with 3°C1
and 2°A1 both of which will be swamped by the large amounts of stable
element in many environmental samples. Neither type of interference is
likely to arise with the pure beta emitters 107Pd, 99Tc, 79Se, and 14C.

Each of these may be separated from environmental samples and determined
unequivocally by radiometric counting down to the kind of detection levels
indicated in Table 5.
Both of the electron capture nuclides in the list may be expected to
suffer from isotopic interferences in environmental samples. Thus any ^9Ni
in a sample will always be accompanied by the pure beta emitter 63Ni (halflife = 96 years). It is theoretically possible to assay the 59Ni by
measuring the Co x-rays produced in its decay because few, if any Cu x-rays
are produced in the beta decay of 63Ni. In any case the two x-ray spectra
can be resolved using suitable silicon semi-conductor detectors and pulse
height analysis equipment. Detection limits for the ^9Ni are, however,
rather poor using this method (perhaps a minimum detectable level of 1 Bq) .
Similarly 53Mn is likely to suffer from interference by 54Mn in many
freshly prepared environmental samples. In this case both nuclides decay by
electron capture with the emission of Cr x-rays but only the ^Mn decay is

accompanied by the production of gamma photons. Hence the contribution of
^3Mn to the mixture of the two nuclides could be assessed by x-ray/gamma

ray

ratios. There has been no reported

attempt

(to our knowledge) to
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determine 53Mn by this means but both precision and detection levels would
inevitably be rather poor. The method could be applied successfully once
the 54Mn had been allowed to decay to an activity level comparable with or
less than that of 53Mn.

4.

NEUTRON ACTIVATION ANALYSIS

Neutron activation analysis (NAA) is based upon the detection of a
radioactive species produced in a sample by neutron-induced reactions. NAA,
in its many forms, is a well-known analytical procedure with numerous
applications for multielement analysis at trace levels. Methods include
cyclic

instrumental

NAA

(CINAA),

epithermal

INAA

(EINAA),

conventional

instrumental neutron activation (INAA), combination of EINAA
radiochemical NAA (RNAA), and preconcentration NAA (PNAA).

and

INAA,

Although many stable isotopes can be measured quite precisely by
reactor-flux INAA, many others are only measurable well under optimized
conditions and many others not even under the best conditions. For the long
lived radionuclides being considered only a few are readily measured even
using optimizing conditions involving both RNAA and PNAA methods. It is

almost impossible to apply INAA to quantitatively assess many of these
long-lived radionuclides without some pre- and post-irradiation chemicalradiochemical separations. These separations are necessary to reduce
interferences from induced activities resulting from other elements
including fissionable isotopes. When pre-irradition chemistry is necessary,

it is normal practice to add a. chemical yield monitor or tracer to the
dissolved

sample.

This

tracer

is usually

a radioactive

isotope

of the

element not generated during neutron irradiation. A reference material
containing a known amount of the respective long-lived radionuclide must be
available as a relative reference standard and activated under the
conditions applied to the sample. The prepared samples and comparator
standards are irradiated at a research reactor site with a known flux of
reactor neutrons for a time sufficiently long to transform a fraction of
the long-lived isotope into radioactive isotopes, with shorter half-lives,

that can be measured on conventional nuclear counting devices. The number
of the transformed nuclei is proportional to the original number of the
long-lived parent nuclei in the sample and thus to the concentration in the
original sample. NAA is a combination of irradiation followed by the
measurement of an activation product. The precision and accuracy of both

techniques affect the final result.
Following the irradiation, detection of the activation product can be
accomplished by gamma ray spectrometry using types (High purity Ge, Ge(Li),

Well-detectors, Compton suppressed, etc.) of germanium semiconductor
detectors. If a simple gamma ray spectra is expected, other more efficient
gamma ray spectrometers with Nal or other solid state detectors may be used
to measure the radionuclide of interest. Neutron detectors (for delayed
neutron counting, DNC) and polycarbonate plastic fission track detectors
are other devices that can be applied to assess fissionable (thermal and
fast neutron induced fission) radioisotopes. Listed in Table 6 are the
thermal-neutron capture cross-sections, expressed in barns, for the longlived radionuclides and several stable isotopes of the respective element.
The cross-section is a measure of the probability for any nuclear reaction.
Also shown are the resulting activation products and their half-lives. A
few of the constraints that limit the use of NAA for determining some the
long-lived radionuclides are seen in this table.
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Activation of

93

Zr,

79

Se,

26

Al,

107

Pd,

36

C1 and 59,63Ni

with

thermal

and/or epithermal neutrons leads to transforming these radioisotopes into
stable isotopes of the respective elements. These stable isotopes cannot be
measured

using

the

counting

techniques

described

in

this

chapter

and

therefore cannot be determined using NAA.

In the case of 14C and ^Be, thermal neutron activation leads to
radioactive activation products with the very short half-lives of 2.5 and
13.8 sec., respectively, making them impossible to detect if postirradiation separations are necessary. In addition the low thermal neutron
cross-sections (<0.001 barn) makes the determination of these isotopes
impractical by NAA.
Although there have been attempts to determine environmental levels
of 99Tc by neutron activation, it is not practical because the activation
product, ^^Tc, has a half-life of only 15.8 sec. The small intensities of
the principal gamma rays from 100Tc (7%-540 keV; 5.7%-591 keV) make
detection difficult by gamma-ray spectrometry especially in the presence of
interfering radionuclides.
For two other long-lived radionuclides, ^2°Sn and ^-^Cs, the
detection of the shorter lived activation products can be hampered by
interferences from longer lived radionuclides resulting from activation of
the respective stable isotopes of the element. The stable isotopes
accompany the long-lived radionuclide (and the activated daughter) through
preand post-irradiation separation schemes. Unless isotopically pure,
activation of ^34y or 240pu ^Lll generate long-lived radionuclides that are
presently ubiquitous in environmental samples. In addition the fission
products resulting from the neutron induced fission of 235{j ancj 239pu> that
accompany 234y antj 240pu j_n pre-irradiation separations, will interfere
with detection of the activation products.
NAA is a practical method to assess low-level concentrations of the
remaining radionuclides listed in Table 6 and there have been a few
applications to determine the concentrations of some of these radionuclides
in marine samples. No assessment of 231pa j_n marine samples by NAA could be
found in the literature. Bibron et al . (1974) report on "ttn concentrations
in a few hundred kg of ice from the Antarctic. The detection limit is set
by production of ^4Mn from the side reactions on ^Mn jn^ 2n and ^Fe n,p)
induced by fast neutrons. They point out that it is essential to minimize
the contribution of fast neutrons during activation and keep the amount of
stable Mn and Fe to a minimum. Also Ehmann et al. (1990) make reference to
a report by Yl and Ouyang where either or both pre- and post-irradiation
chemical separations and NAA were used to examine "Mn j_n meteorites. No
oceanographic applications have been reported. A number of papers discuss
129-j- levels determined by RNAA and PNAA methods in samples from contrasted
environments. As examples, Deitermann et al . (1989) measured fallout levels
of 129j j_n soii ancj plants and report detection limits by NAA of 8xlQ~^- g.
Muramatsu et al. (1988) discuss levels of 129 j measured in different
environmental samples including seaweed from regions of Japan. Germain et
al. (1987) determined 23'Np by NAA in sea water, seaweeds, and molluscs and
Byrne (1986) reports on the measurement of the radionuclide in marine
sediments. The detection limit for 237Np extracted from 200 ml of sea water
is given as 2.5xlO~9 mg per kg of sea water. Huh (1988) determined 232Th in
10
liters of sea water by NAA where pre- and post-irradiation
radiochemistry were required to separate thorium from elements of the
entire periodic table, chatt et al. (1988) report on U and Th levels in
foods, including oyster tissue, using the PNAA method and Nakata et al .
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(1983) have used an electrolytic separation technique to concentrate
uranium from sea water before neutron activation and measurement of the
daughter product, 2^9Np, by gamma spectrometry. Peuser et al. (1981)
discuss the sensitivities of delayed fission neutron counting and the
fission-fragment track technique after thermal-neutron activation for the

determination of 2^9pu. These activation techniques can be used to assess
concentrations

of

plutonium

and

other

fissionable

radionuclides

in

environmental samples. These are only a few of the reported applications
found in the literature but serve to illustrate the usefulness of the
technique for the assessment of some of the longer-lived radionuclides.
Sensitivities of the NAA method for measuring
radionuclides are presented in the Appendix II.

the

longer

lived
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TABLE la. Minimum detectable amounts of 238Pu and 239+240pu
by alpha spectrometnc analysis.

(1)

Source
Activity
(^Bq)

Mass

Concentration

(g)

5 .21
16 .76
4.81
10 .44

2317

6xicr15

78±10
74146
3817

2xlO~14
2X10"15
IxlO"14

Notes : -

very low
10 weeks
detector
chemical

(M Bq 1~ !)

Source
Activity
(^Bq)

5 . 5±1.6
5 .810. 8
1 .911. 2
4.610. 7

Mass

Concentration

(g)

1.7xlO~17
—
7.7xlO~18

1317
_
5.412.1

fjBq kg"1

0.9710.51
—
0.6510.25

background Si surface barrier detector
counting
efficiency 28%
yield -80%

TABLE Ib. Measurement of very small amounts of
by alpha spectrometry .

Sample

human urine

238pu

239+240pu

Volume

ln

Activity
<MBq)

Mass

ln

environmental samples

Concentration
(^Bq kg"1)

Irish Sea
plaice muscle
(wet)

24.416.9

9.1xlO~13

Sea water
filtrate

41. 1111.8

l.SxlO"12

0.7310.21

Sea water
particulate

10.512.8

3.9xlO~13

161,000143,000

57116

material

Notes : -
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very low background Si surface barrier detector
3 weeks counting
detector efficiency 32%
chemical yield -60%

TABLE Ic. Measurement of very small amounts of 238^ and 234y j_n environmental
samples by alpha spectrometry.

Sample

Source
Activity

Mass

Activity
cone.

Source
Activity

Mass

Activity
cone.

(g)

(roBq kg"1)

(g)

(mBq kg"1)

0.50±0.06

4xlO~8

1.16+0.13

0.58+0.03

2.5xlO~12

1.34±0.07

Irish Sea
plaice fillet
(842 g wet)

0.52±0.03

4xlO~8

1.07±0.05

0.55±0.03

2.4xlO~12

1.13±0.05

Irish Sea
ray fillet
(888 g wet)

1.30+0.09

lxlO~7

2.23±0.16

1.43+0.11

6.2xlO~12

2.47±0.19

Irish Sea
cod fillet
(1061 g wet)

1.5810.15

1.3xlO~7

1.82±0.17

1.66±0.15

7.1xlO~12

1.91±0.17

0.096±0.020

7.6xlO~9

-

0.11+0.020

4.7xlO~13

(mBq)

Irish Sea
sole fillet

{mBq)

(835 g wet)

Chemical

reagent blank

Notes: - 10 days counting
- detector efficiency 28%
- chemical yield 60-70%
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TABLE 2. Approximate mass detection limits for alpha spectronnetric
measurements based on a minimum detectable activity of 50

on a counting source.

Nuclide

Half-life*

Minimum detectable

(y)

(9)

240pu

6.537xl03

5.5xlO~15

239pu

2.4065xl04

2.0xlO~14

238pu**

7.4xlO~17

87.74

237Np

2.140xl06

1.8xlO~12

238u

4.468xl09

3.8xlO~9

236u

2.3415xl07

2-OxlO"11

235u

7.038xl08

5.9xlO~10

234u

2.445xl05

2.1xlO~13

231pa

3.276xl04

2.8xlO~14

232Th

1.405xl010

1.2xlO-8

230Th

7.700xl04

6.5xlO~14

Data source ICRP Report No. 38.

Nuclide not included in the list of nuclides to be measured
by mass spectrometric techniques.

TABLE 3. Spectral degradation by self absorption of an alpha spectrum
of 232T^ Qn an electrodeposited source.

Source

^ present on source

Approximate mass of ThOo
_n

(mBq)

(9)

A

5

1.2xlO~6

8

B

62

1.5xlO~5

95

C

90

2.2xlO~5

108

Note : Active area on source 5 mm diameter
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TABLE 4. Nuclear data for long-lived beta and electron capture nuclides.

Nuclide

Half-life*

(y)
135Ce

2.30xl06

129j

1.57xl07

126

Sn

l.OxlO5

107pd

6.5xl06

Specific
activity
(MBq

Decay mode

Particle energies

g"1)

B~ (100%)

B~max. 0.21
No gamma

MeV,

fi~mean 0.0673 MeV

fi~ (100%)

B~max. 0.15 MeV,
gamma 39.6 keV

fl~mean 0.0489 MeV

1077

fi~ (100%)

fi~max. 0.25 MeV, J3~mean 0.119
gamma 87.6 keV, others

19.5

fl~ (100%)

fl~max. 0.035 MeV,
No gamma

fi~mean 0.0093 MeV

R~ (100%)

fl~raax. 0.293 MeV,
No gamma

B~mean 0.1013 MeV

95.1

n_ (100%)

fl~max. 0.060 MeV,
No gamma

B~~mean 0.060 MeV

43.7

6.7

MeV

"TC

2.13xl05

93

1.53xl06

79

6.5xl04

2638

B~ (100%)

B~max. 0.16
No gamma

59

Ni

7.5xl04

3060

E.C.

(100%)

Co x-rays

53

Mn

3.7xl06

69.2

E.C.

(100%)

Cr x-rays

36C1

3.01xl05

1251

E.C,

fl+,fl-

B~max. 0.709 MeV, fl~mean 0.279 MeV
B+max. 0.12 MeV, (i+mean 0.0594 MeV
S x-rays

26

7.16xl05

729

E.C,

fl+

J3+max. 1.17 MeV, B~mean 0.544 MeV
Mg x-rays, gamma 1809 keV

C

5.73xl03

1.69xl05

fi~ (100%)

B~max. 0.156
No gamma

Be

1.6xl06

847

fi~ (100%)

B~max.0.556 MeV,
No gamma

zr
Se

A1

14

10

644

MeV,

MeV,

B~mean 0.056 MeV

fi~mean 0.0495 MeV

B~mean 0.2523 MeV

Data source ICRP Report No. 38.
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TABLE 5. Approximate mass detection limits for beta and electron

capture nuclides by direct radiometric methods.

Minimum detectable amount
Nuclide

Half-life*

(y)

(dpm)

(Bq)

135C8

2,30xl06

0.6

0.01

2. 3xlO"10

129j

1.57xl07

0.6

0. 01

1. 5xlO~9

126Sn

l.OxlO5

0.6

0. 01

9. 5xlO~12

107pd

6.5xl06

3

0. 05

2. 6xlO~9

"TC

2.13xl05

0.6

0. 01

1. 6X10"11

93

1. 53xl06

3

0. 05

5. 3xlO"10

79

6.5xl04

0.6

0. 01

3. 8xlO~12

59

Ni

7.5xl04

3

0. 05

1. exio"

53

Mn

3.7xl06

3

0. 05

7. 2xlO"10

Zr

se

11

36C1

3.01xl05

0.6

0. 01

8. OxlO"12

26A1

7 . 16xl05

0.6

0. 01

1. 4X10"11

"c

5.73xl03

0.6

0. 01

5. 9xlO"14

1.6xl06

0.6

0. 01

1. 2X10"11

10

Be

Data source ICRP Report No. 38.
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(g)

TABLE 6. Properties of some stable and long-lived isotopes.

Isotope

Half-life

(y)
26A1

7.16xl05
3.01xl05
7.4xl04
IxlO2
6.5xl04
1.53xl06
6.5xl06

36C1
59Ni
63

Ni

79

Se
93
Zr
107pd
9

Be

stable
1.6xl06
stable

ioBe
13C
14

5.73xl03
2.13xl05

C

"TC
112-124Sn
6sn

10 stable
l.OxlO5

12

Neutron
cross-section
(barn)

Activation
product

Half-life

,
<1
92
23

27A1
37C1
60Ni
64Ni

stable
stable
stable
stable
stable
stable
stable

7
1
?

0.008
<0.001
0.0009
<10~6
19
<0.4
?

8°Se
94Zr
108pd
10

Be
HBe
14C
15C

iooTc
113Sn-125Sn
127msn
127

sn

133

Cs

stable

5cs

2.30xl06

234y
240pu

2.445xl05
6.537xl03

13

53Mn

3.7xl06
stable

55

Mn
127x

stable

129r

1.57xl07
3.27xl04
1.41xl010

231pa
232Th
237Np
238
U

2.14xl06
4.468xl09

239pu

7.038xl08
2.4065xl04

27
2.5
9
62
100
290
70
13
6.1
(n, 2n)
9
200
7.4
180
2.7

134

Cs

134mCs
136mcs
136CS
235u
241pu
54
55

Mn
Mn

128X
126j
130j
232pa
233Th
233pa
238Np
239u

13.8

s

5.73xl03 y
2.45
s
15.8
s
9 m>200 d

4.1 m

2.1 h
2.06
y
2.9 h
19 s
13.1
d
2.34xl07 y

14.3

y

312 d
2.6 h
25 m
13 d

12.9
h
1.31 d
22.3 m
27 d
2.117

d

23.5 m
239Np
2.35
d
by delayed neutron or fission fragments

by delayed neutron or fission fragments

Cross-section and Activation product data from Shirley, V.S.
C.M.

1.6xl06 y

& Lederer,

(1981).
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ACCELERATOR MASS SPECTROMETRY

A. MANGINI

Heidelberger Akademie der Wissenschaften
Im Neuenheimer Feld 366
D-6900 Heidelberg
Germany
Abstract
The advances in Accelerator Mass Spectrometry (AMS) during the last 5
to 10 years enable the measurement of cosmogenic radionuclides such as
10
Be, 36C1, 26A1, 14C, 7Be, and 32Si, to a sensitivity exceeding the
conventional detection methods via counting of radioactive decay. These new
techniques enable the application of these nuclides to problems in the
fields of marine geochemistry, geology and hydrology.

1.

PRINCIPLES OF AMS

Figure 1 shows schematically the set-up of the tandem accelerator at
the Eidgenossische Technische Hochschule (ETH)
in Zurich, which is
considered as one of the most sensitive devices for detection of ^C and of
-^Be at levels of accuracy of up to 0.1% and 1%, respectively (Suter et
al., 1984).
The set-up consists of a source, where negative ions are produced by
bombardment of the sample with Cs+, a tandem accelerator, where the
negative ions are accelerated in two steps to energies of some MeV, and of
a detector unit. The foil at the accelerator terminal dissociates the
negative molecules generating atoms of positive charge. The mass and the
electric charge of these atoms are then filtered through a series of
magnets (Energy* Mass/charge2) and electrostatic filters (Energy/charge),
and finally detected on telescope consisting of two detectors in line. The
first detector measures the energy-loss, in the second detector the atoms
are completely stopped revealing their total energy. The atoms arriving at
the detector are thus identified on their mass and their energy, the energy
loss being proportional to the Mass* Nuclear charge Z2/Energy (Bethe-Bloch
relationship) (a good summary is given in Litherland, 1984).
In analogy to conventional mass spectrometry, the concentration of
the rare isotope is measured as the ratio to a naturally abundant stable
isotope (e.g., •^'-'Be/'Be). This is achieved by pulsing the voltage of the
electrostatic deflector at the low energy end for a short time
(approximately 100 psec, at a rate of 10-30 Hz), which enables the stable
isotope (e.g., 9BeO~) to enter the accelerator. At the high energy end the
stable isotope is deflected by the analyzer magnet into a Faraday cup,
where the 9Be current is measured. This Faraday cup provides in addition
information on the beam position. These data are used to automatically
adjust the terminal voltage of the accelerator to optimum transmission,
which presently comes up to 30% (•^•

Sample
preparation
for AMS
measurement
consists
of
chemical
extraction and purification steps, in which samples for -^C are converted

into graphite (in some cases CC^) or to BeO, A^C^ and AgCl. In the case of
10
Be a spike of 9Be {<! mg) is added to the samples due to the extremelylow natural abundance of ^Be (some ppm), to obtain enough material for
loading the targets. Several procedures for the preparation of samples for
^C
and ^Be AMS are described in volumes of Nuclear Instruments and
Methods, volumes B5, 1984 and B29,

1987 (e.g., Kromer et a 1. , 1987). The

targets are obtained by pressing the oxide and graphite samples (of less
than 1 mg of weight) in the center of copper disks of 2.5 cm diameter.
The targets are measured for a number of cycles of 10 to 30 seconds
each until the required accuracy (given by the amounts of counts of the
rare isotope) is obtained. Generally, on sediment samples of 0.5 g weight
(at a level of 10Be/9Be of 10~12) a 2-3% accuracy is obtained within 5 to
10 minutes counting time. At Zurich, ^C can be determined with AMS within
1 hour with a statistical uncertainty of 0.3% for a modern sample, ^c,
which is also measured in a separate telescope can be determined at a level
of ± 0.1%.
At standard conditions about 50 samples for -^Be or 40 samples for
•^C, together with standards and blanks may be measured within 12 hours
operation.

2.

SENSITIVITIES-STRENGTH-WEAKNESSES

The major advantage of AMS in comparison to other MS methods consists
in the very sensitive detection of atoms due to extremely good separation

from other ionic compounds (molecules and isobars) having the same mass.
This is achieved by:

1. Electron stripping at the terminal provokes a coulomb explosion
and dissociation of molecules, which in standard MS make up a large part of

the background.
2. Clear-cut identification of particles that enter the telescope on
their dE/dx-Energy spectra.
3. Stopping of heavier
window of the telescope.

isobars

on

absorber

foils mounted

on the

AMS enables detection of 10^ to 10^ atoms of an isotope even if 10^-2

to lO-'-S times more atoms of the neighbour isotopes are present. This
technique is more powerful than measurement of the decay rate especially
for the longer-Lived isotopes, where the specific activity, A, is given as

A = Atoms* decay constant. If, for example, a •'•'-'Be sample is B-counted for
one day, only one out of 10^ ^(-1Be atoms present in the sample is
registered. Thus AMS enables reducing the size of the samples by several
orders of magnitude. Finally, a further advantage to conventional counting
lies in the easier sample preparation step that does not require
radiochemical purity.
The machine background

for -^C was tested to be at least 60 to 75

kyrs (corresponding to 10~4 Modern and to a ^-^c/^C ratio of about 10~^).
However, the dating range for -^C is limited by system contamination, cross
talks in the ion source and contamination of the samples to about 10~^
Modern (corresponding to about 35 kyrs).
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For

10

Be,

36

C1 and

26

Al the detection limit applying for an EN Tandem
accelerator (at a maximum voltage of 6 MV) is at about 10~i4 times the
concentration of the stable isotope. This is not a severe restriction for
10
Be because there is usually enough material available to manufacture 10Be
samples with higher isotope concentrations. In contrast, it severely limits

application of 36C1 and of

26

Al on marine samples, that have naturally high

concentrations of ^^Cl and
Presently the best results from the point of view of throughput and
contamination levels of -^C samples are obtained with a catalytic CC>2/iron
reduction procedure, which enables one to attain blank values of 0.5%
Modern (42 kyrs) for samples as small as 0.5 mg.
The detection limits are even better for accelerators operating at

energies higher than EN tandems, where a combination of tandem and
postaccelerator are used to generate beam energies of at least 100 MeV.
However, the better detection
overall reduced efficiency.

limit

is

achieved

at the

expense of

an

The major weakness of AMS is obviously the cost of the machine and of
its maintenance, which are also reflected by costs per sample exceeding the
costs of conventional methods by at least a factor of two. The kind of
dedicated machine to measure 14C at an accuracy of 0.3 to 0.5% will cost
approximately $2.5M and will have a yearly budget of $500K. Its operation
requires very good backup institutional facilities (such as electronic
workshop, precision machine shop) . Its operation should be foreseen in
physics departments, where other mass spectrometers are operated. Table 1
lists the present AMS facilities (from Wolfli, 1987).

3.

MARINE APPLICATIONS

Due to the smaller sizes of samples that can be studied, AMS has
opened new fields of work in marine geology and geochemistry as well as to
oceanography, mainly applying the radioisotopes -^C and -^Be. Progress is
presently been achieved also in the application of ^°h1.
3.1.

AMS -^C in oceanic circulation studies

Using radiocarbon in oceanic circulation studies requires ultimate
precision (<±0.5%) because radiocarbon concentration gradients are small

due to the typical time scales in the ocean being on the order of hundred
of years or less. The conventional counting method requires samples as
large as 250 liters, but large sample volume work is not always possible.
However, it was recently shown that AMS ^C data from a station in the
Weddell Sea on small volume samples (of 0.5 liters) at an accuracy of 0.5%
are in good agreement with large volume ^*C measurements on the same
samples done by conventional counting with an accuracy of ±0.2% (see Fig.
2, Kromer et al., 1987). This gives confidence that no additional errors
are introduced by target preparation procedures. These results clearly
suggest that AMS is the ultimate method for -^C measurements in the water

column, giving vigorous support to the development of AMS towards the goal
of producing several thousand samples per year for the use in models of
deep ocean mixing and transport processes.
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3.2.

High resolution •*• ^C chronology of deep-sea sediments
J.C. Duplessy et al. (1987) have recently illustrated how -^C AMS on

small monospecific samples of foraminifera in sediment cores can be coupled
with stable isotope measurements (S^O) in order to determine the rate of
climatic changes during the last deglaciation. *^C AMS was measured on
samples of 1,000 to 2,000 foraminifera picked by hand. This technique
offers several advantages: First, foraminif eral samples can be much more
pure than for the (large sample) classical method; second, an age could be
assigned to the same samples which is to be used in ^-°O measurements. Their
data demonstrate that the melting of large continental ice sheets,
developed on the continents during the last glacial period, began about
14,500 years ago. The cooling associated with the Younger Dryas cold event
is dated to 11,540 years B.P.

Another interesting application of AMS -^c aims to dating of surface
dwelling planktonics and bottom dwelling benthics (Andree et al., 1984).
The idea in thrs study is to detect changes in the ocean circulation from
age

differences between planktonics

and

benthics

sampled

from

the

same

layer of a sediment core (Broecker et al., 1984; Andree et al . , 1984).
3.3.

Applications of -^Be
Applications of -^Be in marine geology were mainly directed towards

dating of Mn-encrustations and of pelagic sediments in the time span of up
to 10 million years B.P. More recently high resolution depth profiles of
Be combined with profiles of -Th j_n quaternary sediments were shown to
deliver interesting information on the geochemical conditions in the water
column and of their variations throughout different climatic periods. Some
numbers have also been reported for the flux of ^Be into the oceans and
for the residence time of 10Be in the water column (Raisbeck and Yiou,
1984; Kusakabe et al., 1987; Segl et al . , 1987).
One of the most promising applications of -^Be via AMS is the
determination of growth rates of Mn-encrustations. The half-life of the
cosmogenic 10Be being of the same order of magnitude as the growth time

needed for a few mm of nodule material makes 10Be a very adequate tool to
unravel their evolution through late Tertiary, when most Mn-nodules are
assumed to have started their growth. In these studies, Mn-encrustations
were sampled at a resolution of 0.5 to 2 mm from the surface to the center
of the nodules. As was shown in a number of studies, 10Be enabled the
assignment of ages to boundaries between zones with different texture and
chemical composition, which were put into relationship to paleoclimate
(e.g., Segl et al., 1984 and 1989). Major time marks from this reference
are listed in Table 2.
Dating of sediments with

10

Be to ages up to 11 million years B.P.

delivers
important
geological
information
in
deep-sea
sediments
accumulating at extremely low rates, where the carbonate fraction has
redissolved and standard stratigraphy methods (such as micropaleontology on
the CaCO3 fraction, O-Isotopes) cannot be applied (e.g., Mangini et al.,
1984; Raisbeck and Yiou, 1984).
High resolution profiles of 10Be combined with 230Th data in sections
of sediments from high latitudes covering the last 350,000 years yield a

stratigraphy
at a resolution comparable
to the £18O method. The
10
230
distributions of Be and
Th show sequences of sections with high and
low specific activities (see Fig. 3). The interglacial stages 7 and 5 (a, c
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and e) and 1 correspond to maxima of the isotope concentration, showing
that the sequence of glacial and interglacials has left a remarkable
imprint on the flux of radiotracers to the sediments (Eisenhauer et al.,
1990). The radioisotope fluxes exceed the average depositional fluxes of
^Be and 230^^ (juring the interglacial stages. In contrast the fluxes were
considerably lower than the expected production during glacial stages.

Fluxes

in

excess

of

production

were

ascribed

to

enhanced

biological

productivity during interglacials. Increased scavenging lead to depletion
of particle reactive elements in the water column, which were supplied from
other areas with less biological activity by the process of eddy-diffusion
along isopycnals. A simple mathematical model shows that the ratio of 4:1

of the fluxes of 10Be and 230Th is determined by the areal extent in the
water column where radiotracers are depleted (Mangini et al., 1984;
Eisenhauer et al., 1987). This area is approximately four times larger for
^Be than for 23^xh, because it is proportional to the square root of the
residence times of the isotopes in the water column (10Be: 400 years,
230
Th: 24 years).
Anomalies

to

this

behaviour,

in

samples

where

the

ratios

of

10Be/23(-lTh are 0.4:1 (instead of 4:1), caused by unusually large fluxes of
230
Th, were observed at the transitions from glacial periods to
interglacials. They were related to events of deposition of Mn from the
water column at the end of glacials, Mn being a better scavenger of 230Th
than for -^Be, which settles preferentially with silicates.

4.

PROSPECTS

Already two of the most important radioisotopes (^^Be, -^C) are being
routinely measured with a number of different set-ups, as listed in Table
1. The accuracy in measuring isotope abundances has been improved to a
level of acceptance of radiocarbon dating. AMS has clearly the potential
for a high throughput of -^C samples and has the potential to extend the
age range beyond that of conventional radiometry.
3

°C1 and J-2^i may be detected at good sensitivity in more powerful
systems (tandem plus post-accelerator) . Other long-lived radioisotopes of
interest are 26A1 and 41Ca (Raisbeck et al., 1987; Steinhof et al . , 1987,
Korschinek et al . , 1987). First detection of these isotopes in terrestrial
and marine samples has been reported. However, the success of detection of
these isotopes depends on the development of ion sources with a higher
intensity than are available at present.
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The EN, FN, MP and XTU tandems are manufactured by High Voltage Engineering
Company, Massachusetts, USA, the Tandetrons by General lonex Corporation,
Massachusetts, USA and the 14 UD by National Electrostatics Corporation,
Wisconsin, USA.
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TABLE 2. Ages of important time markers in pelagic ferromanganese deposits
(from Segl et al.,

1989).

Age

Event

1.2 Ma

Single event unclear - Beginning of Mid-Pleistocene
oscillations of the global ice volume.

3.3 Ma

Initiation of the glaciation in the Northern Hemisphere.

6.2 Ma

Shift in SC
in benthic forams. Beginning of modern
bottom water circulation. Drop of the CCD (Calcium
Carbonate Compensation depth) in Central Pacific.

4.5 Ma

Increase of the

-o in benthic forams attributed to

enhanced bottom water flow caused by the onset of
major Antarctic glaciation. Rise of the CCD.
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Fig. 3. High resolution Be-10 profile (a) and Th-230 profile (decay corrected)

(b) on sediment core
1990).

23235-2 from high latitudes (Eisenhauer et al.,
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Abstract

Inductively coupled plasma source mass spectrometry

(ICP-MS) is a

relatively new (5 y commercial availability) technique for simultaneously
determining the concentration and isotopic composition of a large number of
elements at trace levels. The principal advantages of ICP-MS are the
ability to measure essentially all the metallic elements at concentrations
as low as 1 part in 1012 by weight, to analyse aqueous samples directly, to
determine the isotopic composition of essentially all the metallic
elements, and to

analyse samples rapidly

(minutes). The history of the

development of ICP-MS and discussions of a variety of applications have
been discussed in detail in Date and Gray (1988). Koppenaal (1988, 1990)
has reviewed the ICP-MS literature. In that ICP-MS is a relatively new and
still evolving technique, this chapter will discuss potential capability
more than proven performance.

1.

PRINCIPLES

When operated in the normal solution-nebulization mode, liquid sample

is aspirated through a nebulizer to generate a fine mist. This mist is
passed through a spray chamber where the

larger droplets are removed by

collisions with the chamber walls. The remaining vapor, 2%, passes into an
inductively-coupled argon-plasma torch similar to that used in inductivelycoupled-plasma optical-emission spectrometry. The high temperature of the
torch, 8000 K, vaporizes the droplets, destroys molecules, and ionizes
atoms. The fact that the plasma destroys essentially all molecules and
ionizes most elements to similar extents simplifies the observed mass
spectra and allows analysis of >60 elements. Ions from the torch are

extracted through an aperture into the vacuum system of the mass
spectrometer. Here they are focused by transfer optics and passed through a
quadrupole mass filter. Ions of appropriate mass-to-charge ratio are
detected by an electron multiplier operated in the pulse counting mode.
Variations involving other configurations, e.g., magnetic sector mass
spectrometers, exist but are far less common than the system described.

2.

SENSITIVITY

Even
among
instruments
produced
by
the
same
manufacturer,
considerable variation has been observed in sensitivity. Superimposed on

this has been a steady increase of sensitivity with time resulting from
design improvements. For recently produced instruments, one can expect to
record >lxlO' counts per second (cps) while monitoring a peak present at a
solution concentration of 1 part per million by weight (ppm) . The random
background count rate would be expected to be <30 cps. For purposes of
discussion, let us assume a sensitivity of 1x10^ cps per ppm and a

background of 10 cps For this case, a 1 part per trillion (ppt) peak would
produce a signal equal the background. For a one second data accumulation
and considering only counting statistics, the lam uncertainty on the
measurement would be ±V30. The net signal (10 cps) would be roughly twice
this uncertainty. Using a detection limit definition of lam<(S-B) where S
is the total signal and B is the background, 1 ppt would be judged

detectable.

In an

analysis lasting

less

than

four

minutes, one

could

determine the abundances of all masses from 5 to >250 with a few
exceptions, e.g., 40 daltons, where there are major peaks due to the plasma

or water.
As a technique for the detection of stable trace elements, ICP-MS is
unsurpassed. For low-salt aqueous solutions, it is possible to determine

the

concentration

of

most

elements

without

separation

chemistry.

The

detection of radionuclides in marine samples is more challenging. There are

several
factors which
determinations. We must
overcoming them.

limit
the
usefulness
of
consider these limitations

ICP-MS
for
such
and approaches to

The overall efficiency of the system in terms of ions detected per
atom of sample is one limitation

ml/mm and the count rate for

If the uptake rate of the nebulizer is 1

115

In is IxlO7 cps for a 1 ppm solution, then

the efficiency in terms of ions detected per atom consumed is 1x10"'''. For a
100%-efficient nuclear-deca y counting system to detect 10~^ of the atoms

decaying withir a 1 mm

counting period, the mean life of the nuclide would

have to be < 20 y. This is of course not a fair comparison because in the

radioactivity counting case the fraction of atoms detected can be increased
by counting for a longer period
If we take 1 week as a practical upper
limit to the counting interval, then 10
of the atoms could be detected
for mean lives < 2x10^ y. In this example if one were willing to count a
sample for a few days, counting would give a more precise result than ICPMS for nuclides with mean lives < 10^ y. Furthermore, the ICP-MS detection
efficiency for a given peak would be less in a scanned spectrum than when
monitoring only one peak.
It is therefore important to increase the efficiency of the ICP-MS.
The nebulizer as normally operated delivers only 1-2% of the sample to the

plasma. This fraction can be increased roughly an order of magnitude by
using recirculating nebulizers, ultrasonic nebulizers, flow

injection, or

other variations. Even greater improvement can be achieved by the use of
non-nebulization techniques such as generation of a dry sample vapor which
is introduced directly into the plasma. The use of dry vapor has two

advantages. Fust, less solvent (water) is introduced into the plasma; this
tends to improve lonization and reduce molecular interferences. Second,
essentially all of the sample can be made to reach the plasma. Vapor
generation has been used in a variety of ways including OsO^ production for
the measurement of osmium isotopic ratios (Russ III et al., 1987} and laser
ablation of so^id samples (Gray, 1985; and refs. in Koppenaal, 1988, 1990).
The greatest potential improvement in sampling efficiency is probably
offered by electro-thermal vaporization (ETV). This technique will be
discussed below.

In addition to losses in the sampling and plasma generation steps,
the ion optics and detection systems further reduce efficiency. While a
typical instrument might have a sensitivity of Ixio"7 cps per ppm in the

nebulization mode, careful alignment and electron multiplier selection can
increase sensitivity substantially. One
instrument in the author's
laboratory operates at a sensitivity of 3xl07, and >lx!08 has been reported
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(Turner, 1990} using an instrument with different transfer optics. This
area is continuing to evolve. If one had an instrument with 1x10° cps per
ppm sensitivity in the nebulization but operated it with a dry plasma
sampling system, an overall efficiency of 5xlO~5 ions per atom might be a
reasonable state-of-the-art goal while monitoring a single peak. At this
performance level, ICP-MS detection limits should exceed those for a oneweek 100%-efficient decay counting of nuclides with mean lives >400 y. In a
scanned spectrum, the ICP-MS detection limits would be decreased by a
factor proportional to the number of peaks scanned.
At low levels, background is as important as efficiency. Background
can be considered to consist of blank plus random noise. Blank is signal
observed at the mass of interest not arising from the concentration of the
relevant nuclide in the sample. This blank can be contamination by the
nuclide of interest but coming from a source other than the sample, or it
can be an isobaric interference. Control of reagent purity and appropriate
sample handling techniques can reduce and control contamination. Isobaric
interferences arising from the sample must be removed by separation
chemistry.
Noise as used here refers to the observed count rate not due to ions.
A typical ICP-MS has a noise count rate of 30 cps Photons from the plasma
are presumably the main contributor. In some cases, values of 5 cps have
been achieved (Bazan, 1990) . Lower values may be possible, but for this
discussion, let us assume a background rate of 10 cps. The ratio of signal
to noise counts will depend on the length of time needed to introduce the
sample. If we assume a one-minute acquisition sitting on a peak at mass 100
and an efficiency of 5x10"^, then 3xlO~^^ g (0.3 fg) of an isotope would be
sufficient to satisfy the detection limit defined above. The sensitivity
could be increased further by introducing the same amount of sample into
the plasma in less time and thereby reducing the background. The ETV
technique is particularly suited to pulsed sample introduction.
Stable isobars, molecular ions, and abundance sensitivity are among
the greatest barriers to measuring low-level radionuclides by ICP-MS. Mass
differences among isobars, 10~5, are much too small to be resolved by a
quadrupole mass filter or most magnetic sector mass spectrometers. For
actinides isobaric overlaps are generally a minor problem because there are
few long-lived nuclides in this mass region. For lower mass nuclides,
isobars generally control the ability to detect radionuclides. The only way
to overcome this limitation is to separate the elements by chemical means,
and detection limits are controlled by one's ability to make the necessary
separations. Molecular ions, primarily oxides, are generally of low
intensity in ICP-MS spectra relative to atomic ions, but they can be
limiting in the detection of rare nuclides. As with isobars, chemical
separations are required to remove them if they arise from sample ions. If
they arise from the plasma gas, they may be impossible to remove. The
dynamic range of the detector limits ratio measurements to values smaller
to 10' for pulse counting. This range can be extended to somewhat more than
10° by using two types of detectors. Another limitation to detection limits
is abundance sensitivity, i.e. , the tailing of a peak of high intensity
into peaks at higher or lower mass. Typically an abundance sensitivity of
>10° can be achieved so overlaps are important only when adjacent mass
peaks differ in intensity by >106.
For sea water samples, chemical separations are required not only
because of isobaric overlaps but also because of the total concentration of
dissolved salts. Common practice is to limit the concentration of total
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dissolved salts to <0.1% by weight. This avoids signal suppression due to
"matrix effects" and plugging of the vacuum aperture by solids. Dilution of
sea water could be used to avoid these effects but detection limits would
be degraded.

Electrothermal Vaporization
The achievement of "ultimate" sensitivity depends on many factors
including efficient introduction of sample into the plasma and a high

signal-to-noise ratio. Electrothermal vaporization addresses both of these
problems. It also provides for the use of small sample volumes (1 1) which
allows pre-concentration of samples.
In ETV,

sample is loaded into a chamber which is subsequently heated

electrically to volatilize the sample. A flow of argon gas sweeps the
sample vapor from the chamber to the plasma torch. A variety of ETV systems
have been and are being evaluated (Koppenaal and Smith, 1990? Button and
Hulmston, 1990; Russ III et al., 1990; Jakubowski and Stuewer, 1990; Shen
and Caruso, 1990; Gregoire, 1990; and refs. in Koppenall, 1988, 1990). They
differ in detail but share the basic features just described. By
controlling the rate of heating, samples can be dried and/or ashed removing
bulk before the final heating to release the elements of interest. Final
heating typically lasts a few seconds during which the sample is driven
off. By compressing the sample evolution into an interval of a few seconds
rather than minutes, the signal-to-noise ratio is significantly improved. A
high fraction of the sample material can be introduced into the plasma
because the spray chamber is eliminated and the gas flow and path is
arranged to minimize losses to the walls. By controlling the heating cycle,
it is possible to resolve isobars on the basis of their volatility. With
some systems, time resolved spectra can be obtained without interruption of

the data acquisition cycle between spectra

(Russ III et al. , 1990). For

improved isotope ratio precision, the heating cycle can be controlled by
the intensity of the observed ion beam {Russ III et al. , 1990) or
temperature (Hutton and Hulmston, 1990) thereby regulating the rate of
signal generation.
Using the example given above of a measurement at mass 100 with a
background of 10 cps and an efficiency of 5x10""^ but with a signal lasting
five seconds rather than one minute, the detection limit would be lowered

to <0.1 fg (note the efficiency would not increase from the previous
example because the efficiency of 5xlO~^ included a factor of 50
enhancement over the 2% efficiency of solution nebulization). Stated
differently, less than one million atoms of the nuclide of interest need be

present for detection if isobaric interference is not the limiting factor.

3.

COMMERCIAL AVAILABILITY

At least three manufacturers are currently offering ICP-MS systems
for sale on the international market. Other units are being produced
commercially but to the author's knowledge, are not marketed outside their
countries of origin. Instruments from Perkin Elmer - Sciex, Turner
Scientific, and VG Elemental were displayed at the
1990 Pittsburg
Conference. A standard instrument will cost $200K-250K (US). An ETV furnace
will add $25K. Suitable laboratory space must of course be available. In
designing this space concern should be given to the level of cleanliness

required for the users application. Topics to consider in planning for
contamination control should include the preparation of reagents of
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sufficient quality, blank control in the chemical preparation laboratory,
and
instrument location. If a cleanroom environment is necessary,
significant additional costs could be incurred.

4.

MARINE APPLICATIONS

ICP-MS has been used to determine the concentrations of trace
elements in marine sediments, river water, sea water, and marine biological
tissues [refs. in Koppenaal, 1988, 1990). ICP-MS measurements of a variety
of long-lived radionuclides in environmental samples have recently been
reported, but at this time, relatively few measurements have been on marine
samples. Brown and Lister (1988) determined 129j with a detection limit of
1.5 mBq ml~^ of solution analysed and 20 mBq kg"-*- (fresh weight) in
vegetables. Hursthouse and McKay (1988) have reported measurements of 237Np
in soils near the Sellafield plant. Kirn et al. (1989a) have reported
Plutonium isotopic ratios (240/239) and (Kirn et al., 1989b) a 237Np
detection limit of 0.02 mBq ml"1. Bazan et al. (1988) have reported uranium
isotopic measurements on nanogram quantities of uranium in air filter
samples. Moore and McCormick (1988) measured uranium in urine. 99Tc was
measured by Brown et al. (1988) (seaweeds), Kirn et a 1. (1989c), and by
Williams (1989). Toole et al. (1989) have studied actinides in water (U),
seaweeds (U, Th), soils (Np, Pu), and mussels (Pu). All of
measurements used solution nebulization and have detection limits of a few
picograms.
The ETV furnace has been used by Hall et al. (1990) to determine
uranium and plutonium isotopes in urine at levels of a few femtograms. In
achieving these detection limits, only one mass was monitored. As discussed
above, measurement of several peaks would degrade the sensitivity for any

given one because the spectrometer must be scanned. Koppenaal and Smith
(1990) have used the furnace for actinides and 129j a^. simj_iar levels. The
authors are unaware of any published work on radionuclides in marine
samples using the ETV technique. This is largely due to the capability of

femtogram analysis being commercially available only since mid 1989.

5.

FUTURE

above

The paucity of long-lived isobars and molecular peaks in the region
mass 230 makes actinide determinations by ICP-MS/ETV relatively

straight forward. ICP-MS sensitivity expressed in atomic concentration also
tends to be highest for the heaviest masses. For lower mass radionuclides
the situation is more complicated. Isobars can generally be removed by
chemical separation to a level of perhaps 10~6 of their initial
concentrations. For some species, this is insufficient for environmental
levels
of
radionuclides.
Separation
chemistry
is
also
useful
in
concentrating the species of interest. Concentration is essential to raise

the signal-to-noise ratio of low-level species. As noted above, abundance
sensitivity is another limitation to the ability to measure minor isotopes.
In addition, elements may form hydride ions which limit the detection of
isotopes occurring one mass unit higher. Hydrides are typically below one
part in 105.
Detection limits therefore depend on the presence of isobars and
adjacent peaks rather than on the ratio of radionuclide to stable element
per se. They also depend somewhat on the mass of the nuclide with generally
less sensitivity for lighter masses.
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Abstract
Thermal ionization mass spectrometry (TIMS, or also known as surface
ionization MS) refers to a technique for producing ions at the source of
the mass spectrometer by evaporation a sample from a heated metal surface.
This technique has been successfully employed for a large number of
elements to measure precise isotopic ratios in a wide variety of
environmental samples. By adding a known quantity of an appropriate yield
tracer to the sample, isotope dilution analyses can provide for
concentration determinations down to the lO"1^ to lO"-^ gram range, using
TIMS instruments. The background discussion on TIMS presented below, is
intended to provide a brief overview of important considerations in TIMS
techniques and instruments, and is based primarily upon the use of TIMS for
the determination of long-lived actinides such as U, Th and Pu.

1.

PRINCIPLES

In TIMS, the production of positive ions at the mass spectrometer
source is a function of temperature, the affinity of the hot metal surface
for retaining orbital electrons relative to the atoms which are being
vaporized, and the probability that an incident beam atom reaches
equilibrium with the surface (Datz and Taylor, 1956; White and Wood, 1988).

The fraction of ions to atoms emitted from the source can be predicted from
the Langmuir and Kingdon equation (1925), where:
n+/n0 oc exp[e(W-I)/kT]

In this equation, n+ is the number of positive ions produced, no is the
number of neutral atoms, e is the electronic charge (1.6 x 10~19C), W is
the work function of the source (in volts), I is the ionization potential
of the element of interest (in volts), k is the Boltzmann constant
(1.38xlO~23), and T is the surface temperature (Kelvin).
Source filaments are usually chosen from metals with relatively high
work functions, high melting points and the necessary purity and mechanical
properties. Commonly used metals for TIMS filaments include platinum,
rhenium, tantalum and tungsten. In the simplest case, current is run
through a single flat or "V"~shaped metal ribbon upon which the sample has
been deposited. In multi-filament schemes (double or triple filaments) the
sample is evaporated from one filament and the resulting vapor is ionized
as it impinges upon a second filament, often at higher temperature, thus
allowing optimization of vaporization and ionization temperatures. In
addition to the production of positive ions, hot-filament sources have also
been used for the production of negatively charged ions (Heumann, 1988;
White and Wood, 1988).

With modern TIMS machines, sample analyses can be highly automated
and large "wheels" of sample filaments (4-16 samples) are introduced into

the source vacuum chamber at one time. Most TIMS instruments employ at
least one magnetic sector, and often are combined with electrostatic,
quadrupole, or additional magnetic analysers. Abundance sensitivities of up
to 10^ have been achieved in multi-sector instruments (Lagergren and
Stoffels, 1970). The ion detectors in TIMS instruments have included simple
Faraday
cups,
Daly
detectors,
and
ion
multipliers.
The
highest
sensitivities have been reported for Daly or ion multiplier detectors run

in the pulse-counting mode, whereby the current generated at the detector
is

passed

into

a

pulse

height

discriminator

to

eliminate

spurious

background noise which is below the threshold voltage (White and Collins,
1954; Dietz, 1965; Lagergren and Stoffels, 1970). Greater than 99% of all
sample ions can be detected in this manner above background noise.
With proper detector
TIMS spectrometry is in the
variety of techniques have
ionization efficiency. In
sample

preparation,

design and mass selection, the limitation in
ionization steps at the source and therefore a
been developed to increase the overall thermal
practice, optimal ionization requires careful

purification

and

mounting

techniques.

Filament

outgassing prior to sample mounting is crucial for low level analyses.
Samples are often loaded as purified solutions onto the filament, but
increased ionization efficiencies have been obtained for some elements by
uptake of the sample onto ion exchange beads, and mounting of the beads
onto the center of the filament (Freeman et al., 1970; Walker et al., 1974;
Anderson and Walker, 1980; Carter et al., 1980; Smith et al. , 1980;

Buesseler and Halverson, 1987). Samples can also be electrodeposited onto
the filament (Rokop et al., 1982; Perrin et al. , 1985). Electrodeposition
techniques have the advantage of added purification of the metal from the

sample matrix, and increased stability of the sample beam intensity from
the source. Incorporating an overcoat onto the filament can also serve to
increase ionization efficiency (so called surface ionization-diffusion
source - Rokop et al. (1982)). For Pu, the electrodeposition of Pu onto a
single Re filament followed by the electrodeposition of a Pt overcoat has
proved quite successful (Perrin et al. , 1985). In some cases, the work

function

of

the

metal

filament

can

also

be

altered

for

optimal

ion

production. An example of this technique is in the carburization of Re
filaments, whereby a solution or gas containing a carbon source is

deposited onto the filament in order to maximize U and Pu ion production
(Smith,

1971;

Pallmer

et

al. , 1980;

Gordon,

1983/84).

Finally,

careful

attention must be paid to the design of the source optics and tuning plates
at the source, which provides for the maximum number of ions which leave
the filament to be focused into the flight tube.
Two areas of concern in any precise isotope ratio determination by
TIMS

include

interference

by

isobars,

and

mass

discrimination

between

isotopes of a given element. Isobars can often be excluded by chemical
purification techniques and control of ionization conditions (Walker et
al., 1974; Perrin et al., 1985; Buesseler and Halverson, 1987). Isotope
fractionation is more difficult to control, but fortunately it is usually a
relatively small and systematic error. Isotope fractionation at the
detector, or mass discrimination with voltage peak switching and extraction
of ions at the source are typically minor errors relative to fractionation
during the ionLzation process. During thermal ionization the extent of mass
discrimination depends upon a large number of factors, including sample
composition, size, purity, mounting procedure, temperature, and the time of
measurement (Aggarwal et al. , 1984; Edwards et al., 1986/87). Systematic
changes in time in the observed isotope ratios due to fractionation can be
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quantified for a given TIMS procedure by reference to standard materials of

precisely
known
isotopic
composition
(Aggarwal
et
al.,
1984).
Alternatively, with the addition of a double-spike of two differing mass
tracers, isotope fractionation can be quantified directly and corrected for
in the data processing steps (Chen et al. , 1986; Edwards et al., 1986/87).
For low-level isotope dilution measurements, mass fractionation factors are
often insignificant relative to other measurement errors.
The limiting factor in many environmental studies is not always the
sensitivity of the TIMS instrument, but rather the ability of the
researcher to sample and then chemically extract and purify the element of
interest without contamination. With an overall efficiency of TIMS
approaching 1% (Perrin et al., 1985; Buesseler and Halverson, 1987), it is
possible for a TIMS instrument to record 104 sample ion counts above
background with a sample size of only 10° atoms. At this 10~~" g per sample
level, it becomes very important to minimize and frequently estimate one's
procedural blank. Air-born dust particles, reagents, and glass- or teflonware can all contribute substantially to the sample blank. Successful TIMS
analyses require a combination of careful

sampling, trace element clean

chemical processing, and a high level of instrumental expertise.

2.

MARINE APPLICATIONS

Thermal ionization mass spectrometry has not been widely applied to
the analysis of long-lived radionuclides in marine samples. This is due in
part to the higher expense and expertise level needed to run a TIMS
facility vs. a traditional radiochemical counting lab. This may change
though, as the commercial manufacturers improve and simplify off-the-shelf
TIMS instruments, and the requirements for marine studies demand either
higher sensitivities or larger sample throughput.
Some of the best documented applications of TIMS for long-lived
radionuclides in marine studies are for the actinide elements Pu, U, and
Th. For Pu, the TIMS studies have been particularly successful, since not
only is TIMS more than an order of magnitude more sensitive for Pu than

traditional alpha counting procedures (Buesseler and Halverson, 1987), but
it also allows for the separate determination of the 239pu ancj 240pu
isotopes, the combined activities of which are measured with alpha counting
procedures {and reported as 239,240puj> A wide range of 240Pu/239Pu atom
ratios were found in some of the first Pu TIMS studies of marine sediments
(0.07-0.27: Noshkin and Gatrousis, 1974; Scott et al., 1983). This range is
rather large relative to the primary source of Pu in the environment,
namely stratospheric fallout from atmospheric weapons testing which had a
fairly constant 240Pu/239Pu ratio of 0.18 during peak fallout years (USDOE,
1973; Krey et al., 1976; Perkins and Thomas, 1980). These results pointed
either to a separation of the two isotopes in the water column and/or a
unique oceanic behaviour of Pu from different specific weapons tests,
reflecting the wider range of fallout 240puy239pu ratio signatures of
individual test shots (Krey, 1983; Hicks and Barr, 1984; Koide et al.,
1985b). Bertine et al. (1986) found that the water column ratio of
240puy239pu £n ^he pacific had been homogenized relative to the more
variable historical 24Opu/2^'Pu fallout record they found in Antarctic and
Greenland ice sheets. The studies of Buesseler and Sholkovitz (1987a,b)
used TIMS to measure Pu concentrations in marine pore waters (down to the
10~i5 g per sample range) which could not have been detected with
traditional alpha counting procedures. Furthermore, their determination of
240pu/239pu ratios in sediments, sea water, pore waters and sediment trap
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material provided evidence that there indeed can be a separation of fallout
Pu
from different weapons testing
sources. Plutonium delivered
as
stratospheric iallout appears to be relatively soluble and has a longer
residence time in sea water than does Pu from close-in fallout from
surface-based testing.

Future

Pu

TIMS

studies

in marine

sciences

can

continue

to

take

advantage of the sensitivity of this technique, which now allows for a Pu
concentration determination in about a liter of sea water (radiochemical
analyses require approx. 50 liters of sea water for total 239»240pu
determinations).

By

comparing

the

observed

240pu/239pu

ratio

to

the

historical input records, Pu input from different weapons testing events
can be traced and used to expand our understanding of Pu geochemistry in
the oceans. The combination of TIMS analyses of Pu with studies of Pu

speciation and redox chemistry may prove extremely fruitful.
There is a wide base of marine studies which use the naturally
occurring U-seiles radionuclides as tracers of geochemical processes (cf.
Ivanovich and Harmon, 1982). Uranium activities in sea water are relatively

high (238U » 2.5 dpm/1) and alpha counting procedures are adequate for most
applications. ror marine studies where sample sizes are small or high
precision data is needed, TIMS procedures can be used to increase detection
sensitivities many orders-of-magnitude. One area of study which has taken
advantage of the highly sensitive TIMS procedures is in the precise
determination of 234U/238U ratios in sea water (Chen et al.,
1986). Chen et
al. (1986) developed techniques to measure this ratio in 10 ml of sea water
with a two sigma accuracy of 5 per mil.
The data acquisition time was only
one hour. Theur conclusions, based upon high precision TIMS 234u/238U
determinations, suggest that the geochemistry of U may be more reactive
than previously thought. Continued studies of this ratio in marine pore
fluids and in sea water will be useful to establish conclusively the
residence time of U in the oceans.
Along with the U isotopes, the naturally occurring isotopes of Th
provide quite useful tracers of oceanic processes. The geochemistry of Th
is quite different than U though, with Th being highly particle reactive
and rapidly removed from sea water to marine sediments. The disequilibrium
between the Th isotopes and their radioactive parent U in sea water has
been widely used to estimate scavenging rates in coastal and open oceans
(Broecker et al.,
1973;
Li et al. , 1979;
Santschi et al.,
1980;
Bacon and
Anderson, 1982;
Coale and Bruland, 1985,1987? Nozaki et al.,
1987). With
the exception of the short-lived 234Th isotope (half life = 24.1
days), the

activities of
traditional

228

Th,

23

0T^ and

radiochemical

232

Th

in sea water

analyses have

required

are quite

the

low,

collection of

and
1000

liters and larger sea water samples for the analysis of dissolved and
particulate Th. The potential for single liter sampling for 232Th and 230Th
exists with the use of highly sensitive TIMS instruments. Huh and Beasley

(1987) showed this in a study of Th isotopes in the water column off of
Southern
procedure
Pacific.
realized

California, and similarly Chen et al. (1986) used their TIMS
to measure 232Th in liter sized samples from the Atlantic and
The full potential, however, of this technique has yet to be
though
for
the
determination
of
Th
isotopes
in marine

applications.
Other
additional

than the above mention Pu,
long-lived
actinides which

U and Th isotopes, there are
may
benefit
from
the wider

application of TIMS techniques to marine studies. This list would include
231

Pa,
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237

Np,

243

Am

and the Cm isotopes,

all of which

are possible to

analyse using TIMS (Koppenaal, 1988; Heumann, 1988). Also, some of the
lower mass long-lived isotopes such as 99Tc and 135Cs can be analysed using
TIMS (Anderson and Walker, 1980; Halverson, 1984; Heumann, 1986). Typical
marine concentrations and expected sensitivities of TIMS are provided in
Appendix II.

REFERENCES

Aggarwal, S.K., Almaula, A.I., Khodade, P.S., Parab, A.R., Duggal R.K.,
Singh C.P., Rawat, A.S., Chourasiya, G. , Chitambar, S.A. & Jain, H.C.
(1984). Determination of K-factors for isotope abundance measurements of
uranium and plutonium by thermal ionisation mass spectrometry. J.

Radioanal. Hud. Chem. Lett., 87(3), 169.
Anderson, T.J. & Walker, R.L. (1980). Determination of picogram amounts of
technetium-99 by resin bead mass spectrometric isotope dilution. Anal.
Chem., 52, 709.

Bacon, M.P. & Anderson, R.F. (1982). Distribution of thorium between
dissolved and particulate forms in the deep sea. J. Geophys. Res., 87,
2045.
Bertine, K.K., Chow, T.J., Koide M.

& Goldberg,

E.D.

(1986).

Plutonium

isotopes in the environment: Some existing problems and some new ocean
results. J. Environ. Radioact., 3, 189.
Broecker, W.S., Kaufman, A. & Trier, R.M. (1973). The residence time of
thorium in surface sea water and its implication regarding the reactive

pollutants. Earth Plan. Sci. Lett., 20, 35.
Buesseler,

K.O.

&

determination of fallout

Halverson,
23

^Pu

J.E.

j 240pu ^n

anc

(1987).

The

mass

spectrometric

ine samples. J. Environ.

mar

Radioact., 5, 425.

Buesseler, K.O. & Sholkovitz, E.R. (1987a). The geochemistry of fallout
plutonium in the North Atlantic: I. A pore water study in shelf, slope and
deep-sea sediments. Geochim. Cosmochim. Acta, 51, 2605.
Buesseler, K.O. & Sholkovitz, E.R. (1987b). The geochemistry of fallout
plutonium in the North Atlantic: II. 240pu^239pu ratios and their
significance. Geochim. Cosmochim. Acta, 51, 2623.

Carter, J.A., Walker, R.L., Smith, D.H. & Christie, W.H. (1980). Isotope
resin bead mass spectrometry - an ultra trace technique for
measuring nuclides in Three-Mile Island water. Intern. J. Environ. Anal.
Chem., 8, 241.
dilution

Chen, J.H., Edwards, R.L. & Wasserburg, G.J. (1986).

238

U,

234

U and 232Th

in seawater. Earth Plan. Sci. Lett., 80, 241.
Coale, K.H.

& Bruland, K.W.

(1985).

234

Th:238U

disequilibria within the

California current. Limnol. Oceanogr., 30, 22.
Coale, K.H. & Bruland, K.W. (1987). Oceanic stratified euphotic zone as
elucidated by 234Th:238U diseguilibria. Limnol. Oceanogr., 32, 189.

4Q

Datz, S. & Taylor, E.H. (1956). lonization on platinum and
surfaces. I. The alkali metals. J". Chem. Physics, 25(3), 389.

tungsten

Dietz, L.A. (1965). Basic properties of electron multiplier ion detection
and pulse counting methods in mass spectrometry. The Review of Scientific
Instruments, 36(12), 1763.
Edwards, R.L., Chen, J.H. & Wasserburg, G.J. (1986/1987). 238u_234u_230Th_
232Ty1 systematLCS and the precise measurement of time over the past 500,000
years. Earth Plan. Sci. Lett., 81, 175.
Freeman, D.H., Currie, L.A., Kuehner, E.G., Dixon, H.D. & Paulson, R.A.

(1970).
Development
and
characterization
microstandards. Anal. Chem., 42, 203.

of

ion-exchange

bead

Gordon, R.L. (1983/1984). Kinetics of the surface lonization of plutonium
on carbunzed rhenium. Int. J. Mass Spectrom. Ion Proc., 55, 31.
Halverson, J.E. (1984). A review of applications of mass spectrometry to
low level radionuclide metrology. Nuclear Instruments and Methods in
Physics Research, 223, 349.
Heumann, K.G. (1988). Isotope dilution mass spectrometry. In Inorganic Mass
Spectrometry, ed. F. Adams, R. Gijbels & R. Van Grieken, Wiley-Interscience
Publication, New York, pp. 301-376.
Hicks, H.G. & Barr, D.W. (1984). Nevada test site fallout atom ratios:
240
Pu/239Pu and 241Pu/239Pu. Lawrence Livermore National Laboratory, UCRL53499/1, Livermore, California.
Huh, C.A. & Beasley, T.M. (1987). Profiles of dissolved and particulate
thorium isotopes in the water column of coastal Southern California. Earth
Plan. Sci. Lett., 85, 1.
Ivanovich, M. & Harmon, R.S. (1982). Uranium series disequilibrium:
Applications to environmental problems, Oxford Univ. Press, New York.
Koide, M.,
240puy'239pu
72, 1.

Bertine, K.K., Chow, T.J. & Goldberg, E.G. (1985b).
potential geochronometer. Earth Plan. Sci. Lett.,

The

ra-t_10/. a

Koppenaal, D.W. (1988). Atomic Mass Spectrometry. Anal. Chem., 60, 113R.
Krey, P.W., Hardy, E.P., Pachucki, C., Rourke, F., Coluzza, J. & Benson,
W.K.
(1976). Mass isotopic composition of global fall-out plutonium in
soil. In Transuranium Nuclides in the Environment, STI/PUB/410, IAEA,
Vienna, pp. 671-678.
Krey, P.W. (1983). Reporters' Manuscript of 8th Dose Assessment Advisory
Group Meeting, Vol. II. USDOE, Nevada Operations Office, Las Vegas, Nevada.

Lagergren, C.R. & Stoffels, J.J. (1970). A computer-controlled three-stage
mass spectrometer. Int. J. Mass Spectrom. Ion Phys., 3, 429.
Langmuir, I. & Kingdon, K.H. (1956). Proc. .Roy. Soc. (London), A107, 61.
Li, Y.H., Feely, H.W. & Santschi, P.H. (1979), 228Th-228Ra radioactive
disequilibrium in the New York Bight and its implications for coastal
pollution. Earth Plan. Sci. Lett., 42, 13.

50

Noshkin, V.E. & Gatrousis, C. (1974). Fallout 240Pu and
marine samples. Earth Plan. Sci. Lett., 22, 111.
Nozaki, Y., Yang, H.S. & Yamada, M.
ocean. J. Geophys. Res., 92, 772.

239

pu in Atlantic

(1987). Scavenging of thorium in the

Pallmer Jr., P.O., Gordon, R.L. & Dresser, M.J. (1980). The work function
of carburized rhenium. J. Appl. Phys., 51(7), 3776.

Perkins, R.W. & Thomas, C.W. (1980). World-wide fallout. In Transuranic
Elements in the Environment, ed. W.C. Hanson, USDOE/TIC-22800, pp. 53-82.
Perrin, R.E., Knobeloch, G.W., Armijo, V.M. & Efurd, D.W. (1985). Isotopic
analysis of nanogram quantities of plutonium using a SID ionization source.
Int. J. Mass Spectrom. Ion Proc., 64, 17.
Rokop, D.J., Perrin, R.E., Knobeloch, G.W., Armijo, V.M. & Shields, W.R.

(1982).

Thermal

ionization

mass

spectrometry

of

uranium

with

electrodeposition as a loading technique. Anal. Chem., 54, 957.

Santschi, P.H., Adler, D., Amdurer, M., Li, Y.H. & Bell, J.J. (1980).
Thorium isotopes as analogues for "particle-reactive" pollutants in coastal
marine environments. Earth Plan. Sci. Lett., 47, 327.
Scott,

M.R., Salter,

P.F. &

Halverson,

J.E.

deposition of plutonium in the ocean: Evidence
sediments. Earth Plan. Sci. Lett., 63, 202.

(1983).

from

Transport

Gulf

of

and

Mexico

Smith, D.H. (1971). Mass spectrometric investigation of surface ionization.

X. Desorption of uranium

ions and neutrals from carburized rhenium. J.

Chem. Phys., 35(1), 4152.
Smith, D.H., Christie, W.H. & Eby, R.E. (1980). The resin bead as a thermal
ion source: A SIMS study. Int. J. Mass Spectrom. Ion Phys., 36, 301.

USDOE (1973). Global atmospheric plutonium-239 and plutonium isotopic
ratios for 1959-1970. In Fallout Program Quarterly Summary Report, HASL273, New York, pp HI-2.

Walker, R.L., Eby, R.E., Pritchard, C.A. & Carter, J.A. (1974).
Simultaneous plutonium and uranium isotopic analysis from a single resin
bead - a simplified chemical technique for assaying spent reactor fuels.
Anal. Lett., 7(8&9), 563.
White,

F.A. &

Collins,

T.L. (1954).

Positive

spectrometer beam currents of 10"^ to 10~^

ion

counting

for

mass

ampere. Appl. spectroscopy,

8(1), 17.

White,

F.A. & Wood,

G.M. (1988).

Mass

Spectrometry

- Applications

in

Science and Engineering. Wiley—Interscience, New York.

51

RESONANCE IONIZATION MASS SPECTROMETRY

M.S.

BAXTER

International Atomic Energy Agency
Marine Environment Laboratory
19 Av. des Castellans
Monaco

Abstract
Of the various techniques outlined in this volume, that of resonance
ionization mass spectrometry (RIMS) is as yet the least developed yet it

has perhaps the greatest potential

for ultra-high-sensitivity nuclide-

specific measurements. This statement applies generally and not only in the
marine radioactivity context. There have thus far been no reported marine
studies by RIMS on any of the radionuclides of interest listed in Appendix
I - hence the absence of a RIMS entry in the summary tables. Yet the
potential is considerable because, in RIMS, lasers effectively carry out a
significant part of the chemistry which the other mass-spectrometric
methods pre-reguire in stringent form; thus RIMS has added potential to
reduce time, effort, isobaric and molecular interferences and hence to
increase detection limits.

1.

PRINCIPLES

The RIMS method uses tunable lasers to induce highly efficient
selective ionization of the element of interest. It has been shown by the
pioneers of resonance ionization spectroscopy, Professors V.S. Letokhov of
the Academy of Sciences in Moscow (Bekov and Letokhov, 1983a,b) and G.S.
Hurst of Oak Ridge National Laboratory in Tennessee (Hurst et al., 1979;
Young et al., 1979) and their coworkers that any element in the periodic
table (except He and Ne) can be selectively ionized by one of five possible
excitation schemes. From left to right in Pig, 1, these are:
a.

A(/21,/?1e~)A+

Two photons of the same wavelength create the ion pair,
b.

A (2/?x, nle~}A+

The laser wavelength is frequency-doubled into the UV and then mixed

with the fundamental to create the ion pair.
c.

A(/21/22,.f21 or n2e~)A+

In this
involved.

process,

three

photons

are

absorbed,

two

colours

being

d.
One colour is frequency-doubled and another photon of a second colour
is absorbed as well as one of the original photons.
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e.

&(fill, n^")
Here three photons of the same colour are absorbed to create the ion

pair.
Figure 2, after Hurst et al . (1979), shows the periodic table of the

elements with one of the five schemes ascribed to each element. The extreme
elemental sensitivity of resonance lonization is demonstrated, with
examples, in Hurst et al. (1979) and others but the technique becomes much

more versatile1 if isotopic measurements can also be made. Since optical
isotopic shifts are so minute, extremely narrow laser bandwidths together
with very fine tuning would be required to exploit them. Mass spectrometers
were therefore introduced to differentiate between the positive ions and at
this point the science of RIMS becomes similar to that of the detection end

of TIMS and IOP-MS, because magnetic sector, time-of-flight and guadrupole
mass spectrometers can each be used to separate the isotopes of the element
of interest. Resonance lonization removes (or minimizes) the isobaric and
other interferences (i.e., helps do the chemistry) and isotopic detection
is then simply as good as the mass spectrometer used and as the timecoupling between sample input, the laser pulses and the mass-spectrometric
detection system.
A typical RIMS unit is shown in Fig. 3. The detection process may be
subdivided into three components. First, for a solid sample, surface
ablation of neutral atoms is produced by a pulsed, charged or perhaps
neutral argon beam. For liquids, sample introduction would be by nebuliser

or electrothermal vaporisation, as for ICP-MS. In reality, at the present
development stage, samples require at least a crude level of pre-chemistry
so that they are presented to the instrument as solid or liquid extracts.

Ideally, of course, in ablation of solids, the atoms created should be
accurately representative of the sample and, to date, argon ablation has
been shown to be largely matrix-free and hence preferable to laser

ablation.
In the second stage, tunable lasers selectively ionize atoms of the
chosen element in the vapour cloud above the surface and these are then

accelerated

into

the mass

spectrometer.

Secondary

ions

created

by

the

ablation process can be rejected by electrostatic fields or by varying the
time between the ion beam pulse and the tunable laser pulse. A Nd:YAG laser
powering two dye lasers, one with frequency doubling facilities, will
provide total elemental coverage. An extremely important aspect of

resonance lonization is that the photoionization process can be saturated
i.e., each atom of a quantum-selected species which was originally in its
ground state will be converted to a positive ion and a free electron during
the short interval of the laser pulse. Since saturation conditions exist

when laser fluences (energy per unit area) are typically about lOOmJ cm~ ,
conventional commercial lasers require only modest focusing of a 3mm beam.

RIMS has clear and fundamental advantages over TIMS, ICP-MS etc., in

that the unselective ion sources of the latter generate interferences by
molecular and isobaric species. In the final step of the RIMS process,
then, i.e., ion detection, the ion beam is considerably "cleaner" and the
essential challenges for nuclide measurement are to have maximum mass
resolution

and

abundance

sensitivity.

In

Fig.

3, a time-of-flight mass

spectrometer is shown, this having the advantages of simultaneous spectrum
collection

measurement

matched

and

sensitivities
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to

the

simplified

are, of

laser

duty

construction.

course,

not

as

cycle,

accurate

isotope

Mass

resolution

high

as

for

and

ratio

abundance

magnetic

sector

instruments and the ultimate detection limits for specific radionuclides
will
be
obtained
by
RIMS
systems
which
use
large
multistage

magnetic/electrostatic
focusing
mass
spectrometers
with
multiple
collectors, these being designed to achieve maximum abundance sensitivity
(minimum contribution
of the tail from the peak of a major isotope one
mass unit away). With preliminary chemistry and laser selectivity reducing
isobaric and molecular interferences, it is the mass spectrometer's ability
to resolve neighbouring isotopic signals with high transmission efficiency
which is crucial to ultimate RIMS performance. Currently, excellent
abundance sensitivities of «dO~10 are being achieved on purpose-built
instruments (Belshaw and O'nions, 1990). This initially means high
instrumental costs but, with short sample throughput times, the ultimate
costs per sample need not be prohibitive, particularly in view of the
potential of RIMS to allow research on nuclides which current are beyond
study by radiometric means. At present, RIMS detection limits of 103-108
atoms (in the sample) have been achieved and, as this young method matures,
these remarkable limits will be substantiated and perhaps lowered further.
References Baxter et al. (1987), Beekman et al. (1980), Bekov and Letokhov
(1983a,b), Bekov et al. (1978), Belshaw and O'nions (1990), Donohue et al.
(1982), Donohue and Young (1983), Donohue et al. (1984), Fassett and Travis
(1988), Fassett et al. (1985), Hurst et al. (1979), Hurst (1977, 1981),
Kramer et al. (1980), Kronert et al. (1985), Mayo et al. (1982), Moore et
al. (1984), Singhal and Ledingham (1987), Trautmann et al. (1986),
Trautmann et al. (1988), Whitaker (1986), Willis et al. (1989), Young et
al. (1979) and Young et al. (1989) contain a cross-section of the
literature on the theory, history and status of RIMS. At the present time,
then, RIMS is in the first phase of its development. Preliminary
experiments require at least a degree of chemical preconcentration and this
will always be desirable, indeed necessary, in order to extract maximum
sensitivity. No other technique, however, has an equivalent potential for
reduction of chemical pretreatment to one essentially of bulk matrix
removal.
I have been asked to mention, in passing, the SIMS technique
(secondary ion mass spectrometry). Most frequently, this method is a
microbeam technique in which a focused beam of ions (Ar+, Cs+, O~) sputters
secondary ions from the surface of a thin section or supported solid
extract into a double-focusing multi-collector mass spectrometer, the
latter being required to cope with the wide kinetic energy of the ions in
the source region. The technique has considerably lower detection limits
than conventional electron probe microanalysis but suffers from major
isobaric interferences if complex environmental matrices are assayed. It
has been used to analyse 230Tn/232Tj1 ra^-£os ^n chemically purified Th

extracts and the latter are up to 50 times smaller than required for
conventional TIMS analysis, reflecting the higher ionization efficiency of
Th by SIMS (VG Microtrace, 1990). Nevertheless, relative to RIMS, the
unselective ionization process ultimately renders SIMS less suited to
overcoming the matrix effects and isobaric, isotopic and molecular
interferences which generally confound detection of low-level environmental
radionuclides.

2.

APPLICATIONS

The marine problems to which RIMS can ultimately be applied encompass
and extend those outlined in the previous chapters for its precursor
techniques. Many nuclides of mid- to long half-lives will become measurable
by RIMS as detection limits of < 10^ atoms become routinely achievable. The
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emphasis should, however, lie on understanding the chemical and physical
forms and transfers of radionuclides in the oceans. Simply quantifying
nuclides is no longer an adequate objective. Thus coupling of RIMS to
chromatographic and other speciation separation systems should be envisaged

so that the detailed form of the nuclide is revealed so that in turn its
behaviour can be properly understood and assessed. The other major
advantage, mentioned also in the TIMS chapter, is that marine radionuclide
studies should, no long require sampling and processing of very large volume
samples. This is often a quite major practical barrier and at least some of
the sensitivity gain of RIMS should, under routine circumstances, be

directed to increasing the experimental ease and hence range of application
of marine radioactivity research. Fundamentally, however, the great
potential of the RIMS method in marine radioactivity research is based on

its
instrumental
isotopic
and
isobaric
selectivity,
conventional
radiometric
methodology
requiring
extensive
chemical
and
physical
processing to overcome those interferences.
As mentioned
significant marine

at the outset, however, there have as yet been no
radioactivity studies based on RIMS. The references

include stable element studies and research on general radioactivity assay.
Amongst the former, perhaps the most noteworthy is the work of Bekov and
Letokhov (1989) in analysing sea water for Au, Pt and Rh with detection
limits down to around 1 part in 10^, using a shipboard RIMS system, and an
order of magnitude less in their home laboratory RIMS system. Amongst the
most relevant applications in the radioactivity context is the recent use
of RIMS to assay cosmogenic
Kr in ground waters (Willis et al. , 1989),
this in joint work between Atom Sciences Inc. and the University of Bern. A
typical mass spectrum from the RIMS analysis of ^Kr
in an ancient ground
water sample is shown in Fig. 4, the data being derived from a 50 litre
sample, after extensive preconcentration. The 8-^Kr concentrations in the
sample water are below the detection limits of radiometric methods. In the
RIMS spectrum, the major calibration signal at ^£>Kr corresponds to only
~ 3x10° sample; atoms and the ^Kr peak represents «• 6x10^ atoms. This is a
very powerful example of the sensitivity achievable by RIMS.

The Mainz RIMS group of Professors Trautmann and Kluge have been in
the forefront of developing actinide analysis of environmental/medical
samples by RIMS (Trautmann et al., 1986; Trautmann et al., 1988; Kronert et
O ~) Q
al. , 1985). For ^-^^Pu assay, a Cu vapour laser pumps three dye lasers. The
Cu vapour laser operates at 6-7 kHz and 3 photons are absorbed, with the

final step via an autoionization level. The laser is used in conjunction
with a time-of-flight mass spectrometer, the samples being plated on Re
filaments and heated to provide a gaseous source. Detection limits around
10^ pu atoms have been achieved (Trautmann et al., 1986) and,
replacement of the heated filament by a pulsed laser or ion beam ablation
procedure, a limit of 10° atoms is anticipated (Baxter et al. , 1987).
Sample preparation times of 5 hours for Pu, U, Am and Cm and of 2 hours for
Tc are expecte.>d. A RIMS counting time of 10 minutes is necessary to attain

after

a statistical accuracy of 10%. Certainly, at time of writing, one UK
manufacturer of a large multistage mass spectrometer, VG MicroTrace, would
claim that a RIMS VG Isolab 120 system would, given simple pre-chemistry on

samples, be expected to deliver a detection limit for Pu of less than 10
atoms, with a machine time of the order of 1 hour per sample. As \Q atoms
correspond to an integrated sample activity of 10~^ to 10~^-^ Bq for the
nuclides listed in Appendix I, the potential of RIMS seems considerable,
even for shorter-lived nuclides.
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3.

FUTURE DEVELOPMENTS

In marine radioactivity terms, RIMS is in entirety a "future
development". It is an extremely exciting and worthwhile one because there
are nuclides whose marine speciations and behaviours can only be studied if
detection limits are lowered or if lasers can help remove isobaric
interferences. Even shorter-lived weak J3-emitters, which are extremely
difficult to assay radiometrically, should come within the range of RIMS.
There is an international need for at least one laboratory to develop,
prove and apply the RIMS technique in the marine radioactivity context.
There is also a need for development, calibration and provision of natural
matrix reference materials which answer specialist questions posed by small
sample/ultra low radioactivity assays. RIMS will always be a specialized
technique which complements the other methods described herein. But it has
the potential to go beyond these to address the problems and challenges for
which the ultimate analytical sensitivities are required.
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Explanatory Notes for Appendices I and II

1.
All
sea
water
concentrations
for
the
naturally
occurring
radionuclides were taken from the table prepared by Joseph et al. (1971).
2.

Global fallout concentrations in North Atlantic surface sea water

were estimated for the long-lived fission products. The concentrations of

137Cs ^n surface sea water is assumed presently to average 4 mBq 1~^. The
levels of ^37Cs have changed over the years by mixing, diffusion and
radioactive decay. If the half-life of 137Cs were infinite, the undecayed
amount in surface sea water during 1990 would have been 7.2 mBq I"1 or
approximately 1 x 107 atoms I"1. The number of atoms of the other specific
fission products is the ratio of the fission cross-sections for the nuclide
relative to ^37Cs multiplied by the ^37Cs concentration in surface sea
water.
This of course wrongly
assumes that
the
reactivity
and
redistribution of all the fission products introduced to the ocean surface
with global fallout debris mimic that of !37Cs. These are estimated values

and should only be used as a frame of reference for this report.
3.

The

concentration

for

23

^Pu

j_n North

Atlantic

1

assumed to be 0.02 mBq I" . An atom ratio for

to

estimate

the

concentration

of

240pu

surface

water

is

240

Pu/239Pu of 0.2 was used

j_n surface

sea

water.

The

concentration assumed for 237Np in surface sea water is 0.08 mBq 1~^. This
was the lowest value measured by Pentreath and Harvey (1981) and Germain et
al. (1987) in the North Atlantic during 1980-83.
4.

Stable

element

K^

values

for

sediment

were

obtained

from

IAEA

Technical Report No. 247 and are shown in Table 2. These values are used in
conjunction with the respective surface water concentrations to arrive at
values for the radionuclides associated with coastal sediments.
5.
The bottom half of each table in Appendix II contains the estimated
MDA values for the different methods of detection and other pertinent
comments.
6.

Since there have been no significant marine measurements using RIMS

or SIMS, it is unreasonable to make any definitive entries in the tables.
RIMS MDA's of 103-107 are currently possible on ideal samples. Ultimate
MDA's of -10^ atoms on marine samples are feasible, corresponding to
activities of 10~4 to 10~13 Bq for the nuclides of interest here. Assuming
10 litre samples, activity concentrations in the range of 20 pBq 1~1 to 20
fBq 1~1 would then be possible. Detection limits for SIMS would not be
dissimilar to those for TIMS.
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APPENDIX I

TABLE 1. Radionuclides considered in this report.

Radionuclide

Half-life
(Y)

Atoms Bg-1

Mode of decay

NATURALLY OCCURRING

Primordial radionuclides
4.468xl09

235 U
234,
231Pa
232 Th
230, Th

8

7.038xl0
2.445xl05
3.276xl04
l.AOSxlO10
7.700xl04

2.03xl017
3.20xl016
l.llxlO13
1.49xl012
6.40xl017
3. SlxlO12

(a)
(a)

(a)
(a)
(a)
(a)

Cosmoqenic radionuclides
10

Be
14C*

26A1
36

C1

53

Mn
Ni

59

1.6xl06
5.73xl03
7.16xl05
3.01xl05
3.7xl06
7.5xl04

7 .28xl013
2 .SlxlO11
3 .26xl013
1 .37xl013
1 .68xl014

3 .41xl012

(B }
(B~)
+
\I P
*-* •P^ • / RJJ 1J

(B.C., n+, fi->
(B.C.)
(B.C.)

Also inputs from atmospheric testing and different nuclear facilities.

ARTIFICIAL RADIONUCLIDES
79
Se
932r

"TC
107pd

126Sn
129j
13
5C8
237
NP

239pu

240pu

I,53xl06
1.53xl06
2.13xl05
6.5xl06
l.OxlO5
1.57xl07
2.30xl06
2.14xl06
2.406xl04
6.537xl03

2.96xl012
6.97xl013
9.70xl012
2.96xl014
4.55xl012
7.15xl014
1.05xl014
9.74xl013
l.lOxlO12
2.98X1011

(B-)
(B~)
(B")
(B")
(B")
(B")
(B-)
(a)

(a)
(a)

Some of the artificial radionuclides may also be naturally occurring from
the spontaneous fission of uranium in situ.
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TABLE 2. Coas-cal water and sediment concentrations.

Element

Cs
I

Sn
Pd
Tc

Zr
Se
Ni
Mn
Cl
Al
C

Be
Pu
Np
U

Pa
Th

Estimated mean

sediment based on

coastal water
concentration
(kg/kg)

mean shale
concentration
(kg/kg)

3xlO-10
7

2xlO~

ixicr11
2xlO~15
—

3xlO~1;L
IxlO-10
2X10"10
9

lxlO"
1.9xlO"2
1x10-9
2.8>:10"5
6xlO~13
..
3.2xlO"9
1X10"16
lxlO"12

5.5xlO~6
1.9xlO~5
6xlO~8
6xlO"10
_
1.6xlO~4
5xlO~7
6.8xlO~5
8.4X1CT4
1.6xlO~4
6xlO~2
_
_
_
3.7xlO~6
_
1.2xlO~5

K
coastal sediment
d
based on 20%
sediment /water
exchangeable

(kg/kg)
lx!0~6
4xlO~6
IxlO"8
IxlO-10
_
3xlO~5
IxlO"7
2xlO~5
2xlO~4
3xlO~5
6xlO~4
IxlO'2
xlO-14
_
lx!0~6
_
2xlO~6

3xl03
2X101
IxlO3
SxlO4
IxlO2
IxlO6
IxlO3
IxlO5
2xl05
<3xlO~2
6xl05
2xl03
IxlO"1
IxlO5
IxlO3
IxlO3
SxlO6
2xl06

Sea water and sediment concentrations from IAEA Technical Report No. 247
(1985) except Al and Be from Goldberg et al. (1971).
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APPENDIX II

List of radionuclide sensitivities which appear in this report

2340
231pa
232Th
230Th

"c
36C1

79

Se
93Zr
99TC
107pd

129t
135CS

239pu
240pu
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BAQ1QNUO-1DE:

238

U

Half-life (y) = 4 4 6 8 x 1 0 9

Principal decay mode-

Speafic activity (Bqg- 1 ) = 1.27 x10 4

a

(2.03 x 1017 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionudide Footnote
(atoms atoms"1 )

6.1 x 1015
6.1 x 1018

1
2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

(atoms)

(g)
3.2x10~9

Stable Elemental /MDA (Max.)
(g Bq"1 )

Footnote

(atoms atom"1 )

Radiometric

5x10- 5

1x1011

INAA

1.6x10^

2.6x1011

ICP-MS

2.4X10"6

4.9x109

1.9x10~12

5,6

TIMS

1.5x10"10

3x10 7

1.2x10"u

7,8

—

—

ID'10

3
4

AMS

Footnotes:
1. Joseph eta/. (1971).
2. see Table 2, Appendix I.
3. Harvey & ChazaJ (this volume)

4. Gale (1967).
5. Igarashi eta/. (1990)-estmates based on scanning liquid nebulisation 5 ml
sample volume.
6. Values ated in table compare wrth a detection limit of 2.4 nBq reported for scanning
high resolution ICP-MS based on ultrasonic nebuiisation and a 10 ml sample volume
(Kim era/., 1991), and values of 0 18 and 0.013 nBq for scanning and single ion
ETV-ICP-MS, respectively (Sampson era/., 1991)
7 Edwards eta/ (1986/87).
8. Chen eta! (1986)
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BADiQNLOJDE:

235

U

Half-life (y) = 7.038 x 108

Principal decay mode:

Specific activity (Bqg'1) = 8.19 x10 4

a

(3.20 x 1016 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

Radionudide
1

(atoms kg" )

sea water
sediment

6.4 x1013
6.4 x1016

Stable Element/Radionuclide Footnote
(atoms atoms"1 )

(^U/^U)

100
100

1
2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

(atoms)

Radiometric

5x1 0-5

I NAA

8.2x10-6 2.6x109

ICP-MS

1.5x10"7 4.9x109

TIMS

(g)

1.6x1012 5.9x1 0'10

9.4x10"10 3x107

Stable Elemental /MDA (Max.)

(gBq-1)

(atoms atom"1)

2.0

1.6X105

Footnote

ID'10

2,3
4

1.9x10"12

5

1.2x10"u

6,7

AMS

Footnotes:
1. Joseph eta/. (1971).
2. Harvey & Chazai (this volume).
4. Gale (1967)-attainable sensitivity by delayed neutron counting following NAA.
5. Based on detection limit for U-238 (see entry Appendix II).
6. Edwards eta/. (1986/87).
7. Chen eta/. (1986).
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BADIQMUCLJQE.

234

U

Half-life (y) = 2445x 105

Pnncipal decay mode

Specific activity (Bq g 1) = 2 37 x 10s

a

(1 11 x 1013 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

Radionudide

Stable Element/Radionuclide Footnote

1

(atoms atoms"1 )

(atoms kg" )

sea water
sediment

44x108
44x1014

(238U/234U)

14x104
14X104

1
2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometric

5x1CT 5

INAA

(atoms)

(g)

(gBq 1 )

56X10 8

2 1x10 13

20

Footnote

(atoms atom1)
45X108

3,4

not applicable

ICP-MS

44x10"4 49X109

1 9x10

12

5

TIMS

27X10"6 3x10 7

12x10 14

6,7

AMS

Footnotes
1 Joseph eta/

(1971)

2 see Table 2, Appendix I
3 Harvey & Chazal (this volume)
4 Based on alpha-counting 100ug U as U3O8
5 Based on MDA for U-238 (see entry Appendix
6 Edwards eta/ (1986/87)

7 Chen eta/
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Stable Elemental /MDA (Max )

(1986)

231

BAQIQNLOJQE..

Pa

Half-life (y) = 3276x 104

Pnncipal decay mode

a

Specific activity (Bq g'1) = 1 80 x 109 (1 49 x 1012 atoms Bq"1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionudide Footnote
(atoms atoms"1 )

45x10 9
45x10

1

15

2

INSTRUMENTAL LIMITS

Technique

Radiometnc

Minimum Detectable Amount
(MDA)

Stable Elemental /MDA (Max )

(Bq)

(atoms)

(g)

(g Bq"1 )

5xia5

74x107

28x10"14

-

34xia3 5x109

19x10'12

Footnote

(atoms atom"1 )
-

3

NAA

ICP-MS
TIMS
AMS

Footnotes
1
2
3
4

Joseph eta/ (1971)
see Table 2, Appendix I
Harvey & Chazal (this volume)
Based on MDA for U-238 (see entry Appendix II)

4

BADLQNLOJDE,

232

Th

Half-life (y) = 1 405 x 1010

Pnnapal decay mode

Specific activity (Bq g 1) = 4 16 x 103

a

(6 40 x 1017 atoms Bq-1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionudide Footnote
(atoms atoms"1)

26X104
52x10 1 7

1
2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)

Stable Elemental MDA (Max )
(g Bq"1)

Footnote

(atoms atom 1)

(Bq)

(atoms)

(g)

Radiometnc

5x105

32x1013

12x10 8

INAA

2 1x107

1 3x104

SxlO" 4

4

ICP-MS

8x10 9

5x10 9

19x10 12

5,6

TIMS

1 6x10"12 1 xlO6

3 8x10

20

81X103

16

AMS

Footnotes
1 Joseph eta/
(1971)
2 see Table 2, Appendix I
3 Harvey & Chazai (this volume)
4 Greenberg and Kingston (1983)
5 Igarashi eta/ (1990)-estimates based on scanning liquid nebulisaton, 5 ml
sample volume
6 Values cited compare with a detection limit of 0 8 nBq reported for scanning
high resolution ICP-MS based on ultrasonic nebulisation and a 10 ml solution
volume-see Kim eta! (1991)
7 Edwards eta/ (1986/1987)
8 Buesseler & Edwards (unpublished data)
9 Chen eta! (1986)
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3

7,8,9

230

BAQ1QNLICL1QE.;

Th

Half-life (y) = 7.700 x 104

Principal decay mode:

Specific activity (Bq g'1) = 7.65 x 10s

a

(3.51 x 1012 atoms Bq-1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)
7.0 x 108
1.4 x 1015

Stable Element/Radionudide Footnote
(atoms atoms"1 )
(232Th/230Th)

37Q

1

370

2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometric

(atoms)

(g)

5x1CT5 1.76X103 6.5x10-14

Stable Elemental /MDA (Max.)
(g Bq"1 )
2.0

Footnote

(atoms atom"1 )
1.5X109

3,4

INAA
ICP-MS

1.3x10"3 4.6x109

1.7x10"12

5,6

TIMS

2.8x10"7

1 X106 3.7x10'16

7,8,9

AMS

Footnotes:
1. Joseph eta/. (1971).

2.
3.
4.
5.

see Table 2, Appendix I.
Harvey & ChazaJ (this volume).
Based on alpha-counting of 100(jg Th as ThO 2 .
Data provided by SURRC. Scotland - based on scanning liquid nebultsation, 5 ml
sample volume.

6. Similiar detection limits reoorted by Shaw & Francois (1991) for determination of

Th-230 in marine sediments.
7. Edwards eta/. (1986/87).
8. Buesseler & Edwards (unpublished data).
9. Chen era/. (1986).
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BAD1QNUCL1QE.
Half-life (y)

10

Be

= 1 GxlO 6

Pnncipal decay mode

Specific activity (Bqg 1 ) = 8 8 x 1 0 8

(3

(7 28 x 1013 atoms Bq 1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg 1)

Stable Eiement/Radionudide Footnote
(atoms atoms 1 )

10s
1012

2x 107
2 7 x 10s

1,2
3

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount

Stable Elemental /MDA (Max )

Footnote

(MDA)

Radiometnc
INAA

(Bq)

(atoms)

(g)

7X10- 4

5x10 10

10 12

(g Bq 1 )

(atoms atom 1 )
4

not applicable

ICP-MS
TiMS
AMS

5x10 9

SxlO 5

4x10 1 8

Footnotes
1 Segi eta/ (1987)
2 Kusakabe eta/ (1987)
3 Mangini eta/ (1984)
4 Inoue & Tanaka (1976)
5 Mangini (this volume)
6 Assumes 0 5 rng Be earner on target
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~105

~1014
5,6

J3AQIQNLOL1QE;

14

C

Half-life (y) =5.73x10 3

Principal decay mode:

Specific activity (Bqg-1) = 1.65 x10 11 (2.61 x 1011 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionudide Footnote
(atoms atoms"1 )

1.5X10 3
5.9 x 105

8.5 x10 11
8.5 x 1011

1
2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometric
INAA

0.01

(atoms)

(g)

2.6x109 5.9x10-u

Stable Elemental /MDA (Max.)
(g Bq"1 )

100

Footnote

(atoms atom"1 )

2.8x1 011

2,3

not applicable

ICP-MS
TIMS

1.9x10'7 5x104

AMS

1.1x10"18

"5.2X102

"10U 4

Footnotes:
1. Computation based on 0.23 Bq 14C/ g 12C.
2. Harvey & Chazal (this volume).
3. Based on counting 1g of element as Ca carbonate dispersed in liquid scintillant

(The

ratio may be lowered by a factor of 10 if counted as benzene).

4. Data provided by the IsoTrace Laboratory, Canada (typical sample size 250 ug C).
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26

BADIQMUCL1DE,
Half-life (y) = 7 16 x 105

Ai

Principal decay mode E C , (3'

Specific activity (Bq g"1) = 7.28 x 108

(3 26 x 1013 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

Radionudide
(atoms kg"1)
105

sea water

Stable Element/Radionuclide Footnote
(atoms atoms"1 )
4.4 x 1011

11

sediment

1,2

15

10

1.5 x 10

1,3

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometnc
NAA

001

(atoms)

Stable Elemental /MDA (Max )

(g)

3.3x1011 1 4x10 11

(g Bq"1 )

100

Footnote

(atoms atom"1 )

3.0x1011

4,5

not applicable

ICP-MS
TIMS
AMS

1.4x1CT9

44x104

2x10" 14

36x10 5

2.5x1014

Footnotes'
1. Assuming 10% of 10Be concentration
2. Computation based on 2 ug Al kg"1 in sea water

3. Assuming an average sediment contains 15% AI2O3
4 Harvey & Chaza! (this volume).
5. Based on Cerenkov-counting 1g of element as AICI3in 20ml water
6 Sharma eta/ (1987)
7 Assumes 0 5mg 27Al on target
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6,7

BAQIQNJJCLJDE;
Half-life (y) = 3.01 x 105

X

C\

Principal decay mode: E.G., p+

Specific activity (Bqg-1) = 1.22 x 109

{ 1. 37 x 1013 atoms

MARINE CONCENTRATIONS

Sample
Type

Radionudide

Stable Element/Radionudide Footnote

1

(atoms kg" )
sea water
sediment

(atoms atoms"1 )
1.3 x1018

2.5 xlO 8
4

3.9 x 10

1

18

1

1.3 x 10

INSTRUMENTAL LIMITS

Technique

Radiometric
NAA

Minimum Detectable Amount
(MDA)
(Bq)

(atoms)

(g)

0.01

1.37x1011

8x10'12

Stable Elemental /MDA (Max.)
(g Bq'1)

Footnote

(atoms atom" )

200

2.5x101

2,3

4.2x1 CT

5x10,14

4,5

not applicable

ICP-MS
TIMS
AMS

3x10-10 4.2X103 2.5x10'19

Footnotes:
1. Assuming a fallout flux of 2 x 10s - 8.7 x 1010 atoms cm'2 (Wolfli, 1987) and equilibrium
with dissolved chlorine species.
2. Harvey & Chazal (this volume).
3. Based on Cerenkov-counting 2g element as NaCI in 20ml water.
4. Elmore & Phillips (1987).
5. Assumes 0.5mg AgCI on target.
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BAD10NUCL1DE.
Half-life (y) = 3 / x l O 6

Principal decay mode

Specific activity (Bqg 1 ) = 6 9 x 1 0 7

EC

(168 x 1014 atoms Bq 1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg 1 )

Stable Element/Radionuchde
(atoms atoms 1 )

1 1 x 1016
1 1 x 1016

24 x 10s
48x1013

Footnote

1
1

INSTRUMENTAL LIMITS

Technique

Radiometnc
NAA

Minimun Detectable Amount
(MDA)

Stable Elemental /MDA (Max )

(Bq)

(atoms)

(g)

(g Bq 1 )

005

84x1012

72x10 10

4

2X10" 6 34X108

3x10 u

25x1CT5 34X109

3x10A3

Footnote

(atoms atom 1 )
26X108

23
1

ICP-MS
TIMS
AMS

SxlO 2

33x1010

Footnotes
1 Bibron et al (1974)
2 Harvey & Chaze! (this volume)
3 Based on counting 0 2g Mn as MnCI2 dispersed in liquid scintiilant
4 Korschmek eta! (1987)
5 Assuming 10 mg Mr^O-j on target

4,5

59

RADIONUCLiDE :
Half-life (y) = 7.5 x 104

Ni
Principal decay mode: E.G.

Specific activity (Bq g'1) = 3.06 x 109 (3.41 x 1012 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Eiement/Radionudide Footnote

(atoms atoms"1 )

4.8 x 104
4.8 x 1011

1.5 x 1010
1.5 x10 10

1
2

INSTRUMENTAL LIMITS

Technique

Radiometric
NAA

Minimum Detectable Amount
(MDA)

Stable Elemental /MDA (Max.)

(Bq)

(atoms)

(g)

(g Bq"1 )

(atoms atom"1 )

0.05

1.7x1011

1.6x1Q-11

4

1.2x1010

Footnote

2,3

not applicable

ICP-MS
TIMS

AMS

Footnotes:
1. Bibron eta/. (1974).
2. Harvey & Chazal (this volume).
3. Based on counting 0.2g element as NiCl dispersed in liquid scintillant.
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BAD1ONUCL1DE:

79

Se

Half-life (y) = 7 8 x 104

Principal decay mode

Specific activity (Bq g 1} = 2 64 x 109

(3

(2 96 x 1012 atoms Bq 1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionudide Footnote
(atoms atoms"1 )

78x 10 4
78x 10 9

1010
1010

1
1

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometnc
NAA

001

(atoms)

(g)

3x10 10 3 8 x 1 0 1 2

Stable Elemental /MDA (Max )
(g Bq 1 )

(atoms atom 1 )

50

not applicable

ICP-MS
TIMS
AMS

Footnotes
1 see Table 2, Appendix I
2 Harvey & Chazal (this volume)
3 Based on counting 0 5g as CaSeO4 dispersed in liquid santiilant

82

Footnote

13x1011

2,3

BADIQNUCLIDE:
Half-life (y) =

93

Zr

1.53X105

Principal decay mode:

Specific activity (Bq g'1) = 9.51 x 107

(6.97 x 1013 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionuclide
(atoms atoms"1 )

8.1 xlO 6
8.1 x 1012

2.0 x10 14
2.0 x 1014

Footnote

1
1

INSTRUMENTAL LIMITS

Technique

Radiometric
NAA

Minimum Detectable Amount
(MDA)

(Bq)

(atoms)

(g)

0.05

3.5x1012 5.3 x10'10

Stable Elemental /MDA (Max.)

(g Bq"1 )
10

Footnote

( atoms atom"1 )
8.6x108

2,3

not applicable

ICP-MS
TIMS
AMS

Footnotes:
1. see Table 2, Appendix I.

2. Harvey & Chazal (this volume).
3. Based on counting 0.5g element as ZrOCI2 dispersed in liquid scintillant.
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J8AQ1QNUCLIDE.
Half-life (y)

9y

Tc

=- 2 13 x 105

Pnnapal decay mode

Specific activity (Bqg 1 ) = 6 4 4 x 1 0 8

(3

(9 70 x 1012 atoms Bq 1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionudide Footnote
(atoms atoms 1 )

7X10 8
7x 1010

1
2

-

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometnc

001

(atoms)

(g)

97x1010 1 6x10-"

(g Bq 1 )

(atoms atom 1 )

-

-

Footnote

3

65

63x1013

ICP-MS

SxlCT 4

5x109

8x10"13

5,6*

TIMS

2 6x10 5

25x108

4x1CT 14

T

NAA

10"8

Stable Elemental /MDA (Max )

4

AMS

Footnotes
1 Holm eta/ (1988)-representative of fallout levels in Mediterranean surface waters
2 see Table 2, Appendix I
3 Harvey & Chaza! (this volume)
4 Sekine et al (1989)
5 Igarashi et al (1990)-estimates based on scanning liquid nebuhsafoon, 5 ml sample
volume
6 Cited values compare with a detection limit of <50 uBq reported for scanning high
resolution ICP-MS based on ultrasonic nebulisation and a 10 ml sample volume-see
Kim eta/ (1991)
7 Anderson &. Walker (1980)
* the isobar "RU must be chemically removed from the Tc sample to achieve maximum
possible sensitivity
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BADIQNUGL1DE:
Half-life (y) =

107

Pd

6.5 x 106

Principal decay mode:

Specific activity (Bqg-1) -1.95x10 7

(2.96 x 10U atoms Bq-1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable ElemenVRadionudide Footnote
(atoms atoms"1 )

4x 103
4x 103

2.8 x 10s
1.4 x1011

1
1

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometric
NAA

0.05

Stable Elemental /MDA (Max.)

(atoms)

(g)

(gBq-1)

(atoms atom"1)

1.5x1013

2.6 x10'9

10

2.2x108

Footnote

2,3

not applicable

ICP-MS
TIMS

AMS

Footnotes:
1. Harvey & Chazal (this volume).
2. Based on counting 0.5g element PdCI2 dispersed in liquid scintillant.
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BAQiQNLLCLlQE,

126

Sn

Half-life (y) = 1 0 x 105

Principal decay mode

Specific activity (Bq g 1) = 1 08 x 109 (4 55 x 1012 atoms Bq 1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg 1 )

Stable Element/Radionudide
(atoms atoms 1 )

Footnote

25x 10 5

2X108

1

8

s

1

75X10

2x 10

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometnc
NAA

001

(atoms)

(g)

45x1010 9 3 x 1 0 1 2

Stable Elemental /MDA (Max )
(g Bq 1 )

(atoms atom 1 )

50

5 3x1010

not applicable

ICP-MS
TIMS
AMS

Footnotes
1 Estimated value for surface coasta! waters
2 Harvey & Chazai (this volume)
3 Based on counting 0 5g element as SnCI2 dispersed in liquid santillant

86

Footnote

23

BAD1DNLOJQE.

129

I

Half-life (y) = 1 57 x107

Pnnapal decay mode

p

Speafic actvity (Bq g 1) = 6 7 x 106 (7 15 x 1014 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionudide Footnote
(atoms atoms"1 )

2X10 8
4x 109

4 7 x 109
47x 10 9

1
1

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)

Stable Elemental /MDA (Max )

(atoms)

(g)

(g Bq'1 )

(atoms atom 1 )

001

72x1012

15x10 9

5

34x107

INAA

54x10-7

39X108

8x10'14

ICP-MS

7x1CT3

5x1012

1 xia9

"1.5

1 4x10~10

1x105

2x10"17

34x106

(Bq)
Radiometnc

Footnote

2,3
4

~107

5*

TIMS
AMS

5x1013

6

Footnotes
1 see Table 2, appendix I
2 Harvey & Chazai (this volume)
3 Based on counting 0 05g element as Agl on end-window beta-counter
4 Values from Deitermann et al (1989)
5 Brown & Lister (1988)-based on scanning liquid nebuhsabon, 5ml sample volume
6 Data supplied by the IsoTrace Laboratory, Canada

Special note !t is expected that use of dry plasma techniques will considerably
improve the detection limits for determination of 1-129 by ICP-MS by lowering the
inherent background contributions from xenon and Dl ions
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BADJQNUCL1DE,

135

Cs

Half-life (y) = 2 3 0 x 1 0 6

Pnnapal decay mode

(3

Specific activity (Bq g1) = 4 36 x 107 (1 05 x 10U atoms Bq-1}

MARINE CONCENTRATIONS

Sanple
Type

Radionudide
1

(atoms kg" )

sea water
sediment

Stable Element/Radionudide Footnote
(atoms atoms"1 )

1 x 107
3x10 1 0

1 4x 10s
1 4 x 106

1
1

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

Radiometnc

001

(atoms)

(g)

1 05x1 0s

23x10"10

Stable Elemental /MDA
(g Bq"1 )

50

(Max

)

Footnote

(atoms atom"1 )

24x109

2,3

INAA
ICP-MS

9x10 5

9x10 9

2x1CT 12

TIMS

2x10 7

2x10 7

46x1015

4"
35

64x109

5*

AMS

Footnotes
1 see Table 2, Appendix I
2 Harvey & Chazal (this volume)
3 Based on counting 0,5g element as Csd dispersed in liquid santilant
4 Data provided by SURRC, Scotland - based on scanning liquid nebulisaton, 5 ml
sample volume
5 Halverson (1984)-given per g of sample based on 7 ppm Cs (crustal abundance)
the isobar 135Ba must be chemically removed from the Cs sample to achieve maximum
possible sensitivity

:

237

Np

Half-life (y) = 2.14 x 106

Principal decay mode:

a

Specific activity (Bqg'1) = 2.67 x 107 (9.74 x 1013 atoms Bq'1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg'1)

Stable Element/Radionuclide Footnote
(atoms atoms"1)

2.1 X10 3
2.1 xlO 6

1
2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)
(Bq)

(atoms)

(g)

Stable Elemental /MDA (Max.)
(g Bq"1 )
_

Footnote

(atoms atom"1 )
_

Radiometric

5x1CT5

4.9X109

1.8x10'12

INAA

1.3xia5 1.3X109

5x1Q- 13

4

ICP-MS

5x10~5

1.9x1CT12

5,6

5X109

3

TIMS
AMS

Footnotes:
1. Pentreath & Harvey (1981); Germain eta/. (1987)
2. See Table 2, Appendix I.
3. Harvey & Chazal (this volume).
4. Germain eta/. (1987).
5. Igarashi eta/. (1990)-estimates based on scanning liquid nebulisation, 5 ml sample
volume.
6. Values cited in table compare with a detection limit of 0.5 uBq reported for scanning

high resolution ICP-MS based on ultrasonic nebulisation and a 10 ml sample volume
(Kim eta/., 1991); and values of 0.4 and 0.0013 uBq for scanning and single ion
ETV-ICP-MS, respectively (Sampson eta/., 1991).
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239

BADJLQNUCLIQE.

Pu

Half-life (y) = 2 406 x 104

Pnnapal decay mode

a

Specific activity (Bq g 1) = 2 3 6 x 1 0 9 (1 10 x 1012 atoms Bq 1)

MARINE CONCENTRATIONS

Sample
Type

Radionudide

sea water
sediment

Stable Element/Radionuclide Footnote

(atoms kg )

(atoms atoms"1 )

2 2 x 107
22x 1012

-

1

1
2

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount
(MDA)

Stable Elemental MDA (Max )
(g Bq 1 )

Footnote

(atoms atom 1 )

(Bq)

(atoms)

(g)

5x105

55x107

2x1014

037

41x10 11

16x10 8

4

ICP-MS

4 5x10 3

5x10 9

19x10 12

5,6

TIMS

42X10"6 47x10 6

1 8x1CT15

7

Radiometnc
INAA

_

3

AMS

Footnotes
1 Water concentration assumed to be 0 02 mBq kg1
2 see Table 2, Appendix I
3 Harvey & Chazal (this volume )
4 Peuser et al (1981) by delayed neutron counting - also quotes a MDA of 1 6 x 10s
atoms for fission track analysis after NAA
5 Igarashi et al (1990)-estimates based on scanning liquid nebulisation, 5 ml
sample volume
6 Values ated in table compare with a detection limit of 100 uBq reported for scanning
high resolution ICP-MS based on ultrasonic nebuhsation and a 10 ml solution volume
(Kirn et al, 1991) and values of 34 uBq and 2 2 uBq for scanning and single ion
ETV-ICP-MS, respectively (Sampson et al, 1991)
7 Buesseler & Halverson (1987)
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BAD1QNUCL1DE;

240

Pu

Half-life (y) = 6.537 x 103

Principal decay mode:

a

Specific activity (Bq g'1) = 8.64 x 109 (2.98 x 1011 atoms Bq"1)

MARINE CONCENTRATIONS

Sample
Type

sea water
sediment

Radionudide
(atoms kg"1)

Stable Element/Radionuclide Footnote
(atoms atoms"1 )

4.4 xlO 6
4.4 x 1011

1
2

5

INSTRUMENTAL LIMITS

Technique

Minimum Detectable Amount

Stable Elemental /MDA (Max.)

Footnote

(MDA)
(Bq)

Radiometric
INAA
ICP-MS
TIMS

(atoms)

5x1fj5 1.49x107

(g)

(g Bq"1 )

(atoms atom"1 )

5.5x10"15

_

_

3

not applicable
0.042

1.2x1010

1.6X1CT6 4.6X106

4.9x10"12

4,5

1.8x1Q-15

6

AMS

Footnotes:
1. Water concentration based on a 239Pu value of 0.02 mBq kg"1 and 240Pu/239Pu atom
ratio of 0.2.
O-QQ

2.

Pu taken as stable element and Kd value used to compute exchangeable
sediment Pu-see table 2, Appendix I.

3. Harvey & Chazal (this volume).
4. Data provided by SURRC, Scotland.
5. Values cited in table compare with a detection limit of 250 uBq reported for scanning
high resolution ICP-MS based on ultrasonic nebulisation and a 10 ml solution volume
(Kim eta/., 1991); and values of 100 uBq and 9 uBq for scanning and single ion

ETV-ICP-MS, respectively (Sampson era/., 1991).
6. Buesseler & Halverson (1987).
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