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Abstract 
The use of the radioactive decay for dating purposes is reviewed. 
The most important dating methods are discussed. They include 
radioactive time markers (e.g., 137Cs), cosmogenic radionuclides 
(e.g., ,4C, "'Be), decay products of 226Ra (e.g., 222Rn, 210Pb), ura-
nium-thorium-lead chronometers, rubidium-strontium and potas-
sium-argon nuclide pairs, applications of radioactive disequilib-
rium, dating with fission tracks, and thermoluminescence. Some 
important results, for instance the age of the Earth and the Moon, 
are also presented. 

I. Introduction 

Priests, astronomers, philosophers and other educated 
people of the great Oriental, Antique, and other socie-
ties, already wanted to known more about creation and 
past times. In this context, one of the important ques-
tions was to establish the origin and age of the Earth 
and Cosmos. However, these problems remained un-
solved or were answered by rough estimates only, until 
radioactivity was discovered in 1896 and enabled an 
accurate dating. The following historic resume is ex-
tracted by the present author from a more detailed 
overview by Roth [1] in the comprehensive book 
about dating methods based on nuclear phenomena by 
Roth and Poty [2]: 

"Until the 18th century, the Bible set the age of the 
Earth very accurately to 4004 years. But still today, 
'creationists' derive from studies of the Old Testament 
an age between 6000 and 10,000 years. At the end of 
the 19th century Lord Kelvin used heat balances to 
estimate the Earth's age to 50 to 100 million years 
(MY). However, already then, geologists concluded 
from many observations that this age was too short. 
After the discovery of radioactivity by Becquerel in 
1896, and the demonstration of heat evolution in this 
process by Curie and Laborde, Lord Rutherford recog-
nized in 1904 that Kelvin's Earth's age was indeed 
much too short, because he had neglected the impor-
tant additional heat source in the interior of the Earth. 
Using for the first time a decay constant, Rutherford 
estimated the Earth's age from the amount of helium 
in uranium minerals to 500 MY. Assuming, without 
experimental verification, that lead was the final prod-

uct in the decay chain of uranium, Boltwood assigned 
1907 about the same age value to uranite samples. 
Based on the first modern geological time scale, 
Holmes attributed, in 1913, an age of 1600 MY to 
certain archaic rocks". 

Scientifically sound dating involving the radio-
active decay started with the work of Nier [3, 4] on 
lead isotopes, in combination with the decay chains of 
uranium isotopes and of thorium. These authors dem-
onstrated that different isotopic compositions of the 
analyzed lead samples resulted from mixtures of a 
'primitive' lead and 'radiogenic' lead. Their findings 
enabled Holmes [5] and Houtermans [6], indepen-
dently, to calculate an Earth's age which was close to 
the presently accepted value of 4500 MY. 

The discovery of 'cosmogenic' radionuclides (e.g., 
, 4C; Libby [7]), and the use of relatively short-lived 
nuclides of the natural decay chains (e.g., 210Pb; Gold-
berg [8]), have made age determinations of archeolog-
ical artifacts, and estimates of time scales for the natu-
ral environmental cycles possible. 

The extensive testing of atomic bombs in the 
atmosphere in the late fifties and early sixties, along 
with other nuclear activities (and accidents) have left 
narrow and discrete radioactive time markers that can 
be used to date certain environmental archives very 
accurately. But more generally, the radioactive dating 
methods are based on the temporal decrease of the 
number of radioactive atoms and often on the related 
ingrowth of radioactive or stable daughter nuclides. 
These changes are accurately described by the radio-
active decay laws. Radioactive decay follows first or-
der kinetics which cannot be changed by external in-
fluences, thus providing a very accurate clock. Of 
prime importance are the decay constants (or the half-
lives) of the involved radionuclides. 

Besides the radioactive time markers, four general 
methods of age determination can be distinguished: i) 
the present day activity of a radionuclide in a sample of 
interest is compared to the known initial activity of 
the same radionuclide; ii) a radioactive parent nuclide 
decays into a stable daughter nuclide; iii) a radio-
active daughter is separated from a radioactive parent 
nuclide by natural chemical or physical processes; and 
iv) the cumulative radiation damage or the total en-
ergy deposition resulting from the decay of long-lived 
radionuclides present in or close to a sample. 

If the decay constant of the radionuclide in method 
i) from above is known, the age of the sample can 
be calculated. In method ii), the age of the sample is 
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calculated from the number of stable daughter atoms 
formed (which equal the number of decayed parent 
atoms) during the elapsed time since the formation of 
the sample (e.g., the time of solidification). This meth-
od applies also to the end members of the radioactive 
decay chains, if radioactive equilibrium is reached 
among all chain members, and no loss or gain of 
either parent or daughter occurs other than by radio-
active decay. In method iii), the decay of the separated 
daughter or its ingrowth into a sample can be used to 
calculate the time span since the separation. In this 
case one speaks of radioactive disequilibrium between 
parent and daughter nuclide. 

Nuclear dating methods have been discussed to 
some extent in most textbooks on nuclear and radio-
chemistry (e.g., Choppin and Rydberg [9]; Friedlander 
et al. [10]; Ehmann and Vance [11]; Lieser [12]). Com-
prehensive reviews of the subject have been published 
by Currie [13], Roth and Poty [2], Durrance [14] and 
Faure [15]. In the following, a personally biased selec-
tion of methods and applications is discussed. 

II. Dating methods 

1. Radioactive time markers 

Fallout from atmospheric testing of very large nuclear 
devices (e.g., the largest H-bombs developed by the 
Soviet Union, 1961/62) has left discrete and well-con-
served radioactive deposits in the environment. For 
some radionuclides, and under favorable environmen-
tal conditions these deposits remained essentially at 
the original site and can be used as radioactive time 
markers. For instance, Ή , 14C, the fission product 
I37Cs or unreacted 239Pu are firmly sorbed onto soils, 
sediments and other samples (e.g., glacier ice), and 
buried by soil forming processes, ongoing sedimen-
tation, or precipitation (e.g., snow). These activities 
mark the year 1962/63 very accurately. More recently, 
the widespread fallout from the reactor accident at 
Chernobyl has formed (at least in Europe) a well de-
fined marker of the year 1986. Because l37Cs is easily 
detected by y-ray spectroscopy, the two time markers 
(i.e., fallouts of bombs and from the Chernobyl reactor 
accident) covering a time interval of about 23 years, 
can be used in a simple way to determine the recent 
sedimentation rate in lakes and other aquatic systems, 
and the accumulation rate of glaciers. Fig. 1 presents 
a ,37Cs peak in sediments of Lake Zürich, Switzerland, 
together with a 210Pb activity/depth profile (discussed 
in a later paragraph). The relatively narrow 137Cs peak 
of the year 1962/63 allows assignment of an absolute 
time scale to the 210Pb data. 

Tritium (3H) resulting from hydrogen bombs, has 
left a time marker in glacier ice (e.g., Gäggeler et al. 
[16]). Tritium can, furthermore, be used to estimate 
residence times of groundwater. If no Ή is detected, 
the groundwater would have to have been isolated 
from surface waters for more than 30 years, i.e., before 
1962/63. The relatively narrow time window for the 

input of bomb produced ,4C can be used in investi-
gations of ocean mixing. 

2. Comparison of present and initial radioactivity 

In this simple case the radioactive decay law, 
A, = A0 · e~;t, applies. (1) 
A„ is the present-day activity, A0, the initial activity, 
and λ, the decay constant of the radionuclide of inter-
est. 

The number Ν of radioactive atoms is related to 
the activity by A = λ • Ν. (2) 

The range of the applicability of a radionuclide for 
dating purposes is very roughly 0.1 to 10 half-lives. 

2.1 C o s m o g e n i c r a d i o n u c l i d e s 

The simple decay law applies very often to radio-
nuclides that are produced in the atmosphere by inter-
actions of highly energetic cosmic radiation. A selec-
tion of 'cosmogenic' radionuclides is presented and 
discussed in this paragraph. 

Carbon-14 [Tl/2 = 5730 years] 

The most important cosmogenic radionuclide is un-
questionably 14C. Its application for dating purposes 
was first proposed by Libby [7] in 1952, and has since 
found thousands of applications in archeology, ge-
ology, hydrology, glaciology and other fields. The ra-
dionuclide is produced at a practically constant rate in 
the natural atmosphere by interactions of cosmic rays 
with nitrogen, i.e., [14N(n,p)'4C], After production, the 
'hot' 14C atoms are rapidly oxidized to form 14C02, 
which then follows the natural C02-cycle in the en-
vironment. Like inactive C02 , it participates in the bio-
cycle, reaching steady state concentrations dictated by 
the living biomass. After the death of an organism the 
C02-exchange with the environment is interrupted, 
and 14C starts to decay. 

Calibrations of the method (Fig. 2) by dendro-
chronology (tree-ring counting) established a variation 
in the 14C production rate of about 10 percent during 
the past 10,000 years (Damon et al. [17]; Stuiver [18, 
19]). On a longer time scale, variations of the geomag-
netic field (Bard et al. [20]) and of the intensity of 
solar modulation can influence the production rate by 
about a factor of two. In addition, anthropogenic ac-
tivities have led to significant changes in the 14C/C 
ratio: nuclear weapons tests in the atmosphere and nu-
clear industry have contributed considerably to the 14C 
reservoir by artificial production of 14C. On the other 
hand, the accelerated production of C0 2 in this century 
due to burning of fossil fuels (which contain no 14C) 
has led to a reduction of the specific activity of 14C. In 
addition, mass fractionation can occur in the transfer 
of carbon between different reservoirs. These vari-
ations have to be taken into account for accurate age 
determinations. 
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Fig. 1. Activities of 'unsupported' 2"'Pb (see text) and ' " C s from a sediment core of Lake Zürich, Switzerland (Erten et al [49]). 
The ' " C s peak of 1962/63 enables an absolute dating with 2 ,0Pb. Reprinted by permission of Birkhäuser Verlag, Basel, Switzerland. 
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Fig. 2. Atmospheric A'4C during the past 10,000 years (Stuiver 
et al. [19]). A14C is the difference (in permil) between the actual 
l4C specific activity and the , 4C specific activity based on a con-
stant production rate. Reprinted by permission of RADIOCAR-

BON. 

The sensitivity of the 14C dating method has been 
increased considerably by the advent of accelerator 
mass spectrometry (AMS). This method detects 14C 
atoms directly, after ionization and acceleration in a 
tandem Van de Graaff (Fig. 3), and enables the analy-
sis of much smaller specimen than by the classic ac-
tivity measurements of ,4C. This technique has re-
cently been reviewed by Finkel and Suter [21], 

Important applications of ,4C dating are in archeol-
ogy; Quaternary geology (e.g., lake sediments contain-
ing organic matter, Zbinden et al. [22]); atmospheric 
chemistry (Currie et al. [23]); glaciology; hydrology 
(e.g., Davis and Murphy [24]); oceanography; meteor-
itics (Juli et al. [25]); etc. For instance, l4C was used 
to measure ages of seeds that were found at archeolog-

ical sites, ages of paper (e.g., the Dead Sea scrolls 
showing an age of 1900 years), papyrus and textiles 
(e.g., the shroud of Turin (Damon et al. [26]), and to 
assess ocean mixing (Broecker and Peng [27]). A very 
important recent application of ,4C is the dating of ice 
cores, which can be used as archives of climatic his-
tory and anthropogenic pollution (e.g., Wilson and 
Donahue [28]). 

Beryllium-10 [Τ,π = 1.5 X 106 years] 
and beryllium-7 [T//2 = 53 days] 
7Be and 10Be are mainly produced by interactions of 
high energetic cosmic rays with atmospheric nitrogen 
and oxygen. Beryllium is a very rare element and be-
cause of its lithophilic character, is rather immobile 
in the environment. The very low content of stable 
beryllium in the environment enables the measurement 
of radioactive beryllium isotopes at concentrations, 
that are not accessible for other radionuclides (because 
they are diluted by their stable isotopes). Whereas 7Be 
can be used for measurements of short residence times 
and for mixing investigations in the lower atmosphere 
or in lakes, the very long half-life of 10Be (Hofmann 
et al. [29]) has made possible long time investigations 
in the environment. 10Be has found many useful appli-
cations which were reviewed, e.g., by Bourles [30], 
general; Beer et al. [31], polar ice; Anderson et al. 
[32], sediments; Brown [33], soils; Nishiizumi [34, 
35], meteorites and lunar rocks. 

10Be measurements in ice cores provide an impor-
tant historical record for cosmic ray and solar activity. 
It has been shown (e.g., Beer et al. [31]) that the con-
centrations of 10Be in Antarctic ice cores are anticorre-
lated with sunspot activity. This anticorrelation results 
from an association of sunspots with the solar mag-
netic activity which modulates the cosmic ray flux to 
the Earth's atmosphere. A good correlation has also 
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Fig. 3. Schematic diagram of an AMS-facility. Negative ions are produced from the investigated material in a Cs-sputter source. The 
ions are mass analyzed, and then accelerated in a tandem accelerator. In the 'stripper', the fast ions lose electrons and are converted 
to a positive charge state. In the second section of the tandem they are further accelerated. They are electrostatically deflected, mass 

analyzed and finally detected and identified by nuclear counter techniques. Courtesy M. Suter (ΕΤΗ Ziirich). 

been observed for variations with a time period of cen-
turies (Suess Wiggles) in the "'Be concentrations and 
variations of 14C activity in tree rings (Siegenthaler 
and Beer [36]). 

Silicon-32 [Tl/2 = 133 years] 

The production rate of 32Si by cosmic ray spallation of 
Ar in the atmosphere is very small (~1 .6 atoms/cm2 

and s) and its use as a dating nuclide is still under 
investigation. Its half-life was not well known until 
recently, but the latest measurements by two different 
methods (Hofmann et al. [37]; Chen et al. [38]) agree 
on a value of 133±9 years. This half-life would allow 
to date samples in a time span not accessible neither 
by 2,(,Pb (22 years) nor ,4C (5730 years). For dating 
with 32Si by conventional counting techniques, 32P (in 
radioactive equilibrium with its parent 32Si) is used. 
However, 32Si has to be extracted from very large 
samples (3= one ton of material; e.g., Gellermän et al. 
[39]), in order to obtain significant results. This re-
stricts the spacial and time resolution. Presently, the 
use of accelerator mass spectrometry is under develop-
ment (Zoppi et al. [40]) for 32Si, but the method is still 
not fully exploited and its sensitivity is at present not 
better than that attainable using direct radioactive 
counting. A problem in the use of 32Si as a dating nu-
clide lies in the ubiquitous occurrence of silicon in the 
environment leading to very low specific concen-
trations (i.e., 32Si/Si,ot Ι Ο ^ - Ι Ο " 1 7 ) . 

Additional important cosmogenic nuclides 

Several other radionuclides are produced by the inter-
action of cosmic rays with constituents of the atmos-
phere, but the limited length of the present paper al-
lows only a short enumeration. 

Aluminium-26 [Tl/2 = 7.05 X105 years] has be-
come an important nuclide for investigations on ma-
rine archives, erosion studies of rocks, and lunar and 
meteorite samples. A review of2 6Al applications in the 
geosciences has been provided by Middleton and 
Klein [41], 

Chlorine-36 [Tl/2 = 3.01 X105 years] has found a 
number of applications in hydrology (Bentley et al. 
[42]), atmospheric sciences (e.g., Synal et al. [43]), 
geoscience (Gove [44]; Hallet and Putkonen [45]) and 
cosmology (e.g., Nishiizumi [34]). 

Iodine-129 [T1/2 = 1.6X107 years] may be used 
for research in hydrology and in extraterrestrial samples. 
A summary of the current ,29I research in the geosci-
ences has been published by Fabryka-Martin et al. [46], 

2 .2 Decay p r o d u c t s of r adon 

Radon-222 [T,/2 = 3.8 days], the direct decay product 
of 226Ra emanates from the Earth's crust and enters 
into the atmosphere where it decays through a series 
of shorter lived products into 210Pb. Several of these 
decay products may be used for residence time studies 
in the atmosphere, but the most important member in 
the 222Rn decay chain is certainly 210Pb. 

Lead-210 [Tl/2 = 22.3 years] 
210Pb is deposited as wet or dry fallout onto the Earth's 
surface and can be used to obtain age information over 
the last 100 to 150 years. Goldberg [8], in 1963, was 
the first to use the radioactive decay of 'unsupported' 
210Pb to date glacier ice. Several years later, Krishnaswa-
mi et al. [47], applied this method to lake sediments. 

A basic assumption of the 210Pb dating method is 
a constant flux of 210Pb to the environmental archives. 
A monitoring experiment, covering a time period of 
11 years, has shown that this assumption is accurate, 
if average fluxes are computed for periods of the order 
of one year (von Gunten and Moser [48]). For shorter 
time periods (i.e., ^ a few months), however, con-
siderable and irregular variations in the 210Pb flux are 
observed. 

210Pb, deposited on glaciers is covered by suc-
ceeding precipitations of snow, and that entering lake 
sediments, by settling particles. Finally, the deposits 
form a closed system (i.e., no exchange with the sur-
rounding environment, e.g., no percolating water) in 
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Fig. 4.2 l 0Pb activity versus depth measured in an ice core from 
Colle Gnifetti (Monte Rosa, 4450 m, Switzerland). The solid 
curve shows an exponential fit through data points averaged for 

core sections of 2-m water equivalent. 

which 210Pb decays with its half-life. The measured 
2I0Pb activity must be corrected for a background ac-
tivity resulting from 210Pb ('supported 210Pb') directly 
produced by the decay of radium in the sample. 

The literature on applications of the 2,0Pb dating 
method is abundant. Some dating examples have been 
discussed by von Gunten and Moser [48], Examples, 
for 210Pb depth profiles in sediments of Lake Zürich 
[49] and in an ice core from Colle Gnifetti are pre-
sented in Figs. 1 and 4, respectively. Dating of sedi-
ments, or glacier ice is important because these materi-
als contain conserved information on the concen-
trations of pollutants in the past. The half-life of 210Pb 
allows an excellent archival record from the beginning 
of the industrial revolution in the past century to the 
present time. 

3. Radioactive parent and stable decay product 

In this method, the decay to a stable nuclide is consid-
ered. Knowing the present-day activity, the half-life of 
the radionuclide, and the concentration of the stable 
nuclide that has built-up by the decay of the radio-
active parent nuclide, the age of the sample can be 
determined. This age corresponds for most of the 
samples to the time since their formation (e.g., crys-
tallization from a melt or solution, etc.). Important ex-
amples for this dating possibility are the decays of ^'K 
into stable 40Ar, and that of 87Rb into stable 87Sr, and 
the decay chains of 238U, 235U and 232Th leading to the 
stable lead isotopes 206Pb, 207Pb and 208Pb, respectively. 

The number of parent atoms at the time t of the 
measurement, P„ is related to the number of parent 
atoms P0 at time zero (which is assumed to be the time 
of the formation of a mineral), by 

P, = P » e " , (3) 

S„ the number of stable daughter atoms at time t is 
represented by 

S, = S0 + (P0 - P,) = So + P,(ea - 1), (4) 

flgf p | β 

I 1 J 
204Pb 20ePb 207 Ρ b 208Pb 

Fig. 5. Mean isotopic composition of present-day 'common' 
lead (sum of primordial and common lead). Μ primordial lead, 
II radiogenic lead. After Albarede et al. [50]. Reprinted by per-

mission of Kluwer Academic Publishers. 

where S0 is the number of atoms of a stable daughter 
present in the sample at t = 0. 

This equation is only valid if no loss or addition 
(other than by the radioactive transformation) of either 
parent or daughter nuclide occurred during the time 
period t. This condition is fulfilled if the sample rep-
resents a closed system (i.e., is completely isolated 
from the surrounding environment). 

3.1 Uran ium-Thor ium-Lead Chronometers 

The U-Th-Pb decay chains are probably the most ac-
curate possibilities for measurements of geological 
samples with ages >30 million years. A comprehen-
sive discussion of this method has been given by Alba-
rede et al. [50], The stable end products in the decay 
chains of 238U (Tl/2 = 4.468 X JO9 years), 235U (Tl/2 = 
7.038X108 years), and 232Th (T,a = 1.405X10'" 
years) are the lead isotopes 206Pb, 207Pb and 208Pb, re-
spectively. The abundance of these lead isotopes in a 
sample can be used to determine the time since the 
formation of the sample as a closed system. In modern 
methods, the lead isotopes are always determined by 
thermal ionisation mass spectrometry, and the amount 
of the non-radiogenic 204Pb can be used to estimate 
and correct the concentrations of the other lead iso-
topes that were in the sample at time t = 0. The 
composition of common lead is shown in Fig. 5. 

The age based on the decay of 238U is obtained by 
transformation of Eq. (4): 

t = m 2 3 8 ln{l + [(20ePb, - 206Pb0)/238U,]}. (5) 
Similar equations apply for 235U/207Pb and 232Th/ 

208Pb. Comparison of different dating methods can be 
used for the verification of the closed system condition 
(i.e., concordia, Wetherill [51]). The curve in Fig. 6 
represents data that are in agreement for the 238U/206Pb 
and the 235U/207Pb systems under the concordia for-
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2"U/2"7Pb systems, i.e., no losses or gains of lead and uranium 
occurred since the formation of the samples. The numbers on 
the concordia curve indicate the age of the samples in 109 years. 
After Friedlander et al. [10], p. 485. Copyright 1981. Reprinted 

by permission of John Wiley and Sons. 

malism. Values below the concordia curve indicate a 
loss of lead or a gain of uranium, and values above 
the curve, a gain of lead or a loss of uranium. 

Ages can also be determined from the ratio of 
2("'Pb/207Pb, if the sample contains no non-radiogenic 
lead (indicated by the absence of 204Pb), using the fol-
lowing equations: 

206 p b _ 238U(e;.238, _ J ) (6) 

207pb = 2 3 5 U ( e ; , 3 5 . _ 1 ) _ ( 7 ) 

Combining Eqs. (6) and (7) 
206Pb/207Pb = 238U (e;»»' - 1)/235U - 1), (8) 

where (238U/235U) = 137.8 is the present isotopic ratio. 
The variation of the 206Pb/207Pb ratio with time is 

shown in Fig. 7. 

3.2 Rubid ium-St ron t ium dating 
[T,/2 H7Rb = 4.8Y 10"' years] 

87Rb decays by /^-emission into 87Sr. A detailed de-
scription of the rubidium-strontium method has been 
published by Bernard-Griffiths [52]. This very accu-
rate dating method is based on a mass spectrometric 
measurement of 87Rb and of the 87Sr/86Sr ratio, and a 
conventional analysis of the elemental concentrations 
of rubidium and strontium in the sample. 

The age of a sample can then be calculated from: 

(87Sr/86Sr), = (87Sr/86Sr)0 + (87Rb/86Sr)t(e't - 1), 
(9) 

where the subscripts t and 0 refer to the present and 
initial values, respectively. For the stable, nonradio-

0 
0 1.0 2.0 3.0 4.0 

f (in 109 years) >-

Fig. 7. Variation of radiogenic 206Pb/207Pb with age. After Fried-
lander et al. [10], p. 486. Copyright 1981. Reprinted by per-

mission of John Wiley and Sons. 

Fig. 8. Rb/Sr isochron for a gneiss sample from Greenland [53], 
The slope of the isochron shows an age of 3660 ± 9 0 MY. The 
intercept with the ordinate indicates the 87Sr/86Sr ratio at t = 0. 
Reprinted with permission from NATURE. Copyright 1972, 

MacMillan Magazines Limited, and S. Moorbath. 

genie 86Sr, the present and the initial values are equal. 
The initial (87Sr/86Sr)0 ratio can be obtained from the 
intercept of the straight line with the ordinate in an 
isochrone presentation of a group of samples (Fig. 8, 
Moorbath et al. [53]). The slope of the straight iso-
chrone line corresponds to the age of a group of 
samples. 

3.3 Potass ium-Argon dat ing 
[Ti/2

40K = 1.28X109 years] 
Potassium-argon dating methods have been reviewed 
by Montigny [54] and Malusky [55]. The 10.7% decay 
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branch of 40K to stable 40Ar can be used to date geo-
logical, meteoritic and lunar samples if the systems 
are closed with respect to potassium and argon. The 
following equation is used, in analogy to the rubidium-
strontium couple: 

( 4 0 A r / 3 6 A r ) ( _ ( 4 0 A r / 3 6 A r ) o + f (40K/36Ar) t (β*' " 1), 

(10) 

where f represents the branching ratio (EC//?~) in the 
decay of 40K. 36Ar is (like 86Sr) non-radiogenic and its 
abundance does not change with time. As for rubid-
ium-strontium, isochron plots of 40Ar/36Ar versus 40K/ 
36Ar will give a straight line for a group of related 
samples. The slope of the isochron represents the age 
of the samples, and the intercept with the ordinate the 
value of the initial (40Ar/36Ar)0 ratio. 

In recent years a modification of the potassium-
argon dating method has been introduced in many lab-
oratories (Malusky [55]). It involves irradiating the 
sample with a flux of fast neutrons to produce 39Ar 
from 39K (main Κ isotope) in a (n,p) reaction. The 
amount of3 9Ar produced is proportional to the potassi-
um concentration in the sample so that one need only 
measure the 40Ar/39Ar ratio. The main advantage of 
this modified method is that reliable ages can be ob-
tained even when diffusion losses have occurred. The 
40Ar/39Ar ratios can be measured with a mass spec-
trometer during a stepwise heating procedure. The 
40Ar/39Ar will be low in those fractions of the sample 
where a loss of Ar has occurred (39Ar is a measure of 
K). A plateau value for the 40Ar/39Ar ratio in the heat-
ing procedure indicates a region with no loss of Ar, 
and, hence, a reliable age of the sample. 

3 .4 Othe r da t ing t e c h n i q u e s 

Principally, the decay of any long-lived natural radio-
nuclide can be used for dating purposes. Based on the 
principles described above, the following parent-
daughter systems have found many applications and 
are used extensively by several highly specialized lab-
oratories : 

Samarium-neodymium (Bernard-Griffiths and 
Gruau [56]), rhenium-osmium (Luck [57]), and lute-
tium-hafnium (Rees [58]). 

3 .5 The age of the Ear th 
and of the so la r s y s t e m 

The radionuclides discussed in this section, and, when 
possible, combinations of several methods, enable a 
determination of the age of the Earth and meteorites 
and an estimate of the age of the solar system. These 
dating methods have helped considerably to increase 
our knowledge of the development and history of geo-
logical, lunar and meteoritic materials (e.g., Wetherill 
[59]; Faure [15]). 

The method of isochrones, as discussed above for 
rubidium-strontium and potassium-argon can be ex-
tended to the uranium lead system, according to: 
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Fig. 9. (a) 207Pb/204Pb isochron of meteorites of the L type (O) 
and ä troiilite from Canion Diablo ( • ) showing an age of 
( 4 . 5 5 5 ± 0 . 0 1 4 ) X 10" years (after G. Manhes, These, Univ. de 
Paris VII, 1982). (b) Rb/Sr isochron of Ε, H, and LL type chon-
drites with an age of ( 4 , 5 0 4 ± 0 . 0 1 5 ) X 109 years and an initial 
ratio a7Sr/S6Sr() = 0 .69885±0 .00010 (after J. F. Minster, These, 
Univ. de Paris VII, 1979). Reprinted by permission of Kluwer 

Academic Publishers. 
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(11) 

Using isochrones of uranium-lead and rubidium-
strontium, the age of meteorites has been measured 
very precisely (Fig. 9). These ages fall in a very nar-
row range of (4.54 ±0.02) Χ109 years (Albarede [60]), 
strongly supporting the hypothesis that meteorites 
were formed simultaneously from a homogeneous 
cloud of gas and dust. 

Patterson [61] found that terrestrial lead from 
ocean sediments with 206Pb/204Pb and 207Pb/204Pb ra-
tios of 19.0 and 15.8, respectively, representing a well-
mixed sample, matched the isochrone of the meteoritic 
lead samples (e.g., that of Fig. 9a). Again, this strongly 
supports the hypothesis that the Earth was formed as 
an isolated body at the same time as the meteorites, 
i.e., 4540 MY years ago, or, as suggested by Albarede 
[60] and others, about 60 MY later. The oldest rocks 
on Earth have ages between 3500-3700 MY (e.g., 
Fig. 8, Moorbath [53]). Some Australian zircons may 
even be older, i.e., 4100-4200 MY (Moorbath [62]). 
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Ages of lunar samples show a considerable vari-
ation, depending on their origin. This variation is 
caused by the cratering activity during the intensive 
meteoritic bombardment of the lunar surface in the 
early history of the Moon. However, the oldest 
samples, recovered from the lunar highlands by the 
Apollo-17 astronauts, are about 4500 MY old (e.g., 
Taylor [63]), and represent the age of the Moon. 
Samples from the mare regions, on the other hand, are 
younger, about 3500 MY old (Dalrymple [64]; 
Swindle et al. [65]). This shows that the maria (the 
dark basins on the Moon, that are visible from Earth) 
were formed later. Large meteoritic impacts on the 
Moon probably triggered the outflow of lava streams 
from the molten interior. A chemical fractionation of 
parent and daughter nuclides in the lava melt then set 
back the radioactive clock. An example for a lunar site 
which was formed by an impact event is the crater 
Copernicus. Its age was recently redetermined to 800 
MY (Bogard et al. [66]). Dating of lunar samples was 
a very important mean for a reconstruction of the his-
tory of the Moon. 

b) Distance from River Bank, m 

Fig. 10. Dating with radon: (a) schematic cross section of the 
River Glatt site, Switzerland, and (b) linear regression line 
through data points corresponding to a mean groundwater flow 
velocity of 5 m per day, after [69], Courtesy American Geo-

physical Union. 

4. Radioactive disequilibrium 

Many aspects of uranium-series disequilibrium have 
been discussed in detail in the recent book by Ivano-
vich and Harmon [67] including the application of ra-
dioactive disequilibria for dating purposes (Ivanovich 
et al. [68]). In the natural decay chains of uranium and 
thorium, the secular radioactive equilibrium is often 
externally disturbed, i.e., the radioactive decay chain 
is interrupted at a certain chain member. In this case, 
the decay of a radionuclide that was separated by 
chemical or physical means from its precursor 
(daughter-excess method), or the ingrowth of a radio-
active daughter product, which was separated before, 
into a parent sample (daughter-deficiency method) can 
be used for dating purposes. A separation of parent 
and daughter nuclide can, for instance, occur during 
sedimentation processes, and, thus, initiate a radio-
active disequilibrium. If the separated sediments be-
come a closed system, it is possible to determine the 
date of the separation event. Important examples of 
this type are disequilibria between 230Th and 234U, or 
between 231Pa and 235U. 

4 .1 D a t i n g m e t h o d s b a s e d on the 
a c c u m u l a t i o n of a r a d i o a c t i v e d a u g h t e r 

Determination of groundwater residence times 
with radon-222 [Tl/2 = 3,825 days] 

In geological regions containing unconsolidated sedi-
ments (e.g., glaciofluvial deposits), surface water may 
infiltrate and become shallow groundwater. Hoehn and 
von Gunten [69] and Hoehn et al. [70] have used 222Rn 
to estimate the residence time and the related flow ve-
locity in groundwater reservoirs of Switzerland. In sur-

face waters, the radioactive equilibrium between 226Ra 
and 222Rn is strongly perturbed, because the water is 
only in contact with the uppermost layers of sediments 
and outgases to the atmosphere. This leads to very low 
radon concentrations in surface waters. When this ra-
don-depleted surface water infiltrates into an aquifer, 
it picks up more and more radon (emanating from 
aquifer grains) which, finally, at a certain distance 
from the point of infiltration, reaches a steady state 
activity. Measurements of this steady state activity, 
A„, and activities, A„ along the flow path, enable a 
calculation of the groundwater residence time and its 
related flow velocity, using the radioactive decay law 
(Fig. 10), e.g., 

A, = A„(l -e~A')· (12) 
This method has also been used to obtain infor-

mation about residence times in artificial bank fil-
tration in the purification process of drinking water 
(Schulte-Ebbert et al. [71]). The described radon meth-
od allows, under favorable conditions, to assess 
groundwater residence times of about 15 days. 

The 230Th/238U, and the 23,Pa/235U methods 
[Tl/2

 230Th = 7.54 Χ104 years, 
Tl/2

23'Pa = 3.276X10* years] 

The 230Th/234,238|j m e thod is based on the decay of 
238U (a, Tl/2 = 4.468 Χ 109 years) through 234Th (β', 
24.1 days), 234m'234Pa (β~, 1.2 min and 6.7h) and 234U 
(α, 2.446X105 years) into 230Th. 234Th and 234m-234Pa 
always reach secular equilibrium with 238U. If secular 
radioactive equilibrium also exists between 238U and 
234U, the age, t, of a sample is calculated according to: 

^ T h / 2 3 ^ = 1 - e- ; t . (13) 
However, the ratio of 234U/238U is often not unity, 

and therefore, taking into account this additional 
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disequilibrium, the correct equation becomes more 
complicated than Eq. (13). The accumulation (in-
growth) of 230Th from 238U can be used to date marine 
and terrestrial phosphorites (fluorapatite) and carbon-
ates (e.g., fossil corals, shells, speleothems, bones, 
travertines) and volcanic rocks with ages of ^350,000 
years. These applications have been reviewed by Bur-
nett and Veeh [72], and Schwarcz and Blackwell [73]. 
For instance, sedimentary apatite contains relatively 
high concentrations of uranium, but generally low con-
tents of thorium. If the apatite-inclusions in phospho-
rites acquired mainly uranium and, any or very little 
230Th (or 231 Pa) during mineral formation, and if the 
time of the mineral formation is short as compared to 
the half-lives of these radionuclides, and the formed 
minerals remained as a closed system, the age of for-
mation of the minerals can be determined accurately. 
These assumptions seem to be valid for marine phos-
phorites. Marine carbonates (e.g., reef-building corals) 
contain, at the time of formation, several parts per 
million (ppm) of uranium, but essentially no 230Th. 
Samples from drill cores showed that 230Th increased 
in stratigraphically older corals, and finally reached 
equilibrium values. Calcium carbonate precipitation 
occurs usually from saturated solutions that contain a 
few ppm of uranium as carbonate, phosphate or humic 
acid complexes, but, due to its low solubility, essen-
tially no thorium. The resulting closed calcite forma-
tions contain then a few ppm uranium, but no 230Th, 
and are ideally suited for dating samples which are 
related to archeological and or Quaternary geological 
problems. 

The 231Pa/23SU method is based on the decay of 
235U through 23'Th (/?", 25.5 h) into 23,Pa. Again, the 
half-life of 23,Th is short enough to be always in secu-
lar equilibrium with 235U, and the age of a sample can 
be calculated: 

231Pa/23SU = 1 - e " . (14) 

The applications of the 231Pa/235U method are simi-
lar as for 230Th/238U, however, the accessible time is 
shorter, <150,000 years. 

4.2 Dating methods based on the decay of 
separated (excess) uranium daughter 
products 

In the hydrological cycle a natural chemical fraction-
ation occurs due to different solubilities of uranium-
series daughter nuclides from their parents. The insol-
uble radioactive daughter nuclides (i.e., 230Th and 
231Pa) accumulate in bottom sediments of oceans and 
lakes, whereas uranium remains in solution as stable 
uranyl carbonate complexes. The excess of the sepa-
rated radionuclide decays according to the decay con-
stant of the radionuclide. The age or the accumulation 
rate of a deposit can then be determined by the general 
radioactive decay law. 

A review of these methods, in relation to marine 
sediments and sedimentation processes, has been pub-

lished by Huh and Kadko [74], The half-lives of 230Th 
and 23'Pa are very favorable to date sedimentation 
rates of deep-sea sediments which accumulate by 
about 1 to 30 mm in 1000 years. Both nuclides adsorb 
strongly to particles and accumulate in marine sedi-
ments, where they are practically unsupported by their 
parents. After burial by ongoing sedimentation, the un-
supported nuclides decay with depths (time) according 
to their half-lives. Assumptions for the validity of the 
method are a constant production in sea water, and a 
constant sedimentation rate. They were found valid in 
many investigations. 

5. Fission tracks 

The method of fission track dating has been reviewed 
by Carpena and Mailhe [75]. For details, the reader is 
referred to this publication. Here, only the basic prin-
ciples are summarized. The energetic fragments re-
sulting from the spontaneous fission of 23SU produce 
micro-damages in solid materials which can be en-
larged by chemical etching to be visible under a light 
microscope. The density of tracks (number of tracks 
per surface unity) is a function of the age of the sample 
(the duration of the spontaneous fission process), and 
its concentration of uranium, if no physical (e.g., heat-
ing) and chemical changes occurred in the minerals 
during this time period. For an age determination it is 
necessary to measure the fission track density, and the 
uranium content. Usually, this is done in two steps: i) 
the tracks that were naturally produced in minerals and 
glasses by 238U spontaneous fission are counted; ii) the 
uranium concentration is determined from the tracks 
formed by 235U-fission during a reactor irradiation in a 
well known thermal neutron flux. The age of the 
sample is calculated from: 

t = 1/Λοβ log{l+(D„s/D23S) · ( W 4 f ) ' σ · I · φ}, 
(15) 

where λ238 and /SF, decay constant of 238U and par-
tial decay constant for spontaneous fission of 238U, 
respectively, 
D238 and D23S, natural fission tracks (238U) per cm2 

and tracks produced in the thermal-neutron fission 
of 235U per cm2, respectively, 
I, isotope ratio of natural uranium, i.e., 137.8, 
<x, fission cross-section of 235U, and φ, reactor neu-
tron flux per cm2 and s. 
There exists still an uncertainty of about 15% 

among different authors for the value of the decay con-
stant for spontaneous fission of 238U. An other problem 
inherent to this method is, that the fission tracks may 
disappear ('anneal') when the samples are subjected 
to elevated temperatures. The annealing temperatures 
depend very much on the investigated minerals. For 
instance, in an autunite the fission tracks disappeared 
completely already at 60 °C (Fleischer and Price [76]). 
On the other hand, the annealing of fission tracks may 
be directly used to obtain informations on the tempera-
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ture history of a sample, if its age is known from other 
methods. Sometimes it is also difficult to distinguish 
fission tracks from other damages in the samples. 
Furthermore, fission tracks may overlap, be hidden 
and lost in counting. Due to these problems, the meth-
od of fission track dating, is, in the opinion of this 
author, less reliable and less accurate than other dating 
methods, like for instance the uranium-lead method. 
An advantage of the fission track chronometer is that 
it is less affected than other methods by chemical 
changes in the minerals. This is due to the fact that 
the fission fragments produce relatively stable physical 
damages in the minerals or glasses, and not chemically 
mobile radionuclides that can migrate out of the 
samples. 

6. Thermoluminescence 

Many electrically non-conducting minerals, that were 
exposed to artificial or natural irradiation, emit light 
when they are heated. This phenomenon, called ther-
moluminescence, has been observed already in 1663 
by Boyle, when he heated a diamond. A comprehen-
sive review of this method has been given by Lalou 
and Valladas [77], 

In this method, as in the fission track method, nei-
ther the decrease of the number of radioactive nuclides 
with time nor the transformation of a parent nuclide 
into a daughter product is used to obtain the dating 
information. The age of a sample is deduced from the 
effects of the radiation energy that is deposited and has 
accumulated in the sample since its formation. Due to 
the long half-lives of the main radionuclides involved, 
the radiation dose rate can be assumed as constant. In 
nature, minerals of quartz, feldspar, micas, calcite, etc., 
are continuously irradiated by α-, β-, and -/-radiation 
resulting from the decay of members of the natural 
uranium and thorium decay chains, or from the decay 
of 4(,K. Hereby, atoms are ionized and the electrons 
are trapped in crystal defects, from where they cannot 
escape without an external excitation. In the thermolu-
minescence method the external excitation is promoted 
by heating. Part of the trapped electrons combine with 
holes, others form luminous centers. With increasing 
temperature, one may observe several light signals. 
First, the least stable trapped electrons are released, 
and at the highest temperature, the most stable ones. 
Thus, a thermoluminescence curve is obtained which 
is characteristic for a sample and its irradiation history. 

If a sample is heated for a second time, no further 
light signals are observed. However, if such annealed 
crystals are exposed to a radiation source, a new ther-
moluminescence curve is obtained which differs from 
the first one by showing peaks at lower temperatures 
(i.e., above 100 °C), in addition to the signals at higher 
temperature (230-400 °C) which were already ob-
served during the first heating. For applications, it is 
advisable to use the signals emitted at high tempera-
ture. Artificial irradiation experiments with increasing 

radiation doses have shown that the high temperature 
thermoluminescence is proportional to the irradiation 
dose of the material. If the investigated sample re-
mained in the same environment during its whole his-
tory, then the irradiation dose rate can be assumed as 
constant, and it is in principal possible to evaluate the 
age of the sample from the magnitude of the high tem-
perature thermoluminescence peak. The age of a 
sample can be calculated from the following relation, 
if the annual irradiation dose is exactly known: 

age = natural dose/annual dose. (16) 

The natural dose is the total radioactive decay en-
ergy acquired per unit mass since the formation (e.g., 
crystallization) of a sample. The annual dose is the 
energy corresponding to the radioactive decay of the 
nuclides in the sample. This emitted decay energy is 
not related in a simple way to the energy acquired by 
the sample. By far the largest amount of energy is con-
tributed by α-decay of the uranium and thorium decay 
families. But the range of α-particles in solid matter is 
only 20—50 μπι, depending on their energy and the 
density of the material. On the other hand, the ranges 
of /^-particles in solids are of the order of a mm, and 
y-rays travel much farther and have only a few interac-
tions when traversing the solid material. It is, there-
fore, necessary to establish efficiencies for the energy 
deposition for each type of radiation and material. 
Furthermore, corrections for inhomogeneities in the 
samples have to be made. The range of linearity be-
tween the dose and the thermoluminescence signal is 
limited; at higher doses a saturation effect is observed. 
For quartz, saturation occurs at 100-500 Gy (10-50 
krad), whereas calcite can accept 3000 Gy (300 krads). 

Despite these problems (for a more comprehensive 
review, see the paper by Lalou and Valladas [77]), 
thermoluminescence has been successfully used to 
date archaeological (e.g., ceramic artifacts, burned 
stones used as kitchen utensils, stone tools, etc.), and 
geological samples (e.g., recent volcanic rocks, young 
calcite formations in caves, very fine aeolien deposit 
in which the thermoluminescence was annealed by ex-
posure to bright sunlight when they resided on the sur-
face, etc.). 

Thermoluminescence is certainly related to the age 
of the samples. However, its application is not as 
straightforward as in many of the other dating meth-
ods, and practically each application has its specific 
and inherent problems. The method should not be ap-
plied blindly. But if all the problems are treated prop-
erly, it can be used to assess a time-range which falls 
between that of the applicability of 14C and the lower 
limit of the potassium-argon method. 

Conclusions 

The discovery of the radioactivity in 1896, and the 
laws of the radioactive decay have opened the possi-
bility to date accurately many objects in our environ-
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ment. Sensitive instruments and methods, and an im-
pressive number of radionuclides enabled to determine 
the age of archaeological, geological, cosmological 
and other samples. These methods have greatly helped 
to improve our knowledge about archeology and his-
torical developments, and our insight into the evo-
lution of the solar system, and among it, of the Earth 
and the Moon. The radioactive dating methods are in 
principle straightforward, quite easy to apply, and ac-
curate, but may lead to erroneous results if the physical 
and chemical background of the investigated system is 
not thoroughly understood. In order to avoid misinter-
pretations and systematic errors it is advisable, when-
ever possible, to verify the age of a sample by more 
than one method. 
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Abstract 
The chemical changes of water induced by radiation, first ob-
served on aqueous solutions of radium salts, were reported less 
than five years after the discovery of radioactivity. The impor-
tance of the radiolytic behaviour of water was progressively 
recognized in various domains of nuclear science and tech-
nology. More recent interest concerns the roles of radioactivity, 
radiation and water in chemical evolution processes because of 
their ubiquitous presence on the Earth and in Space. 

1. The early days of radioactivity 
and water radiolysis 

Already in 1903, Giesel [1] quoted the observation of 
Runge and Bodländer that a gas consisting of hydro-
gen and oxygen is constantly released from an aqueous 
solution of radium bromide; at the same time the solu-
tion becomes brownish because of the generation of 
bromine. It seems, however, that Ramsay [2] was the 
first physicist to carry out irradiation experiments re-
ported in his article "The chemical action of radium 
emanation on distilled water". This work and publi-
cations by Cameron and Ramsay [3—4] contained a 
number of quantitative data, among which those on the 
generation of H2 and 0 2 under various experimental 
conditions. 

Debierne [5] presented in 1909 the results of a sys-
tematic approach with simple experiments. He used a 
sealed ampoule of radium chloride as the radiation 
source, placed in a vessel containing nondegassed dis-
tilled water. The device was isolated from air and con-
nected to a manometer. The increase in pressure was 
continuous and proportional to the time of exposure. 
In the interpretation of his results, Debierne concluded 
that the decomposition of water was due to the action 
of penetrating β and γ rays. The first data on the action 
of a rays on water were reported in 1913 by Duane 
and Scheuer [6]. 

Compared to present day irradiation facilities, the 
radiation sources used in these experiments were very 
weak and seldom stronger than 100 mg radium. In ad-
dition to the low radiation intensities, the methods of 
chemical analysis available at the time were relatively 
insensitive. For these reasons, the investigations were 

limited mainly to qualitative observations of chemical 
changes or, less often, to semi-quantitative measure-
ments of gross effects. Nevertheless, the early litera-
ture of radiation chemistry contains fine observations 
on the radiolytic behaviour of water and various 
aqueous solutions like those of Kailan [7—11] at the 
Radium Institute in Vienna. 

No much efforts were made to explain the origin 
of the observed facts. An exception was Debierne's 
hypothesis [12] on the formation of ionized water mol-
ecules during the passage of radiation. The latter pro-
duce Η and OH species which react among them-
selves ; molecular products H2 and H202 are formed as 
well as water molecules by recombination of Η and 
OH. With this hypothesis, Debierne was well ahead of 
the time because it contains the main elements of the 
presently generally accepted model of water radio-
lysis. 

2. Nuclear reactors: 
World War II and post-war years 

From the very beginning of the nuclear war program, 
it was obvious that ordinary as well as heavy water, 
were an important material for the realization of nu-
clear reactors, both as neutron moderator and as cool-
ant. The question arose as to how water would behave 
in a field of radiation equivalent to that from thousands 
of kilograms of radium. Moreover, the water would 
be exposed to a complex mixture of charged particles, 
neutrons and γ rays. It was known that the main com-
ponents were fast neutrons and γ rays, but their action 
on water was not clear. It was thought that neutrons, 
through the intermediary of recoil protons which they 
displace in water, would have an effect similar to that 
of a particles, and hence would decompose water ef-
ficiently. In this connection, A. O. Allen, one of the 
radiation chemist involved in the research wrote [13]: 
"Physicists had decided that the best scheme for cool-
ing the reactor would be by water rushing through 
aluminum pipes. The difficulty was that no one knew 
whether under the influence of the unprecedently in-
tense radiation in these reactors the water might react 
with aluminum as if it were calcium or sodium, as 
indeed thermodynamics suggested". 

The secret radiation chemistry program was car-
ried out under the guidance of two physicists, Milton 
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Burton and James Franck. These scientists based their 
research on the free radical theory derived from physi-
cal concepts. In a first instance, radiation could solely 
transfer energy to the electrons of the water molecule, 
leading to its excitation and/or to its ionization. The 
ionized and excited water molecules participate in 
various reactions producing free radicals Η and OH. 
Further reactions of these species lead to the formation 
of molecular products, H2 and H202. 

At the time, the experiments performed and the 
reasonings could not be published. The American team 
had no contact with outside research, even not with 
the British team including F. S. Dainton and N. Miller, 
who pursued in Canada similar studies of water radio-
lysis with the same objective [14]. In the USA, the 
work was conducted under military secrecy in several 
laboratories. It was progressively recognized that 
water decomposes under radiation to yield the molecu-
lar products, but also that the radicals Η and OH con-
vert the latter back to water molecules. It become ap-
parent that water used in reactors should be extremely 
pure, as almost any substance dissolved in water in-
creased the radiolytic decomposition of the solvent. 
These findings were summarized by Allen after the 
war [15]. 

In the fifties, it was generally admitted that the in-
duced radioactivity and the decomposition of water 
under the intense radiation present in reactors could be 
controlled [16]. 

For a while, the possibility of using ionizing radi-
ation as a cheap "by-product" of the operation of nu-
clear power reactors was considered as a promising 
tool for industrial applications. However, ten years 
later, it became evident that any use of nuclear reac-
tor, outside the production energy, was complex and 
costly, particularly when compared with the increasing 
availability of irradiation facilities provided by radio-
isotopic sources and modern, high intensity acceler-
ators. Nevertheless, the experience gained in the un-
conventional radiation chemistry with large doses of 
mixed radiations was a valuable heritage [17]. It 
showed how on prolonged irradiations, the initially 
present compounds decompose while new products are 
formed by the action of radiation and take part in 
chemical processes. Unconventional radiation chemis-
try is particularly relevant to the field of nuclear waste 
management and long term waste disposal. 

Owing to the important role of water in contem-
porary nuclear energy programs and in the action of 
radiation on living matter, the radiation chemistry of 
water [18] is nowadays a pre-eminent topic in the 
general field of radiation chemistry [19]. 

3. Natural nuclear reactors 
and underground waters on the early Earth 

Natural nuclear reactors were geological arrangements 
of uranium and water in configurations such as a fis-
sion chain reaction could be triggered. This phenom-

enon occurred in uranium deposits on the Precambrian 
Earth, as was the case at the fossil reactor site dis-
covered in Oklo (Gabon, Africa) [20]. The present 
concentration of 235U (TV2 = 700 My) in natural urani-
um is 0.72% which precludes the start of a chain fis-
sion process even in the richest uranium deposits. 

On the early Earth, the concentration of 235U was 
up to 40 times higher and could have led to a chain 
reaction, as was suggested by P. K. Kuroda long before 
the discovery of the Oklo phenomenon [21]. 

From the point of view of nuclear reactor physics 
and chemistry, the reactions which occurred at the fos-
sil nuclear reactors site at Oklo (which includes six 
reactor cores) are well understood [22—23]. The oper-
ation time of individual reactors lasted between 0.6 
and 0.8 My, while the total duration of the Oklo 
phenomenon was up to several million years. It has 
also been concluded that none of the geological and 
geochemical characteristics at the Oklo deposit are 
unique, and that the latter could not have been a single 
occurrence on the Precambrian Earth. 

Individual natural reactors in operation constituted 
efficient localized sources of energy over a large geo-
logical time span. In comparison with man-made reac-
tors, the natural ones operated at a very low power, on 
the average about one kW. Routine procedures for in-
pile dose evaluation [24] show that these natural reac-
tors delivered dose rates of the order of tens of gray 
(Gy) per hour. Such dose rates are similar to those 
available in small laboratory irradiation units and 
could have been very convenient for radiation-induced 
syntheses. 

It is possible to make a rough estimate of the 
amount of uranium which took part in natural nuclear 
reactors. Based on the slight variations of the isotopic 
ratio 238U/235U in presently accessible uranium ores 
with 1000 ppm U0 2 or more, it appears that thousands 
of natural reactors were in operation between 1800 and 
4100 My ago. On the other hand, if a one km thick 
layer of the Earth's crust is taken into account with an 
average concentration of 3 ppm, then hundred million 
reactor sites of the Oklo type could have been in ac-
tivity in the past of our planet [24], 

Water had an important role in the making of a 
natural reactor from a uranium deposit. It acted as neu-
tron moderator and coolant and contributed to the 
propagation and control of the fission chain. At the 
same time, water was radiolized and the dissolved sub-
stances were chemically altered. The material subject-
ed to irradiation was efficiently circulated by under-
ground waters. 

Computer simulation helped to examine the action 
of mixed nuclear radiations on a model system of 
sandstone underground water [25]. It showed that con-
siderable amounts of 0 2 , H2 and H202 could have been 
formed on a geological time scale. Many chemically 
reactive free radical intermediates could also have 
been involved in reactions with various inorganic and 
organic compounds dissolved in waters flowing 
through or in the vicinity of the reactors. This radi-
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ation-induced oxidizing capacity of underground 
waters is usually neglected in the explanations of the 
oxidizing processes in primitive underground waters 
and in the search of the origins of primary oxidized 
minerals on the early Earth. 

It is worth mentioning that the presence of long-
lived fission products in the reaction core ensured that 
the reactor was a place of localized radiations for long 
periods of time (hundred of years or more) after the 
chain process was terminated. 

On the other hand, some of the fission radio-
nuclides would migrate and pursue the irradiation after 
fixation in the environment or after uptake in Pre-
cambrian living matter. The dose rates were low, but 
combined with irradiation over large periods of time, 
they could have been effective in producing evolution-
ary changes in primitive life. An examination of major 
events in the early biological evolution, shows that the 
main evolutionary changes of precariotic life resulted 
from biochemicals rather than morphological innova-
tions [26], With the initiation of free radical processes 
in the early biochemistry, nuclear radiations could 
have been a very effective mutagenic agent for Pre-
cambrian biota. 

4. Radioactive potassium-40 
in the early ocean waters 

The presence of potassium salts in primitive ocean 
waters and the radioactive decay of 40K (Tl/2 ~ 
1250 My) have provided an internal source of radi-
ation in Arachaean oceans [27], 3800 My ago, the 
natural abundance of 40K was 0.1%. The amount of 
energy delivered by 40K depended on the concentration 
of potassium salts in primitive ocean waters. The latter 
were recycled many times over geological history and 
may not have retained the information of their past 
potassium content. Nevertheless, a reliable estimate 
was possible. It is based on interferences drawn from 
the nature of ancient sediments and the products of 
their metamorphism. Various observations suggest that 
the main components of the lithosphere and the hydro-
sphere were extant by the time of Issua water-laid 
sediments of West Greenland [28], From the average 
energy released per decay, the calculated absorbed 
dose rate is 2.95 Χ 10"4 Jkg- 'y"1 · 

Compared to the amounts of energy provided by 
other sources on the early Earth, the contribution of 
40K is extremely small. However, in many respects, 
40K was an ideal in situ source. The energy was de-
posited homogeneously throughout the water volume, 
including in the deep ocean. In addition, owing to the 
very nature of radioactive decay, the energy deposit 
occurred undisturbed and uninterrupted so that the 
total amount of the energy available for radiation 
chemistry over a geological time-scale was significant. 

The chemical effects induced by the radiation were 
examined by computer simulation [27]. The latter was 
based on the estimate of the energy deposited and on 

well established radiation-induced reactions of sub-
stances which were assumed to be constituents of sea 
water. The radiation-induced process was followed 
over a geological time scale of one hundred million 
years (100 My). The beginning of the time scale was 
deliberately fixed at 3800 My ago. This is the age of 
the oldest known sedimentary rocks and most likely of 
ocean waters whose content in salt and major chemical 
elements was not essentially different from the con-
temporary ones. 

The results obtained show that one molecule H, 
is formed per H 2 0 decomposed. The total amount of 
molecular hydrogen generated in the sea waters over 
100 My is 3 .8X10 l 8 g, assuming an ocean mass of 
1.4 Χ 1024 g. This amount is similar to that released by 
volcanic activity on the early Earth over the same 
period of time [28], A considerable total amount of 
radiolytically generated molecular oxygen over 
100 My was also calculated: 3 .0X10 ' 9 g (for com-
parison the content of the contemporary atmosphere is 
1.2 X 102' g). 

In addition to H2 and 02 , hydrogen peroxide is pro-
duced in significant amounts. A survey of reaction 
mechanisms shows the presence of strongly oxidizing 
hydroxyl radicals (OH) produced by direct decomposi-
tion of water. Many other oxidizing free radicals ap-
peared as intermediates, contributing also to the total 
oxidizing capacity of early ocean water. They may 
have played a significant role in the chemistry of Earth 
before the emergence of oxygen due to photosynthetic 
microorganisms, for example in the origin of primary 
oxidized iron minerals [31] in the oldest known terres-
trial sediments, the 3800 My-old rocks in the Isua 
Supracrustal Group of West Greenland. 

It has been proposed that comets brought vast 
quantities of water to the primitive Earth, which by 
this acquired an exogenous ocean of water [32] with a 
significant delivery of organic compounds [33], Or-
ganic compounds of endogenous and exogenous ori-
gins potentially present may have contributed to the 
radiation-induced synthesis of biogenic molecules of 
importance for chemical evolution processes. 

5. Radiation processing of water 
in cometary nuclei 

Isotopic anomalies found in meteorites, particularly 
that pointing to the presence of 26A1 in the early solar 
system, suggest that very likely a supernova explosion 
occurred at the beginning of the accretion process [34], 
The nucleosynthesis during the explosion has provided 
a large number of radionuclides which were built into 
the comet nuclei like in all other bodies in the solar 
system. Radiation emitted in their decays, as well as 
decays from long-lived radionuclides already present 
in the nebula like isotopes of U and Th, constituted a 
source of energy available for chemical reactions in 
the icy interior of a comet's body [35]. 

The surface layers were constantly exposed to cos-
mic rays, a mixture of electromagnetic radiation and 
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charged particles. The latter also produced hot atoms 
and cosmogenic radionuclides, which on their way 
contributed to radiation chemical changes [36—37]. 

The intensities of radiations were rather weak, in 
average about a tenth of gray per year or less, but the 
time available for irradiation is enormous, 109 years. 
In addition, the environmental conditions, such as low 
temperature and density of matter, are almost ideal for 
the accumulation of radiolytic products and preser-
vation of radiation-induced alterations. 

The International Halley Watch Program was pre-
pared and carried out with a general belief that the 
event will be an encounter with a pristine material of 
a dense interstellar cloud where the solar system and 
comets were born. Some findings in 1986 indeed con-
firmed the presence of simple interstellar molecules 
which are also believed to be the primitive constituents 
of the presolar nebula. However, for a water-domi-
nated body, an unexpected solid dark-gray surface of 
the cometary nucleus appeared. It was attributed to 
some unknown chemical compound(s); the puzzling 
presence of larger nitrogen-containing organics was 
found in ejected dust. These and some other findings 
suggest that the pristine cometary material must have 
been chemically altered, most likely by the action of 
radiation. 

Simulation experiments performed in the labora-
tory offer an insight into the radiation chemistry in-
volved. The inventory of radiolytic products found is 
impressive: about forty compounds including some of 
primary biological importance, as well as larger ones 
with molecular weights up to 80000 amu [38], The 
experiments suggest that the material in the comet 
nucleus is more likely a remnant of material in the 
presolar nebula which has been chemically altered to 
various degrees by radiations from imbedded radio-
nuclides and cosmic rays. 

6. Perspectives 

The first century of the nuclear era ends with an im-
pressive inventory of knowledge on radioactivity and 
radiation, both on the early and on the contemporary 
Earth and in the interplanetary medium. Nevertheless, 
various challenging problems are bequeathed to the 
coming generation [39]. Some of them will be mostly 
technological, like the decommissioning of hundreds 
of nuclear power plants, the reprocessing (or safe stor-
age) of hundred thousands tons of spent nuclear fuel 
elements and the disposal of million tons of intermedi-
ate and high-level nuclear waste. Water will be an un-
avoidable tool in some stages of the handling of huge 
amounts of radioactive material, often in conditions 
seldom met in routine laboratory work: materials ex-
posed to large radiation doses and radiogenic heat, 
sometimes very complex chemical systems. A better 
understanding of radiation-induced chemical processes 
at high temperature will be needed to find technologi-
cal solutions. More data on free radical intermediates 

and on rate constants of their reactions will also be 
required. 

Other challenging problems will be less urgent, but 
not less exciting, like those relevant to radiation chem-
istry of water in cometary nuclei [40] or on the early 
Earth [41]. Radioactivity is generally considered as a 
minor contributor to the energy sources available for 
chemistry in these media. Yet, it deserves more atten-
tion than presently given because of the efficiency in 
producing chemically reactive species (ions, free radi-
cals, radical ions) in conditions hostile for chemistry, 
such as those in water-dominated commentary icy ma-
trix or in the ocean depths and underground primitive 
waters. Present achievements in radiation and hot atom 
chemistry provide a solid foundation for further re-
search. 
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Abstract 
Radioactive decay provides the basis of three methods of explor-
ing the nuclear environment. Changes in the decay constant with 
the state of chemical combination of the disintegrating atom are 
difficult to measure and only provide very limited information. 
The time dependence of the angular correlation between the di-
rections of emission of successive photons is more useful, but 
the method has serious limitations. 

The outstanding successful technique of Mössbauer spec-
troscopy however has proved remarkably versatile in its appli-
cations. The quantitative data it yields are often difficult to ob-
tain in any other way. 

The study of radioactivity has led to the discovery of 
three techniques for exploring the environment of the 
nucleus that suffers decay. One of them is of extraordi-
nary versatility and its importance overwhelms that of 
the other two. 

1. Changes in radioactive decay constant 
The first to be discovered has proved to be of limited 
application. For nearly fifty years it was always stated 
that radioactive decay could not be influenced by any 
treatment accessible in a laboratory. However in the 
explosion of interest in nuclear physics following the 
Second World War the Daudels [la, b] in Paris and 
Segre [2] in California pointed out that radioactive de-
cay, at least under terrestrial conditions, involved the 
atom and not simply the nucleus. Hence the decay 
constant for orbital electron capture decay of 7Be, 
which must depend on the orbital electron density at 
the nucleus, must be affected by the state of chemical 
combination of the beryllium. 

2. Changes in decay constant for orbital electron 
capture and isomeric transition 

This dependence was soon verified; the fractional 
change in decay constant, δλ/λ, for different pairs of 
beryllium compounds was found to be as much as 
7.4X10"4 in some cases [3]. Even the difference in 
the decay rates of 7Be in the two crystal modifications 
of beryllium oxide could be measured. 

For elements of greater Ζ the values of δλ/λ were 
generally smaller and their measurement was very 

time consuming. Measurements of such small differ-
ences in decay constant require close attention to the 
experimental conditions. They are most commonly 
made using Rutherford's balanced ionisation chambers 
method. 

An interesting alternative is possible for isotopes 
where orbital electron capture competes with positron 
emission. In these systems only the former decay 
mode should be noticeably sensitive to the environ-
ment of the nucleus, so that the ratio of the two decay 
modes should depend on the chemical state of the af-
fected element [4], 

The fractional change in decay constant, δλ/λ, like 
the difference in isomer shift found from Mössbauer 
spectra, depends on the difference in the electron den-
sity at the nuclei in the two compounds. A comparison 
of the two measurements, where this is possible, is of 
interest. It can be done for example using 71Ge, which 
decays by orbital electron capture, and 73Ge which can 
provide Mössbauer spectra [5]. 

Analogous changes can be found in the constants 
for decay by isomeric transition, when there is sub-
stantial internal conversion, especially if this takes 
place mainly in the outer orbitals of the atom contain-
ing the decaying nucleus. 

Examples of species for which quantitative data 
are available include 99mTc, 90mNb and 125mTe, in the 
first two cases the excitation of the isomeric state is 
so small that internal conversion is only energetically 
possible in the Ο and Ν shells [6a, b, c]. The 76 eV 
excited state of 235U would seem especially favourable 
for study [7a, b, c]. In these systems δλ/λ values of a 
few times 10~3 have been found. 

3. Changes in β decay constant 

Decay by β~ emission should also be influenced by 
the chemical state of the affected atom [8]. The total 
beta decay probability is the sum of two terms, the 
probability of decay yielding an electron in the con-
tinuum and the probability of decay giving a bound 
electron — orbital electron creation [9]. It is interesting 
to observe that the direct detection of this last mode of 
decay is one of the unsolved problems in radioactivity. 

The bound electron creation is not an important 
mode if the total decay energy is large, but it becomes 
more important at low energies and its greater sensi-
tivity to the chemical environment of the nucleus mag-
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nifies its importance in relation to the change of decay 
probability with environment. 

The available energy from the decay process AZn+ 

—> A(Z+1)<"+1)+ depends on the difference in the ener-
gies of the initial and final atoms. This difference is 
dependent on n. Further the product atom may be for-
med in an electronically excited state or even suffer 
further ionization due to "shake of f" . Thus the maxi-
mum beta ray energy has a spectrum of values and 
depends on the state of chemical combination of the 
decaying atom. 

The bound electron creation decay mode also de-
pends on the chemical state of the atom containing the 
decaying nucleus since it is dependent on the available 
orbitals for electron creation. The two effects will to-
gether determine δλ/λ. 

Calculations for 63Ni, a very soft beta emitter, show 
that the two contributions are of opposite sign. Hence 
although the individual contributions are of the order 
of 10"3 the overall effect to be expected is of the order 
10"4 [10]. 

The experimental data on the dependence of the 
decay constant for beta decay on the state of chemical 
combination is unsatisfactory and indeed often contra-
dictory. This is at present the case notwithstanding the 
relevance of such information to some other problems. 

Chemical effects should be measurable for the, a 
priori, favourable case of tritium decay, but present 
experimental data are only broadly in keeping with 
calculated effects [11]. A few years ago half life data 
on 241Pu spanned an unreasonable range of values and 
the possibility existed that differences in the com-
pounds measured could account for the spread. Calcu-
lation showed that this was unlikely and more recent 
measurements span a narrower range [12]. 

The decay of 187Re is particularly important be-
cause of its significance as a cosmochronometer. It has 
the remarkably low maximum beta particle energy of 
2.7 keV and bound electron creation might make a sig-
nificant contribution to the overall decay. The constant 
for decay giving an electron in the continuum can be 
measured, albeit with difficulty, but the decay by 
bound electron production and the total decay constant 
are hard to determine [13]. 

As a means of exploring the atomic environment 
changes in beta decay constants are unattractive. 

4. Mössbauer spectroscopy 

Almost a decade later than the observations on 7Be 
decay an enormously more powerful technique that 
could provide information on the magnetic and electri-
cal environment of the disintegrating nucleus was dis-
covered. While investigating the possibility of res-
onant fluorescent gamma ray scattering Mössbauer 
found that if some weakly excited nuclei were present 
in atoms in a solid lattice some proportion of recoiless 
emission of photons took place [14]. This emission 
readily gave rise to resonant absorption and scattering. 

The line width for emission was extremely small, be-
ing determined by the mean life time of the excited 
state. A typical mean life of a suitable excited state 
was 10"7 s so that a line width of about 10"8 eV could 
be obtained. 

5. Mössbauer absorption spectroscopy 
In order to have a useful source of such radiation it is 
necessary to have a parent radioactive species whose 
decay feeds the very short lived excited state. A scat-
terer or absorber containing the stable, or at least very 
long lived, isotope produced in the de-excitation then 
gives resonant absorption. By using the Doppler effect, 
moving the source towards, or away from, the ab-
sorber an extremely small range of photon energies 
could be spanned by the source. It was quickly real-
ized that this tiny band of photon energies would em-
brace the changes and splittings of nuclear energy lev-
els produced by the magnetic [15] and electrical [16a, 
b] fields existing at the nucleus by virtue of its pres-
ence in an atom, perhaps also combined in a molecule, 
in the solid. 

A monochromatic source could be obtained if the 
Mössbauer atom was in a cubic environment in the 
solid and had a full, or empty valence shell. Thence 
modifying the energy of the emission using the Dopp-
ler effect the absorption spectrum of a sample could 
be investigated. Alternatively, using a single line ab-
sorber the spectrum emitted by the source could be 
examined. 

6. Parameters obtainable from the spectra 
Spectra obtained in this way enable one to compare 
the electron density at the nuclei in two absorbers, us-
ing the isomer shift; to obtain the quantities specifying 
the electric field gradient at the nucleus, the quadru-
pole splitting and the asymmetry parameter and, using 
single crystal absorbers, to determine the orientation 
of the electric field gradient in relation to the crystal 
axes. In magnetically ordered solids the magnitude of 
the field at the nucleus and its orientation could be 
determined. 

The changes in the spectra with the temperature 
of measurement provided more information, especially 
regarding the smaller crystal field and spin orbit split-
tings of the electronic energy levels of the Mössbauer 
atom in the absorber. 

Very different information was supplied by the 
change in the fraction of recoiless absorption events 
with temperature. The change in the areas under the 
absorption lines yielded similar information, regarding 
the phonon spectrum of the absorber, more simply. 

Altogether the technique has led to a much deeper 
insight into the nature of the solid state. 

7. Simple applications 
The extraordinary variety of the applications of 
Mössbauer spectroscopy is illustrated in the examples 



Radioactivity and the Nuclear Environment 325 

that follow. The combination of the isomer shift and 
quadrupole splitting is usually characteristic of the oxi-
dation state of the Mössbauer species in the absorber. 
At first sight the application of the spectra for this pur-
pose would seem trivial, but there are compounds 
where such a spectral identification is very useful. 

One of the first applications of Mössbauer spec-
troscopy in chemistry, the demonstration of the iden-
tity of Prussian and Turabull's blue, was of this kind 
[17a, b]. 

In a more recent study an iron(III) tetraphenyl por-
phyrin complex was oxidized to yield an apparently 
iron(IV) complex. FeTPPCl gave [FeTPPCl]SbCl6, but 
the isomer shift and quadrupole splitting of the product 
was not much different from the parent iron(III) 
compound; the oxidation predominantly involves the 
ligand. By contrast (FeTPP)2N · C104 gives a much 
lower isomer shift as is appropriate for iron(IV) [18]. 

The Mössbauer spectra generally show whether 
there is more than one coordination environment of 
the Mössbauer atoms in the absorber by giving spectra 
composed of two or more component spectra. Dis-
continuities in the spectral parameters, isomer shift 
and quadrupole splittings, for spectra taken at different 
temperatures indicated phase changes. 

But the more interesting applications are those 
where alternative methods of investigation are much 
less satisfactory, if indeed available. 

8. Mixed valence compounds 
and valence derealization 

Many transition element compounds are known in 
which the element is present in more than one oxida-
tion state. If the coordination environments of the two 
kinds of atoms are not very different electron hopping 
between the atoms, or valence derealization, may take 
place. When the mean life time between gaining and 
losing an electron is much greater than the mean life 
of the Mössbauer excited state the spectrum arising 
from these atoms will be the addition of the spectra 
due to the two oxidation states of the atom; the va-
lences are localized. But if the electron hopping is 
much faster than this a single spectrum with parame-
ters determined by the weighted mean of the parame-
ters from the above separate spectra will be obtained. 
The weighting allows for the proportions of the atoms 
in the different oxidation states. 

When the mean life time of the atom in a given 
oxidation state becomes comparable to the mean life 
of the Mössbauer excited state line broadening occurs 
and a detailed analysis of the spectrum yields the fre-
quency of hopping [19], 

Iron chemistry provides many instances of mixed 
valence compounds. In many the valences are local-
ized and the spectra are a superposition of spectra due 
to the two oxidation states. This is the case for the 
hydrates of Fe2F5, some mixed valence iron phos-
phates and the aforementioned Prussian and Turnbull's 

blue. But in others such as L2Fe2^0H)3(C104)2 
(CH3OH)2, where L = NN'N"trimethyl triazacyclo-
nonane, a single spectrum with an isomer shift of 
0.74 mms"1 is found even at 4.2 K. This value is about 
the mean of the isomer shifts expected for Fe2+ and 
Fe3+ in such a complex [20], 

Particular interest attaches to those compounds that 
undergo a transition from localized to delocalized va-
lences at some temperature. Such transitions may or 
may not be accompanied by a structural change. One 
of the earliest examples of such a transition, identified 
before Mössbauer spectroscopy was discovered, was 
the Verwey transition in Fe,04, magnetite. The com-
pound suffers a structural phase change at about 
119 K, at the same time there occur substantial 
changes in electrical and magnetic properties. This ox-
ide is an inverse spinel and it was suggested that this 
change was due to electron hopping between the Fe2+ 

and Fe3+ on the octahedral Β lattice above 119 Κ [21], 
The Mössbauer spectrum provides excellent con-

firmation of this suggestion. Above 119 Κ the spec-
trum comprises two magnetically split sextets, one due 
to the Fe3+ on the tetrahedral sites of the A lattice, 
giving the characteristic isomer shift of 0.27 mms"'. 
The other arising from the Β lattice gives an isomer 
shift of 0.67 a value effectively for Fe2 5+ due to rapid 
electron hopping from Fe2+ to Fe3+ [22a, b]. 

It was some time before similar temperature de-
pendent valence derealization was identified in other 
iron compounds. However the series of compounds 
that can be represented by the formula Fe30 
(02C · R)6L3 · S nearly all show temperature dependent 
derealization of valences. The complexes consist of 
planar triangular Fe,0 units stacked on a threefold axis 
with solvent molecules, S, between planes. The L are 
generally nitrogen bases such as 3 methyl pyridine and 
the S benzene, toluene, CH3CN or other solvent. The 
temperatures of onset of derealization vary consider-
ably with R, S and L. In most cases the transition is 
not sharp but extends over a range of temperatures in 
which both localized and delocalized spectra can be 
seen. Some of the effects observed may be due crystal 
size and density of defects; macro-crystalline and fine-
ly powder material from the same preparation behave 
differently. Hardly any single crystal data are available 
[23], 

It is interesting to note that the comparatively slow 
Mössbauer spectrum measurement, effective time of 
measurement about 10"7 s is advantageous in these 
measurements. If the much faster technique of infra 
red spectroscopy, 10"13 s, is used all the iron atoms 
appear to have localized valences. 

Another group of compounds that have been ex-
tensively investigated are the one electron oxidation 
products of the biferrocenes. For these a somewhat dif-
ferent approach is necessary, the isomer shifts for low 
spin iron(II) and iron(III) are too close for mean values 
to be identified but the similar averaging of the larger 
quadrupole splittings can be sought. With these com-
plexes the role of conjugation in facilitating the elec-
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tron hopping can be shown. In compound shown in 
the figure, with R = CH · CH3 derealization is incom-
plete at 300 K, but with R = - C H = C H - derealiza-
tion is essentially complete at =78 Κ [24]. 

These studies have shown that the localized — de-
localized transition depends not only on the chemical 
identity of the substance but also on the properties of 
the solid it forms. Cooperative effects in the solid are 
involved. 

9. Spin cross over systems 

Another area of investigation by Mössbauer spec-
troscopy, sharing some of the unusual features of the 
mixed valence solids, is the study of spin cross over. 
Although compounds which change from high spin to 
low spin configurations on lowering the temperature 
were discovered many years ago, using magnetic 
measurements, such behaviour is much more con-
veniently investigated quantitatively by Mössbauer 
spectroscopy. With iron(II) complexes the high and 
low spin forms give spectra with substantially different 
isomer shifts and quadrupole splittings and the areas 
under the absorption lines can be used to measure the 
proportions of the two forms present at the tempera-
ture of measurement. In some compounds the tran-
sition from high to low spin forms takes place like a 
first order phase change; in others the transition ex-
tends over a substantial temperature range within 
which spectra due to both forms are seen. In some 
compounds only partial conversion of one form to the 
other takes place [25a, b]. 

Like the derealization in mixed valence com-
pounds the spin cross over transition is sensitive to the 
characteristics of the solid involved; different solvates 
generally behave differently, even to the extent of the 
cross over failing to take place. Deuteration of the sol-
vent produces easily measurable changes in the tran-
sition process. Macrocrystalline and powder samples 
often behave quite differently. 

These two examples show how Mössbauer spec-
troscopy is yielding a detailed picture of processes tak-
ing place in solids. 

10. Solid state decompositions 

The technique is invaluable in the investigation of re-
actions, such as thermal decompositions, occurring in 
solid substances. The sample is not destroyed by the 
measurement and the emergence of new phases can 
be detected. It must be remarked, however, that the 
technique is not very sensitive to small amounts. In 
most systems it gives information about the major 
components of the solid [26], 

The temperature and condition of the firing, 
whether oxidizing or reducing, can be inferred from 
the Mössbauer spectra of pottery. Spectra of shards of 
ancient pottery have been used to try to identify the 
kiln used in its manufacture [27]. 

11. Changes in bond character 

The spectra often contain information about the bond-
ing of the Mössbauer atom that is difficult to obtain in 
other ways. Analysis of the spectrum gives the electric 
field gradient at the nucleus of the Mössbauer atom. 
Examination of such data for tin(IV) compounds, for 
which there is no free ion contribution to the electric 
field gradient, shows that, to a reasonable approxi-
mation, each ligand attached to the tin makes its indi-
vidual contribution to the quadrupole splitting [28], 
This point charge model had already been developed 
by nuclear quadrupole spectroscopists. 

With some compounds however this model failed 
rather badly. For example it predicts that the quadru-
pole splittings for the tetrahedral compounds SnR,X 
and SnRX, should be of equal magnitude but opposite 
sign. The experimental data for the compounds with 
R = C6H5 and X = C1 gave splittings of 1.39 mms"1 

and 1.19 mms"1 respectively. The discrepancy was not 
due to the tin acquiring a higher coordination number 
than four in the solid since quickly frozen solutions 
gave practically the same values. This and related ano-
malies could be accounted for by supposing that the 
four bonds in such compounds are not equivalent 
s - p hybrids [29a, b]. As proposed in Bent's rule the 
bond to the least electronegative ligand has the higher 
s content. Similar conclusions about changes in 
hybridization were reached in studies of complexes of 
gold(I) of the type LAuX [30], 

12. Calculations of isomer shifts 
and electric field gradients 

It is possible to calculate both isomer shifts and elec-
tric field gradients. The difficulties in calculating the 
former quantities are familiar. The calculations must 
use wave functions referring not to the isolated 
Mössbauer atom but to the cluster in which it is pre-
sent, a simple example is FeF^. Relativistic wave 
functions are essential. The measured isomer shifts 
give the difference in electron density at the nuclei 
for two compounds; it is the difference of two large 
quantities, the greater part of the electron density being 
due to the sub valence shell electrons. Screening ef-
fects of the ρ and other orbitals are difficult to calcu-
late. Calculations avoiding serious approximations are 
very time consuming. 

As might be expected in these circumstances the 
calculated value is very often not too close to the ob-
served value. The observed isomer shifts provide an 
interesting test of the validity of such calculations. 
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Calculations of electric field gradients are gener-
ally rather more successful, but they also demand con-
siderable computer time. 

13. Magnetic studies 

Mössbauer spectroscopy has proved to be of great 
value in the study of the magnetic properties of solids. 
The most extensive work has concerned iron com-
pounds, especially the mixed oxides such as the 
spinels and perovskites. 

The onset of magnetic ordering of the iron atoms 
leads to a persistent hyperfine magnetic field at the 
nuclei and magnetic splitting of the spectrum ensues. 
The magnitude of the field and its orientation in re-
lation to the principal axis of the electric field gradient 
can be deduced from the spectrum. 

Using an externally applied field and single crystal 
samples the nature of the ordering, antiferromagnetic, 
ferrimagnetic or ferromagnetic, can be determined and 
the sign and orientation of the hyperfine field in re-
lation to the crystal axes obtained. Magnetic phase 
changes are readily detected. Using an applied field 
normal to the Mössbauer photon beam the spin flop 
transition is clearly revealed [31]. 

By substituting diamagnetic ions, such as Ga3+, for 
the iron information about the magnetic coupling be-
tween the lattices can be explored. In the substituted 
samples next nearest neighbour effects, as described in 
section 18, are observed [32], 

In conjunction with other techniques Mössbauer 
spectroscopy has helped disentangle the complicated 
magnetic behaviour of chemically simple substances 
like magnetite, Fe304. 

Magnetic properties, since they arise from cooper-
ative interactions in the solid, depend on the particle 
size in the sample measured. Very small particles be-
have paramagnetically at temperatures below the Neel 
temperature, this behaviour is called superparamagne-
tism. This has provided the basis of a technique in 
which the Mössbauer spectra at different temperatures 
can be used to deduce something about the particle 
size in the sample [33]. 

14. Conversion electron Mössbauer spectroscopy 

The absorption events regenerate the excited state of 
the Mössbauer nucleus in the absorber. De-excitation 
leads to re-emission of Mössbauer photons in all direc-
tions, so that besides measuring the reduction in the 
intensity of the photon beam from the source along the 
beam axis the scattered photons can be measured in 
other directions. In such a measurement the velocity 
of movement of the source leading to greatest re-
duction in beam intensity will give the highest inten-
sity of the scattered photons [34]. 

With most Mössbauer nuclei however internal con-
version dominates the decay and a high proportion of 
the de-excitation takes place with electron and X-ray 

emission. Hence it is more satisfactory to measure 
these scattered radiations. Both the electrons and the 
X-rays are generally of low energy, 7.3 keV and 
6.45 keV respectively in the case of 57Fe spectra, and 
if the scatterer, that is absorber, is incorporated directly 
in a proportional counter the spectrum recorded will 
be determined by the superficial and near surface lay-
ers of the scatterer. This is because the conversion 
electrons have a very limited range in a solid sample. 

Much greater specificity as to the depth below the 
surface of the sample from which the spectrum ema-
nates can be obtained using more elaborate apparatus. 
The scatterer and conversion electron detector are 
housed in a vacuum chamber. The detector is a chan-
nel electron multiplier and conversion electrons of 
selected energy are recorded so that the spectra are 
determined by the material at selected depths below 
the surface of the scatterer [35], 

These techniques, often called CEMS, have been 
used extensively for the study of the corrosion of met-
als, especially iron [36]. They are also convenient for 
the study of thin films. The way in which the magnetic 
ordering in iron metal films changes with the thickness 
has been explored with this technique [37], Not sur-
prisingly the various treatments that have been used to 
modify the properties of iron, including nitriding and 
phosphate treatments to reduce corrosion, have been 
studied in this way [38], An example of industrial 
interest is the way the spectrum from steel ballbearings 
changes as the bearings age [39]. 

15. Applications in mineralogy and petrology 

A high proportion of minerals contain iron, an 
especially favourable element for Mössbauer spec-
troscopy. In the numerous silicate minerals the iron is 
most frequently present as Fe2+. The isomer shift helps 
to determine whether the iron cations are 4, 5, 6 or 8 
coordinate. It also distinguishes Fe2+ from Fe3+. A 
very wide variety of quadrupole splittings are found 
for the Fe2+ ions even with the same coordination 
number. The environments are always distorted from 
the ideal tetrahedral and octahedral arrangements for 
four and six coordination. 

Since the free ion and ligand contributions to the 
quadrupole splitting are normally of opposite sign the 
splitting is generally greatest for the least distorted en-
vironment. As a result the Mössbauer spectrum of a 
mineral is a unique property and can be used for 
identification [40a, b]. 

The nondestructive measurement of the Mössbauer 
spectrum was particularly useful for the identification 
of minerals in precious samples such as those collected 
on the moon [41]. Terrestrial pyroxenes and plagio-
clase usually show some Fe3+ in their spectra but none 
could be seen in the spectra of moon rock samples. 
However the Mössbauer spectrum is not very sensitive 
to the presence of Fe3+ in the presence of much larger 
amounts of Fe2+, less than 1% of the iron in the 
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oxidized form will not normally be seen. The moon 
"soil" contains ilmenite and in the impact craters 
glassy materials. No Fe3+ could be detected in the 
spectra of either of these, although more sensitive 
methods of detection showed tiny amounts of Fe3+ in 
superficial material [42], 

In many metamorphosed rocks both Fe2+ and Fe3+ 

are present and the determination of their proportions 
by classical analysis is not always reliable; the solu-
tion of the sample for analysis often leads to oxidation 
of some Fe2+. The area of the absorption peaks due 
the iron in a given valence and lattice site is pro-
portional to the amount of iron in that form in the 
absorber. It is necessary that the spectrum be measured 
with a thin sample, that there is minimal overlap of 
component spectra and that the Mössbauer fractions 
for the iron in the different sites are about the same. 
The latter condition is likely to be fulfilled if spectra 
are measured at low temperature and the sites have the 
same coordination number. 

Although the precision of this method of analysis 
is limited the results are at least as reliable as those 
from chemical analysis [43], 

16. Cation ordering in minerals 

Many minerals have more than one kind of cationic 
site which can be occupied by Fe2+ or other divalent 
cations such as Mg2+, Ca2+ etc. Often a range of min-
erals are available in which various proportions of the 
sites are occupied by Fe2+ and the question arises does 
the iron prefer to occupy one kind of site more than 
another. The number of kinds of site and their local 
configuration is generally known from diffraction 
studies. In many cases this will permit the spectrum 
arising from iron in a given site to be identified and 
the area under the absorption lines gives the amount 
of iron in that kind of site. With two kinds of site a 
random occupation will lead to half the total iron in 
each kind of site. More generally the areal measure-
ments will give the mole fraction of iron in each site 
and, supposing sites not occupied by iron are occupied 
by magnesium, the data will yield an equilibrium con-
stant for the reaction Fe2+(1) + Mg2+(2) > Fe2+(2) + 
Mg2+(1) the 1 and 2 referring to the two kinds of site. 
A refinement is to introduce activity coefficients, for 
example on the basis the theory of regular solutions. 

At very high temperatures the equilibrium constant 
will always approach unity, but at lower temperatures 
it may differ very substantially from one. Measure-
ment of the Fe2+ occupation of the sites may then 
supply information about the thermal history of the 
mineral [44], 

17. Valence derealization in minerals 

Some minerals, usually giving very complex Möss-
bauer spectra, have component spectra with anomalous 
isomer shifts and, usually, very temperature dependent 

spectra. The anomalous isomer shifts are too high for 
four or six coordinate Fe3+ but too small for even four 
coordinate Fe2+. These characteristics are typical of 
derealization between Fe2+ and Fe3+. The minerals 
include Deerite, Howeite, Ilvaite, Augite, Schorlomite 
and others. No other technique of investigation can 
reveal this derealization so clearly [45]. 

18. Next nearest neighbour effects 

The electric field gradient at the iron atom in minerals 
is affected not only by the coordination geometry of 
the oxide ion ligands but also by the next nearest 
neighbour ions. This is because these ions are also in-
teracting with the ligand oxide ions. If there are two 
or more cationic components in the mineral and they 
are randomly distributed over the cation sites there 
will be a distribution of the proportions of the two 
cations as the next nearest neighbours to different iron 
atoms. Thus there will be a distribution of electric field 
gradients and the lines in the spectrum will broaden. 
By contrast with one cationic species or an ordered 
occupation of cationic sites, leading to a constant next 
nearest neighbour environment, sharp line spectra will 
ensue [46]. 

19. Soil analysis 

The determination of the identity and proportions of 
the various iron oxides and hydroxides present in soils 
and earthy deposits is a matter of considerable diffi-
culty. Combined with X-ray diffraction studies 
Mössbauer spectra supply the best solution to the 
problem. However rather extensive measurements are 
needed, including recording of spectra at temperatures 
down to liquid helium temperature. Long measure-
ments ensuring a low statistical error on each point on 
the spectrum are required. Conclusions from one set 
of spectra should then be used to calculate expected 
values for other spectra and an analysis of the quality 
of the fit made [47]. 

20. Dating 

Several possibilities of using Mössbauer spectra for 
dating minerals have been suggested. They include a 
slow cis-trans change in minerals with octahedral Fe2+ 

with two OH ligands and a slow ordering of next near-
est neighbours if, these are initially disordered. As yet 
none of the procedures can be regarded as established. 

21. An example of potential industrial application 

Since good quality spectra generally take a day to ac-
cumulate and expert interpretation is usually necessary 
Mössbauer spectra are not attractive for industrial ap-
plication. However there are exceptions. In a number 
of coals their sulphur content is largely present as py-
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rites. A two point measurement can be made, one at a 
velocity giving an absorption maximum for pyrites, 
the other at a velocity far off resonance. The difference 
in counting rate at the two velocity will be a measure 
of the pyrites content of the coal. A measurement of 
this kind can be made in less than an hour [48]. 

22. Application to iron containing natural products 

Mössbauer spectra have proved of considerable value 
in helping to elucidate the structure and mode of oper-
ation of the numerous biologically important iron com-
plexes. Most of these iron-protein compounds are very 
complex and no single method of investigation gives 
a complete picture of their nature and properties. In 
many cases their iron content is very low, perhaps one 
iron atom in a molecule of weight 104 to 106. The 
abundance of 57Fe in natural iron is only about 2% so 
that it is best to use samples produced from organisms 
which have been supplied with 57Fe enriched iron. 
Good quality spectra with small statistical errors are 
important for these studies and a very detailed com-
puter analysis of the spectra is essential. 

Perhaps the simplest of these generally compli-
cated compounds are the iron transport complexes, 
these include transferrin, lactoferrin and the sidero-
chromes. The last of these may have molecular 
weights as low as 1000. They are formed in the sim-
pler organisms. These compounds behave as strong 
high spin iron(III) complexes, over a wide range of 
temperatures they give quadrupole split paramagnetic 
spectra but at very low temperatures magnetic splitting 
ensues. The iron atoms in the solid complex are well 
separated and there is no magnetic coupling. An analy-
sis of the spectra yields details of the symmetry at the 
iron site and the ligand field splittings. In higher or-
ganisms the iron transport compounds appear to con-
tain two iron atoms per molecule and the spectra sug-
gests they may occupy different sites. 

23. The iron storage compounds, such as ferritin 
and hemosiderin, are also amongst the simpler 
of these compounds 

They have a relatively high iron content and give 
somewhat simpler spectra than the other compounds 
that will be considered. They consist of a core of 
iron(III) hydroxide, usually containing some phos-
phate, surrounded by a protein sheath. At low tempera-
tures they give magnetically split spectra but over 
some temperature range below room temperature the 
magnetic spectrum collapses to give a quadrupole split 
doublet. This suggests superparamagnetic behaviour 
(See section 13). The size of the iron hydroxide core 
can be estimated on this basis. Ferritins from different 
organisms, animals, plants or fungi, differ substantially 
in core size [49a, b, c]. 

24. Not surprisingly extensive work has been done 
on the Heme group of iron proteins 

In these compounds the iron is in a quasi-octahedral 
environment, surrounded in the equatorial positions by 
four nitrogens in a porphyrin type ligand. The fifth 
axial position binds to a nitrogen in a histidine unit in 
the protein aminoacid chains. The sixth position can 
be occupied by oxygen, water, cerbon monoxide or 
other ligands, or be vacant. Hemoglobin has four such 
units in the molecule, myoglobin only one. Mössbauer 
spectroscopy has confirmed and amplified conclusions 
from earlier work on these compounds and uncovered 
new information. 

In deoxyhemoglobin, where the iron is not in the 
plane of the four nitrogens, the spectra confirm that it 
contains high spin Fe2+. A quadrupole split spectrum 
is obtained even at low temperatures, but magnetic 
splitting takes place in an external applied magnetic 
field. From the temperature dependence of these spec-
tra information about the environment of the iron can 
be obtained. 

Another complication is revealed by these and 
other data. Model porphyrin complexes of iron have 
shown that abnormal spin states, 5 = 1 and S = 3/2 for 
iron(II) and iron(III) respectively, may occur. Ferri-
cytochrome c seems to contain a heme unit of this kind 
[50], The deoxyhemoglobin data suggest a low lying 
state of spin unity. A further complication is the possi-
bility of spin cross over with these compounds. 

In oxyhemoglobin the iron is low spin and a quad-
rupole split spectrum is found even at very low tem-
peratures. The unusual temperature dependence of 
quadrupole splitting provides information about the 
orientation and rotation of the oxygen around the iron 
oxygen bond. The 0 - 0 axis is neither parallel nor 
normal to the plane of the four nitrogens. 

Other heme complexes can be shown to contain 
high spin or low spin iron(III) and there is even evi-
dence for iron(IV) complexes [51]. 

25. Another rather numerous group of natural iron 
compounds are the iron sulphur proteins 

These contain iron interacting with four sulphur atoms 
in a tetrahedral arrangement. In the rubredoxins all the 
sulphur atoms are in cysteinyl units of the protein giv-
ing units with a single iron atom. In the ferridoxins 
there are two bridging sulphide ligands giving a unit 
containing two iron atoms. There are also ferridoxins 
with three iron atoms with the same proportions of 
sulphide and cysteinic sulphur ligands and a ring . In-
deed Mössbauer spectroscopy played an important role 
in the identification of this group [52]. Finally a very 
important group contain a quasi-cubic, or cubane, unit 
with four sulphidic atoms and four iron atoms each 
bonded to three sulphidic and one cysteinic sulphurs 
[53], 

These compounds are often involved in natural re-
dox reactions. Mössbauer spectroscopy plays an im-
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portant part in the investigation of these compounds, 
very detailed studies are essential. In the compounds 
containing two or more iron atoms the question of the 
oxidation state of the iron atoms is complicated by 
valence derealization [54]. 

Numerous iron containing enzymes as well as the 
iron molybdenum species nitrogenase involved in ni-
trogen fixation, have been studied by Mössbauer spec-
troscopy [55]. 

26. Differential perturbed angular correlation 
(DPAC) 

The third technique in which radioactive decay yields 
information about the environment of the radioactive 
atom depends on the angular correlation between the 
directions of emission of successive photons emitted 
by the nucleus. In these circumstances the emission of 
the first photon coincides with spin polarisation of the 
nucleus, different spin orientations are no longer 
equally populated, therefore the emission of the sec-
ond photon is not isotropic in relation to the direction 
of the first. 

In the absence of any perturbing fields the relative 
probability of the second photon being emitted in a 
direction making an angle θ with the direction of the 
first photon is given by the sum of a number of prod-
ucts composed of a coefficient and a Legendre poly-
nomial. Only the even Legendre functions are in-
volved. The coefficients are functions of the spin 
quantum numbers for the nuclear states involved and 
the multipolarity of the emission. 

Considering now a differential measurement in 
which the relative probability is measured a time t 
after the emission of the first photon, the result will be 
the above mentioned sum corrected for the decay of 
the intermediate state during the interval t. This cor-
rection term will be the only time dependent term. 

If however the nucleus is perturbed by a magnetic 
field or an electric field gradient the spin polarisation 
of the intermediate state will be affected and the rela-
tive probability for emission at an angle θ becomes 
time dependent. This time dependent term contains the 
components of the electric field and the magnetic field 
at the nucleus, the same quantities as are obtained 
from the Mössbauer spectrum. 

The theory of perturbed angular correlation was 
developed in the early 1950's [56a, b, c] but experi-
mental data only began to appear about the time 
Mössbauer spectroscopy developed. 

27. Experimental considerations 

The nuclear state emitting the first photon, or its par-
ent, should have a reasonably long half life, preferably 
longer than an hour to permit measurements over a 
long enough period for good statistics. The intermedi-
ate state should have a half life appreciably longer than 
the magnetic or quadrupole precession times and the 

time interval St set by the circuit detecting coincidence 
of first and second photons. A convenient species for 
DPAC is the nuclear isomer l l lmCd, the first photon 
has an energy 150 keV and a half life of 48.6 min, 
rather shorter than desirable. The second photon of 
247 keV is emitted by a state with a half life of 84 ns. 
With a coincidence resolution time of 2 ns the time 
dependence can be followed over some hundreds of 
nanoseconds. Such measurements on a cadmium com-
pound labelled with the nuclear isomer will yield the 
same information as a hypothetical Mössbauer spec-
trum of the compound, except that nothing corre-
sponding to the isomer shift will be obtained. 

Unfortunately there are not very many suitable nu-
clear isomers available [57], Several more systems be-
come available if one produces the state emitting the 
initiating photon by another radioactive decay pro-
cesses. But this introduces a complicating factor; how 
far has the decay of the parent species affected the 
chemical state of the species emitting the first photon? 

The recoil following soft β particle emission is 
generally too small to effect bond rupture but both β 
decay and orbital electron capture lead to considerable 
electronic disturbance. In metals and conductors such 
disturbance is quickly repaired and PDAC is entirely 
suitable for measuring electric field gradients and 
magnetic fields. In insulators however the measure-
ments may be more useful for what they tell one about 
the chemical effects of the decay of the parent species. 

Sometimes both DPAC and Mössbauer data are 
available for a compound. Agreement of the electric 
field gradient values obtained by the two methods is 
satisfactory. Discrepancies can be attributed to the ef-
fects of the decay. DPAC measurements are possible 
producing excited states of 11 'Cd by β decay of ' "Ag 
and by orbital electron capture in '"In. In both cases 
comparison with nuclear isomer data shows that both 
decay processes lead to some '"Cd in abnormal en-
vironments. 

An interesting simple result is to find that a closed 
shell parent almost always leads to a closed shell de-
cay product [58]. 

DPAC is especially well suited to exploring relax-
ation effects taking place faster than the life time of 
the intermediate state, such as a fluctuating electric 
field gradient. Unlike Mössbauer spectroscopy it can 
be used with solutions or gases. In solutions it pro-
vides a means of measuring the rotation period of large 
molecules after labelling with a suitable radioactive 
species [58]. 
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Abstract 
The contribution of X-rays to the development of radiochemistry 
is reviewed. Historical accounts are presented together with the 
present status of the applications of X-rays, including PIXE and 
synchroton radiation, to structural and analytical chemistry. Fi-
nally, the chemical effects on X-ray emission and their appli-
cation to chemical speciation are discussed. 

1. Introduction 

X-rays were discovered by Roentgen in November 
1895, less than 4 months before Becquerel's discovery 
of radioactivity. The succession of both events appears 
logical, because X-rays are generated in the inner elec-
tron shells of the atom, while radioactivity is a prop-
erty of the atomic nucleus itself. The high penetrating 
power of the X-rays was surprising to scientists who 
were familiar only with visible, IR and UV radiations. 
Radioactivity was accompanied by the emission of 
even more energetic and penetrating radiations. 

The recognition of X-rays not only imposed a rev-
olutionary change in the concept of the atom proposed 
by Dalton and his contemporaries, but opened the way 
to the discovery of radioactivity on grounds of the re-
lation between X-rays and fluorescence. The famous 
French mathematician Henri Poincare suggested that 
since X-rays seem to emerge from the fluorescence of 
the walls of a Crookes tube, any other fluorescence, 
whatever its origin, should also be a source of X-rays. 
This observation prompted Henri Becquerel to verify 
whether the phosphorecence of uranium salts, a 
phenomenon already investigated by his father, was 
accompanied by the emission of X-rays. As is well 
known, Becquerel did not observe X-rays but rather a 
new kind of radiation which was able to blacken a 
photographic plate. The origin of this emission was 
the radioactivity of uranium, which was confirmed lat-
er by the Curies. 

The chemical action of X-rays was gradually eluci-
dated in the years following 1910 by S. Lind. This 
aspect is relevant to radiation chemistry and will not 
be covered in this review. 

In 1914, Moseley established his law which relates 
the wavelength of X-rays to the atomic number of the 

associated element. This law was applied successfully 
by G. von Hevesy, the pioneer of the use of X-rays in 
chemistry and 1944 Nobel Laureate, to the identifi-
cation in 1923 of a new element with atomic number 
72 (hafnium). 

At that time, Hevesy, a Hungarian of noble birth, 
was working at the Niels Bohr Institute in Copenhagen 
and was helped by Coster, a Dutch specialist on X-ray 
spectroscopy. The fruitful collaboration between the 
chemist and the physicist was stimulated by the inter-
national and interdisciplinary atmosphere which pre-
vailed at the Institute. The new element discovered by 
Hevesy and Coster resembled Ti and Zr, contrary to 
the belief that it should belong to the group of rare 
earths. The discovery of hafnium supported the atomic 
theory of Bohr, who heard about the discovery during 
his stay in Stockholm on the occasion of his Nobel 
Prize lecture delivered in 1922. 

A young Japanese scientist, attracted by Bohr's 
reputation, joined the Institute in Copenhagen. This 
was Y. Nishina, who was to become famous for his 
quantum mechanical calculation, together with Klein, 
of the cross section of Compton scattering, and later 
also for the discovery of the symmetric fission of uran-
ium induced by fast neutrons. In 1925, Nishina and 
Coster successfully performed the first quantitative 
chemical analysis based on X-rays. They used stand-
ards of Ta and Lu to determine the amount of Hf, a 
practice which was later extensively applied in radio-
activation analysis, the major radioanalytical method 
introduced by Hevesy in 1936. 

Coster was also interested in the chemical effects 
of the X-ray absorption edge, which had been ob-
served in the early 1920's, by Bergenbren, Lindh and 
others. He suggested that the chemical shift of the ab-
sorption wavelength was closely related to the defor-
mation of the outer electron shells caused by the 
chemical state of the atom investigated. 

Nishina extended his stay in Copenhagen and 
showed in 1927 that the chemical shift of the X-ray 
absorption in Ca, CI and S could be explained quanti-
tatively in terms of the lattice energy and of the 
character of chemical bonding. This work was achieved 
in cooperation with two other Japanese visitors in Co-
penhagen, Aoyama and Kimura. The latter is well 
known for the discovery of the first nuclide in the nep-
tunium family, the ß~ emitter 237U. 

Inspired by the spirit of the Bohr Institute, Nishina 
was to become the most influential physicist for the 
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Fig. 1. The XPS spectrum of aerosol from high level wastes [3]. 

following generation of Japanese nuclear scientists, as 
pointed out by Segre in his book "From X-rays to 
Quarks" published in 1976. This role has been 
acknowledged by Yukawa, 1949 Nobel Laureate for 
his prediction of the existence of the meson. 

Nishina's impact was not limited to the physicists' 
circles, since he also stimulated interest on nuclear 
chemistry. Back in Japan, Kimura, who had partici-
pated in Hevesy's work, undertook the search for 
transuranium elements at the Physical and Chemical 
Research Institute of Tokyo shortly after McMillan's 
discovery of neptunium in 1940. One of his students, 
N. Saito, was for a time Director at the International 
Atomic Energy Agency. Kimura's laboratory was well 
equipped with a Siegbahn X-Ray spectrometer for 
analytical purposes. The present author was one of Ki-
mura's youngest students. 

The importance of X-rays in radiochemistry is well 
established today. Striking examples are X-ray meas-
urements in particle-induced X-ray emission (PIXE), 
X-ray diffraction studies of Tc compounds and acti-
nide elements, structural analysis by XAFS (including 
EXAFS and XANES) and X-ray fluorescence (XRF) 
analysis, including total reflection X-ray fluorescence 
(TXRF) of synchrotron radiation (SR). 

However, X-rays have further potentialities. The 
chemical effects on X-ray characteristics are being 
elucidated step by step. Progress in the field is expect-
ed with the advent of instruments with higher reso-
lution. Speciation of elements based on chemical ef-
fects has a promising future and recent studies in this 
field are included in the review. 

2. X-rays in the analysis of radioactive materials 

For a time, X-ray measurements were considered rela-
tively inconvenient when compared to the detection 
of the radiations emitted by radioactive nuclides. The 
demerits were overcome with the advent of semicon-
ductor detectors in the 1960's. Si(Li) detectors are now 
extensively used in energy-dispersive X-ray spec-
trometers (EDX). Compared to the wavelength-disper-
sive systems (WDX), which resolve the X-rays with 

ω c 0> 

Fig. 2. PIXE analysis of atmospheric deposits on a carbon film 
[5], 

an analyzing crystal coupled to a goniometer, they of-
fer the advantages of a higher counting efficiency, a 
shorter measurement time and easier data treatment. 
However, the resolution of the EDX systems is defi-
nitely below that of the other type of spectrometer. 

EDX spectrometers with X-ray tubes are widely 
used for the multielemental and fast analysis of numer-
ous materials. They are convenient for the determi-
nation of U and Th, but the sensitivity is relatively 
poor. A more sophisticated analysis is performed on 
small samples with an electron probe X-ray microana-
lyzer (ΕΡΜΑ). With this technique, Bradbury et al. [1] 
first demonstrated that the fission products Ru, Mo, 
Ce and Ba existed as solid solutions in slices of ir-
radiated U02 pellets. Interestingly, metallic inclusions 
of noble metals such as Ru, Rh and Pd were also found 
as a consequence of the redistribution of oxygen in 
irradiated fuels. Cladding interactions in neutron-ir-
radiated MOX fuels (U02-Pu02) were studied by 
Johnson et al. [2], With ΕΡΜΑ, these authors showed 
that intergranular attack of the stainless steel cladding 
had occurred at the fuel-cladding interface; in partic-
ular, fission-produced iodine played an important role 
in the corrosion of the cladding. 

An energy-dispersive spectrometer combined with 
a scanning electron microscope (SEM-EDX) is a 
powerful tool for drawing an elemental map of the 
material to be measured. Baumgärtner and coworkers 
[3] investigated the chemical behaviour of technetium 
in aerosols generated from high level wastes by means 
of SEM-EDX, Auger electron spectroscopy (AES) and 
X-ray photoelectron spectroscopy (XPS or ESCA). All 
these methods rely on X-rays, either as the excitation 
source or as the radiation emitted in relaxation pro-
cesses. The authors found that the behaviour of Tc in 
the map was similar to that of Cs measured by SEM-
EDX and AES. Since the XPS spectrum revealed Tc 
as pertechnetate, the authors concluded that CsTc04 
was present in the aerosol (Figure 1). This observation 
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Fig. 3. Comparison of the detection limit of PIXE with those of other methods. XRF: X-ray fluorescence, TXRF: total reflection X-
ray fluorescence, ΕΡΜΑ: electron probe X-ray microanalysis, NAA: neutron activation analysis, and ICP-MS: inductively coupled 

plasma mass spectrometry. 

is compatible with the known behaviour of fission 
iodine in spent nuclear fuels that combines with Cs as 
Csl [4]. 

3. Analysis of environmental 
and biological samples by PIXE 

Protons, deuterons, helium ions and heavy ions deliv-
ered by accelerators have large interaction cross sec-
tions with atomic electrons, followed by the emission 
of X-rays, thus enabling a highly sensitive and multi-
elemental analysis of various materials. This is the es-
sence of the PIXE method (particle-induced X-ray 
emission), which has been applied successfully to the 
analysis of trace elements since its introduction in 
1970 by Johansson and coworkers [5], Before 
Johansson's decease in 1992, the PIXE method had 
been recognized as a standard technique in analytical 
chemistry with a wide range of applications in physics, 
chemistry, biology and medicine, as well as in tech-
nology. 

The first example of PIXE analysis presented by 
Johansson et al. is shown in Figure 2 [5], A carbon 
film was exposed outdoors overnight and the X-ray 
spectrum of the sample bombarded for one hour with 
5 MeV protons was measured with a Si(Li) detector. 
The characteristic X-rays of the elements S, Ca, Ti, V, 
Cr, Fe, Cu, Zn, Sr, Zr and Pb were clearly identified. 

The sensitivities of PIXE and of other methods are 
compared in Figure 3. The absolute sensitivity is high 
for PIXE, but the method is less efficient on a relative 
sensitivity scale. It can be improved with preconcen-
tration procedures and detection of trace elements in 
water at the ng/1 level has been reported [6], The de-

tection limit of PIXE, as well as that of other analytical 
methods, is greatly enhanced by the use of micro-
beams (μ PIXE). 

PIXE is very commonly applied to environmental 
samples and is particularly useful for the analysis of 
aerosols. Cahill suggested the establishment of an in-
ternational network for the control of fine sulfate aero-
sols which arise largely from human activities [7]. 
Data useful for meteorology, based on PIXE measure-
ments of aerosols in Europe, have recently been ob-
tained by Koltay [8], A model has been established to 
estimate the relative fractions of anthropogenic aero-
sols arising from local emissions and from sources in 
neighbouring countries. 

Environmental pollution caused by studded car 
tires has been demonstrated by a Japanese group using 
the PIXE method [9]. It was found that at the begin-
ning and end of the snow-fall season in the northern 
districts of Japan (Sapporo, Sendai), the erosion of as-
phalt roads by studded tires released dusts. The profile 
of elements found in dusts, shown in Figure 4, is in 
good agreement with that of asphalt, i.e., rich in Ca 
and quite different from that in cities (e.g. Nagoya) 
where studded tires are not in use. Legal regulation for 
the use of studded tires was established in conse-
quence. 

Biology and medicine are also important fields for 
application of PIXE. Human blood serum and hair 
samples have been analysed by Valkovic [10]. The up-
take of environmental pollutants by hair has obvious 
implications in public health. 

Yumoto et al. have analysed the content of Al in 
brain [11]. The element is suspected to contribute to 
Alzheimer's disease. Upon administration (oral or by 
injection) of Al in rats, the metal accumulates in the 



336 Η. Κ. Yoshihara 

Asphalt 

Ca 

Sapporo 

Ca 

Fig. 4. The elemental concentration of six main elements for 

brain and morphological changes occur simul-
taneously. The authors concluded that Alzheimer 's 
disease is caused by irreversible accumulation of Al in 
the brain, as well as in the nuclei of brain cells. 

For the examination of fine art and paintings, the 
object is bombarded with a proton beam extracted 
f rom the accelerator window. The non-destructive 
PIXE technique with an external beam is convenient 
for surface analysis of precious samples of very small 
sizes. Works of art f rom the Louvre and other mu-
seums have been analysed [12]. The external PIXE 
milliprobe was used in the investigation of the 42-line 
Bible printed by Gutenberg in the 145Q's. Different 
lots of papers used for the document could be dis-
tinguished on the basis of their F e / C a and Μ η / C a ra-
tios [13]. 

With the development of a focussing device for 
accelerated ions, a powerful method for scanning mi-
croprobes became available, μ PIXE using a scanning 
proton, microbeam has been applied by Vis et al. to 
biomedical samples (serum, tissues and hair) [14]. An 

Nagoya 

Ca 

Sendai 

Co 

and for airborne particulates in Sapporo, Sendai and Nagoya [9], 

elemental map drawn with the same technique has pro-
vided useful information on the formation of aerosols, 
Al uptake in beech plant roots [15] and in sphagnum 
leaves [16]. The usefulness of μ PIXE in life sciences, 
geosciences, environmental sciences, archaeometry, 
material science and in industry has been demonstrated 
with the scanning proton microprobe at the University 
of Oxford [17]. 

In the practice of PIXE analysis, pile-up and 
charge buildup must be avoided. Peisach et al. have 
noted an abnormal X-ray yield for insulating fluoride 
compounds [18]; in the case of CuF2 the enhancement 
exceeded 1000 for the Cu Κ X-rays with respect to 
metallic Cu [19]. This anomaly was ascribed to charge 
buildup followed by a discharge which could generate 
extra X-rays. It has been pointed out that the phenom-
enon might find applications in the production of 
monoenergetic ultra-soft X-rays in ESC A studies [20], 

Applications of PIXE are found in the proceedings 
of the conferences "Particle induced X-ray Emission 
and its Analytical Applications" (in Nuclear Instru-
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ments and Methods in Physics Research B: Special 
issues) and in the International Journal of PIXE. 

4. Synchrotron radiation (SR) 
in structural and analytical chemistry 

Synchrotron radiation is emitted when relativistic 
charged particles move along a curved path in a mag-
netic field. Many synchrotron facilities are in oper-
ation in the world, and provide a wide range of spectra 
with wavelengths extending from the infrared to the 
X-ray region. In this section, applications of SR to 
structural and analytical problems related in some way 
to radiochemistry are described. 

Ene rgy 

(c) sa te l l i te l ine 
fo rmat ion 

\ 1 J V J k 

(b) intensity change 

E n e r g y 

4.1 EXAFS using synchrotron radiat ion 

Extended X-ray absorption fine structure (EXAFS) 
studies of Tc compounds have been performed by the 
Cincinnati group [21]. The oligomer/polymer struc-
ture in aqueous solution of the bone-seeking agent Tc-
MDP (MDP = methylene diphosphonate) was eluci-
dated. An Australian group has been concerned with 
the determination of the μ-οχο or bis^-oxo) dimer of 
Tc compounds [22]. The two varieties yield different 
EXAFS pattern, thus enabling confirmation of the 
presence of the bis^-oxo) dimer in the nitridotechne-
tium complex. 

4.2 TXRF using synchrotron radiat ion 

Total reflection X-ray fluorescence spectrometry 
(TXRF) was pioneered by Yoneda and applied to spec-
trochemical analysis [23]. The technique is widely 
used for surface analysis. Superficial concentrations of 
elements and impurities on Si wafers have been meas-
ured with a detection limit down to 109 atoms cm"2 

[24]. The analysis is rapid, multielemental and non de-
structive. 

The method has been combined with intense SR 
sources. The very high sensitivity of SR-TXRF has 
been demonstrated for the elements Κ to Zn [25, 26]. 
The detection limit is enhanced with polarized SR 
beams, with a limit of 3 pg for Co [27], 

5. Chemical effects on X-rays characteristics 

The chemical shift of X-ray wavelengths is known 
since the 1920's, but detailed features of chemical ef-
fects on the properties of X-rays have been elucidated 
only within the last two or three decades. In the simple 
case of X-ray emission, four different types of chemi-
cal effects are observed (Figure 5): 

(a) energy (wavelength) shift; (b) change in the emis-
sion probability (intensity); (c) appearance of satellite 
lines as a result of multiple electron vacancies and 
electron pick-up from central atoms; (d) change of the 

Energy E n e r g y 

Fig. 5. Chemical effects on X-ray spectra. 

peak profile (broadening) [28], Although these effects 
may sometimes perturb X-ray measurements, they are 
very useful for chemical state analysis and chemical 
speciation [29]. 

5.1 X-ray energy shift 
X-ray energy shifts due to chemical effects have been 
reported for various elements. Assignment to specific 
chemical states has been attempted for S [30—33], Al 
[34-36], Si [31], Sn [31] and other elements. For ex-
ample, Gohshi determined the distribution of sulfur 
species in coke (or coal) with a high resolution X-ray 
spectrometer equipped with two crystals [37], Figure 6 
shows the spectra of thiosulfate, which serves as stand-
ard, and of coke. The coke spectrum was deconvoluted 
into two components corresponding to S6+ and S2". 
Typical analyses of coal samples are given in Table 1. 
Kawai et al. have found a linear relationship between 
the chemical shift of the Sc Κα line and the electro-
negativity of the counter atom [38], 

Recently, Iihara and coworkers have reported 
chemical shifts in iodine and antimony compounds 
with equipment similar to that of Gohshi [39]. The 
energy shifts for the Ly4, Lyt and Lß2A5 iodine lines 
are shown in Table 2. The most important shift is ob-
served for Ly4 owing to the location of iodine valence 
electrons in the corresponding level. 

Sugiura measured the X-ray emission from the 
valence band in metal complexes [40—42], The Lß2A5 
lines of Pd and Pt and the chlorine Κ β line have been 
recorded for the square planar complexes K2PdCl4, 
(NH4)2PdCl4, trans- [Pd(NH3)2Cl2], [Pd(NH3)2Cl2] · H20, 
K2PtCl4, cis- and trans-[Pd(NH3)2Cl2]. The spectra of 
geometrical isomers are different. 

5.2 Change in the X-ray emission 
probabil i ty 

A change in the intensity of X-ray emission with the 
chemical state has been observed at Tohoku University 



338 Η. Κ. Yoshihara 

E n e r g y ( e V ) 

12 16 2 0 2 4 28 
E n e r g y ( e V ) 

Fig. 6. Sulfur Ka spectrum and its components; (a) sodium 
thiosulfate and (b) coke [31]. 

Table 1. Analysis of sulfur composition by X-ray fluorescence 
(weight%) 

Sample Total s6+ S2" 

A 0.31 0.02 0.29 
Β 0.99 0.21 0.78 
C 0.36 0.06 0.30 
D 0.70 0.25 0.45 
Ε 0.51 0.04 0.47 
F 0.22 0.01 0.21 
G 0.37 0.03 0.34 
Η 2.71 0.37 2.34 

Table 2. X-ray energy shift of iodine compounds 

Compound Energy shift (eV) 

Ly4 Ly, 

Nal 0.94 -0.36 -0.44 
KI 0.82 -0.51 -0.41 
Cul 1.35 -0.52 -0.57 
SnI, 0.60 -0.68 -0.60 
HIO, -0.11 -0.37 -0.46 
KIO, -0.33 0.06 0.01 
KIO„ 0.00 0.00 0.00 

in Sendai in the electron capture decay of 51Cr [43] 
and in the isomeric transition of "mTc [44], The Κβ2Ι 
Κα intensity ratio for 99mTc has been compared to that 
of 95mTc and 97mTc. Mukoyama et al. [45] used the 
simplified model of Brunner [46] to correlate success-
fully the change with the effective charge on Tc. The 

Molecular orbi ta l occupat ion ( % ) 

Fig. 7. The Ly,/Lß, X-ray intensity ratios for various niobium 
compounds bombarded with protons as a function of molecular 

orbital occupation [47]. 

changes are small, being 1 0 - 2 0 % for chromium and 
at maximum 4% for technetium, because the electronic 
transitions at the origin of the emission lines occur 
between the subvalence shells 3 ρ for Cr and 4 ρ for 
Tc. 

More significant effects on the X-ray intensity ra-
tio have been observed in the PIXE Ly, lines of ni-
obium and molybdenum. Iihara et al. have measured 
the Lyx/Lß, intensity ratio in proton-bombarded Nb 
and Mo compounds [47], As shown in Figure 7, the 
intensity ratio in Nb increases with the molecular or-
bital occupation calculated by the GAMESS-MO 
method. The maximum change is as high as 60%, 
demonstrating the effectiveness of direct transitions 
starting with the 4 d valence shell. The linear relation-
ship seen in the figure could be explained by the 
change in the electron density in the orbital concerned. 
The emission probability Τ is 

T = AN,.ElDfj (1) 

where Λ is a constant, N,· the electron density in the 
orbital i, Ex the X-ray transition energy and Du the 
dipole matrix element. The subscripts i and j denote 
respectively the initial and final orbitals in the tran-
sition. The terms Ex and Du are only slightly depen-
dent on the chemical state. Therefore the intensity is 
essentially determined by the population of the molec-
ular orbital. 

The Tohoku group has also measured X-ray inten-
sity ratios in iodine and antimony. The chemical ef-
fects are more pronounced for the LyJLß3 ratio (with 
a maximum of 60 to 70%) than for Ly^Lß, or Lß2A5 

because the Ly4 X-ray line corresponds to transitions 
involving valence shells, while the latter lines arise 
from subvalence shells. 

In general, electronic transitions from the valence 
shell are more sensitive to the chemical environment 
than those occurring in subvalence shells. This trend 
has been verified by comparing in the same chromium 
compounds the Lß/La ratio to the Kß/Ka ratio in the 
Cr X-ray spectrum [48]. 
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Fig. 9. The fluorescence yield ratio a>2/co0, the L-shell refilling 
probability / and the L-shell width r L plotted as a function of 

covalency C [52]. 

A large variation of the Kß/Ka ratio has been ob-
served in Na20-Si02 glasses as a function of the Na 20 
content [49]. The intensity ratios of fine structure com-
ponents (Kßs, KßL and KßH) of the Kß line to Ka 
change remarkably with the Na 2 0 content. The inten-
sity of KßL decreases while the intensities of KßH and 
Kßs increase with Na 20 content, as shown in Figure 8. 
This behaviour has been explained theoretically by as-
suming direct interactions between Si and Na. 

direct beam 

reflected beam 

substrate 

(b) Interference pat tern 

screen 

Fig. 10. The interference pattern from radioisotope-originated 
X-rays: (a) principle and (b) a result for '''Cr-labeled arachidate 

[57]. 

5.3 Sa t e l l i t e l ines 

Satellite lines in X-ray spectra have various origins, 
such as multivacancy satellites and charge transfer sat-
ellites. In particular, satellite peaks appear in PIXE 
spectroscopy with heavy ions. The intensity of the KL" 
peak follows a binomial probability distribution 

I(KL") = Ο P"L(\-PlT (2) 

where PL is the probability of ionization of the L shell 
and η the number of L vacancies. As pointed out by 
Watson et al., the KL" satellite line is closely related 
to the electronegativity of the neighbouring atoms of 
the X-ray emitter [50]. Results obtained by Benka et 
al. indicated a strong influence of the chemical en-
vironment on the second and third peaks in the spectra 
[51]. Uda et al. found that various parameters were 
related to the covalency term C (or 1 —/, where I is the 
ionicity): the fluorescence yield ratio ω2/ω0 of the first 
to the third peak, the probability / of refilling the L 
shell, and the L shell width TL, as shown in Figure 9 
[52], The authors suggested that chemical speciation 
could be achieved with these relations. Cr Κα satellite 
lines emitted in the bombardment of four chromium 
targets with 14 MeV/u 0 4 + were clearly resolved by 
Folkmann with a 20X50 mm analyzing crystal [53], 
As in the previous cases [51, 52], chemical effects ap-
pear in the second and third peaks. 

Charge transfer satellites in Be Κ X-ray spectra 
formed by pick-up of electrons from the L shell in 
oxygen have been observed in the bombardment of 
BeO with nitrogen or oxygen ions [54], 

Quantum mechanical calculations have been per-
formed by Kawai et al. to interpret the formation of 
charge transfer satellites [55]. The Kß" satellite in the 
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Sc X-ray spectrum is strong in ScF3, but weak in 
Sc 20 3 . This pattern was assigned to electron transitions 
from an antibonding MO involving Sc 3 ρ and ligand 
2 s electrons to the 1 s"1 hole. Strong Ka" and Κ β" 
satellites appear in metallic Sc owing to a better screen-
ing of the core hole by electrons in the conduction 
band than by 3 p~l holes. The Κ β" satellite was as-
signed to the hole transition from 1 to an antibond-
ing MO formed between Sc 3 ρ electrons and electrons 
of neighbouring atoms. Satellite lines due to splitting 
of molecular orbitals have been reported [55]. 

5 . 4 Peak p r o f i l e c h a n g e 

The profile of X-rays peaks may change by broaden-
ing or deformation. The broadening of the Nb Ly, peak 
in amorphous Nb-Ni alloy with respect to that of me-
tallic Nb has been observed by Iihara and Yoshihara 
[56], and attributed to mixed band formation involving 
Nb 4 d and Ni 3 d electrons. 

Chemical effects are also known for more ener-
getic muonic and pionic X-rays, but they are not yet 
fully explored [29]. 

6. Other applications 

Interfering effects of X-rays following electron capture 
decay of 51Cr have been reported recently [57], When 
the radioactive atom is located at a short distance over 
the surface of a substrate, X-rays from glancing reflec-
tions interfere with the direct beam (Figure 10). The 
interference pattern recorded on an imaging plate de-
pends on the distance ζ between the radionuclide and 
the surface of the substrate and on the take-off angle 
Θ{. The X-ray yield Y is determined by the relations 

W,z) = \Ed + Er\2 (3) 

Y(6d = I Ν(ζ)(θυ z) dz (4) 

where Ι(θν ζ) is the intensity of the characteristic X-
ray, Ed and Er are the field plane waves Ε for the direct 
and reflected emissions and N(z) is the distribution of 
atoms at the distance ζ• From the experiment per-
formed by Sasaki et al. [57] with 51Cr-arachidate LB 
films, a distance ζ shorter than the theoretically ex-
pected value has been determined. The authors argued 
that the surface monolayer was unstable in air owing 
to its hydrophilic nature and may have undergone a 
reversal of orientation known as overtuning. 

7. Concluding remarks 

In this review, the importance and role of X-rays in 
radiochemistry have been described, together with the 
fields of application. X-rays are indispensable as ana-
lytical tools. Chemical effects on X-ray properties are 
not only of interest for basic science, but bear promis-
ing applications to chemical analysis. However, the ac-
quisition of further and refined data is essential. 

References 

1. Bradbury, Β. T„ Demant, J. T„ Martin, P. M., Poole, D. M.: 
J. Nucl. Mater. 17, 227 (1965). 

2. Johnson, I., Johnson, C. E., Crouthamel, C. E., Seils, C. A.: 
J. Nucl. Mater. 48, 21 (1973). 

3. Henkelmann, R., Baumgärtner, F.: Fresenius Ζ. Anal. Chem. 
319, 795 (1984). 

4. Cronenberg, A. W„ Langer, S.: Nucl. Technol. 87, 234 
(1989). 

5. Johansson, Τ. B., Akselsson, R., Johansson, S. Α. E.: Nucl. 
Instrum. Methods 84, 151 (1970). 

6. Johansson, Ε. M., Johansson, S. Α. E.: Nucl. Instrum. 
Methods B3, 154 (1984). 

7. Cahill, Τ. Α.: Nucl. Instrum. Methods B75, 217 (1993). 
8. Koltay, E.: Nucl. Instrum. Methods B85, 75 (1994). 
9. Amemiya, S., Tsuriya, Y., Masuda, T„ Asawa, Α., Tanaka, 

K., Katoh, T., Mohri, M., Yamashita, T.: Nucl. Instrum. 
Methods B3, 516 (1984). 

10. Valkovic, V.: Nucl. Instrum. Methods 142, 151 (1977). 
11. Yumoto, S., Ohashi, H„ Nagai, H„ Ogawa, Y„ Iwata, Y„ 

Ishii, K.: Intern. J. PIXE 2, 493 (1992); Yumoto, S„ Ohashi, 
H., Nagai, H., Kakimi, S., Ishikawa, Α., Kobayashi, K., 
Ogawa, Y.: Nucl. Instrum. Methods B75, 188 (1993). 

12. Menu, Μ.: Nucl. Instrum. Methods B75, 469 (1993). 
13. Eldred, Α., Kusko, Β. H„ Cahill, Τ. Α.: Nucl. Instrum. 

Methods B3, 579 (1984); Kusko, Β. Η, Cahill, Τ. Α., Eldred, 
R. Α., Schwab, R. Ν.: ibid 689 (1984). 

14. Vis, R. D., Van der Stap, C. C. A. H„ Bos, A. J. J.: Nucl. 
Instrum. Methods B3, 319 (1984). 

15. Hult, M„ Bengtsson, B., Larsson, Ν. P.-O., Yang, C.: Scan-
ning Microsc. 6/2, 581 (1992). 

16. Watkinson, S. C., Watt, F.: Biologist 95, 181 (1992). 
17. Grim, G. W., Watt, F.: Nucl. Instrum. Methods B75, 495 

(1993). 
18. Peisach, M.: J. Radioanal. Nucl. Chem. 110, 461 (1987). 
19. Peisach, M.: Nucl. Instrum. Methods B85, 100 (1994). 
20. Pillay, A. E„ Peisach, M.: J. Radioanal. Nucl. Chem. 189, 

283 (1995). 
21. Martin Jr., J. L„ Yuan, J., Lunte, C. E., Elder, R. C., Heine-

man, W. R., Deutsch, Ε.: Inorg. Chem. 28, 2899 (1989). 
22. Williams, G. Α., Martin, L. J.: Private communication. 
23. Yoneda, Y.: Phys. Rev. 131, 2010 (1963). 
24. Prange, Α.: Spectrochim. Acta 48B, 107 (1993). 
25. Horowitz, R., Howell, J.: Science 178, 608 (1972). 
26. Iida, Α., Yoshinaga, Α., Sakurai, K., Gohshi, Y.: Anal. 

Chem. 58, 394 (1986). 
27. Wobrauschek, P., Kregsamer, P., Ladisich, W., Rieder, R., 

Streli, C.: Spectrochim. Acta 48B, 143 (1993). 
28. Yoshihara, K., Iihara, J.: Intern. J. PIXE 2, 93 (1992). 
29. Yoshihara, K.: Top. Current Chem. 157, 1 (1990). 
30. Hurley, R. G„ White, E. W.: Anal. Chem. 46, 2234 (1976). 
31. Gohshi, Y„ Hirao, 0. , Suzuki, I.: Adv. X-Ray Anal. 18, 406 

(1975). 
32. Watanabe, T., Hashiguchi, Y., Sato, H.: Trans. Iron Steel 

Inst. Jap. 21, 173 (1981). 
33. Ban, Y., Sugiura, T., Furuya, K., Gohshi, Y.: Bunseki Ka-

gaku 34, 238 (1985). 
34. Gel'mukhanov, F. K., Mazalov, L. N., Kondratenko, Α. V.: 

Chem. Phys. Lett. 46, 133 (1977). 
35. Gohshi, Y.: Spectrochim. Acta 36B, 763 (1981). 
36. Grimaldi, R., Paris, V., Mariani, E.: X-Ray Spectrometry 

10, 163 (1981). 
37. Gohshi, Y., Fukao, Y., Hon, K.: Spectrochim. Acta 27B, 

135 (1972); Gohshi, Y„ Kamada, H„ Köhra, K„ Utaka, T„ 
Arai, T.: Appl. Spectrosc. 36, 171 (1982). 

38. Kawai, J., Nakamura, E., Nihei, Y., Fujisawa, K., Gohshi, 
Y.: Spectrochim. Acta 45B, 463 (1990). 

39. Iihara, J., Fukuhara, K„ Yagi, M., Omori, T„ Yoshihara, K.: 
Hyperfine Interactions 84, 433 (1994). 

40. Sugiura, C.: J. Phys. Soc. Jap. 59, 2134 (1990). 
41. Sugiura, C.: Jap. J. Appl. Phys. 29, 1116 (1990). 
42. Sugiura, C.: Jap. J. Appl. Phys. 29, 2426 (1990). 



X-Rays and Radiochemistry 341 

43. Tamaki, Y., Omori, T., Shiokawa, T.: Radiochem. Radioan-
al. Lett. 20, 255 (1975). 

44. Yamoto, I., Kaji, H., Yoshihara, K.: J. Chem. Phys. 84, 522 
(1986). 

45. Mukoyama, T„ Kaji, H„ Yoshihara, K.: Phys. Lett. A118, 
44 (1986). 

46. Brunner, G., Nagel, Μ., Hartmann, Ε., Arndt, Ε.: J. Phys. 
B15, 4517 (1982). 

47. Iihara, J., Izawa, G., Omori, T., Yoshihara, K.: Nucl. In-
strum. Methods A299, 394 (1990). 

48. Iihara, J., Omori, T., Yoshihara, K., Ishii, K.: Nucl. Instrum. 
Methods B75, 32 (1993). 

49. Iihara, J., Kawai, J., Sekine, T., Yoshihara, K.: Intern. J. 
PIXE 3, 177 (1993). 

50. Watson, R. L„ Leeper, A. K., Sonobe, Β. I., Chiao, T., Jen-
sen, F. E.: Phys. Rev. A15, 914 (1977). 

51. Benka, O., Watson, R. L., Bandong, B.: Phys. Rev. A28, 
3334 (1983). 

52. Uda, M„ Benka, 0. , Fuwa, K., Maeda, K„ Sasa, Y.: Nucl. 
Instrum. Methods B22, 5 (1987). 

53. Folkmann, F.: Nucl. Instrum. Methods B75, 9 (1993). 
54. Kawatsura, K., Ozawa, K., Fujimoto, F., Terasawa, M.: 

Phys. Lett. 60A, 327 (1977). 
55. Kawai, J.: Nucl. Instrum. Methods B75, 3 (1993). 
56. Iihara, J., Yoshihara, K.: Intern. J. PIXE 3, 215 (1993). 
57. Sasaki, Y. C., Suzuki, Y., Tomioka, Y., Ishibashi, T., Satoh, 

I., Hirokawa, K.: Phys. Rev. B50, 15516 (1994). 





Ε. Radionuclides in the Environment 

and Nuclear Energy 





Radiochimica Acta 70/71, 345-353 (1995) 
© R. Oldenbourg Verlag, München 1995 

Radioactivity in the Atmosphere 
By H. W. Gäggeler 
Institut für anorganische, analytische and physikalische Chemie, Labor für Radio- und Umweltchemie, 
Universität Bern, 3012 Bern, Switzerland 
and Labor für Radio- und Umweltchemie, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland 

(Received August 24, 1995) 

Radioactivity / Atmosphere / Radon / Thoron / 
Cosmogenic radionuclides 

Abstract 
A short review is made on atmospheric radionuclides with em-
phasis on their activity concentrations in the troposphere, mostly 
for surface air over Europe. Discussed are those species which 
have activity concentrations above about 1 mBq/m3. For this 
atmospheric layer highest average activity concentrations 
( > 1 Bq/m3) have i) 222Rn ("radon") and its short-lived decay 
products, (ii) 220Rn ("thoron"), however, only for the lowest 
meter above ground, and iii) a5Kr. In the range 1 mBq/m1 to 
1 Bq/m3 are Τ(Ή), ,4C, 37Ar and 7Be as well as the "thoron" 
decay product 212Pb. Average activity concentrations slightly be-
low 1 mBq/m3 has 210Pb, the only long-lived decay product of 
"radon". The sources of these radionuclides are discussed. Not 
included in this review are radionuclides contained in the 
atmosphere at very low activity concentrations or from single 
emissions such as e.g. from the Tschernobyl accident in 1986. 

1. Introduction 
Environmental radioactive nuclides have three differ-
ent sources; they are either primordial, cosmogenic or 
anthropogenic. 

Primordial radionuclides are those which were pro-
duced during element evolution and which have (part-
ly) survived since then due to their long half-lives. Our 
solar system has an age of about 4.5 · 109 years; this 
means that nuclides with half-lives longer than about 
108 years can still be found in our environment. With 
respect to the atmosphere, progenies of the primordial 
nuclides 238U and 232Th with half-lives of 4.5 · 109 and 
1.4 · 1010 years, respectively, are of special importance. 
These actinides are mainly contained in the lithosphere 
and decay via several nuclides to different isotopes of 
lead. In both decay chains one intermediate nuclide is 
an isotope of the noble gas radon, 222Rn (called "ra-
don") in case of 238U and 220Rb ("thoron") in case 
of 232Th which have half-lives of 3.8 days and 56 s, 
respectively. These gases can escape from the litho-
sphere into the atmospheres. Of less importance -
with respect to the atmosphere — is 235U with a half-
life of 7.0 · 108 years, caused by its low isotopic abun-
dance of 0.7 % in natural uranium and the fact that the 
corresponding radon isotope 219Rn ("actinon") has a 
very short half-life of 4 s. 

The second reservoir of radionuclides is the upper 
atmosphere. The earth is permanently bombarded by 

cosmic ray particles. These particles are of solar or 
galactic origin and are predominantly protons. Mainly 
the high energy galactic protons (typical energies 
100 MeV - 3 GeV with a flux of about 3 cm^s" ' [1]) 
interact with the atmospheric species in nuclear reac-
tions and form a variety of radionuclides. Also second-
ary particles such as neutrons and myons have high 
enough energies to produce several nuclides. The 
beam flux of galactic cosmic ray particles onto the 
earth surface is not constant in time; it is modulated 
by the solar activity which has a well known 11 year 
cycle. In time periods with high solar activity (i.e. high 
sun spot number) the flux of galactic particles bom-
barding the earth surface is low and vice versa. This 
is due to a magnetic shielding of the earth caused by 
the solar activity. In addition, the solar activity has 
low-frequency variabilities e.g. with a time constant of 
several hundred years. This leads to time periods with 
extremely low solar activities such as e.g. during the 
Maunder minimum between 1645-1715. During this 
time period the production of cosmogenic nuclides 
was increased. 

Finally, with the beginning of nuclear technology, 
humans have started to emit radioactive species into 
the environment. This was for the first time a serious 
problem during the atmospheric nuclear weapons test-
ing programs of USA and the former Soviet Union in 
the late 50th and early 60th. Most pronounced were the 
ejections into the atmosphere in 1962 which led to a 
test-stop agreement for overground explosions on 
5 August 1963 in Geneva. Even now, the radioactive 
debris from these nuclear weapons testing period can 
be found in archives such as lake or sea sediments or 
in glacier ice cores. During the following period of 
underground testing only radioactive gases such as 
85Kr or 37Ar (a secondary product from the 
40Ca(n,a)37Ar reaction) were released into the atmos-
phere. 

Nuclear power plants and nuclear reprocessing 
plants emit radionuclides into the atmosphere too. Of 
special importance was the Tschernobyl accident: on 
April 26, 1986, due to human failure, a 1 GW reactor 
exploded and caused a high contamination of the local 
environment. By long-range atmospheric transport 
Tschnerobyl fallout could be detected nearly every-
where in the northern hemisphere. 

Also the non-nuclear industry releases some radio-
nuclides into the atmosphere such as T, ,4C or several 
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isotopes of iodine from tracer applications in industry, 
chemistry or nuclear medicine. 

In the following, the main radionuclides contained 
in the different atmospheric compartments will be dis-
cussed, with main emphasis on their activity concen-
trations in the planetary boundary layer, i.e. in the low-
er troposphere. No general overview on all existing 
radionuclides will be given but rather a discussion ac-
cording to decreasing average activity levels, mainly 
over Europe. As a lower limit, nuclides with about 
>1 mBq/m3 average activity concentration will be 
discussed. Therefore, some radionuclides of great im-
portance to environmental studies but of low average 
activity concentration will not be included into this re-
view. Examples of this latter category are 10Be which 
can be used to reconstruct the history of the solar ac-
tivity, RIKr as a nuclide of great potential to study very 
old aquatic systems, 129I as a tracer to reconstruct the 
total emission history from nuclear industry or 32Si to 
be used to date environmental archives over time 
periods between about 102 and 103 years. 

2. 222Rn and its decy products 

2.1 R a d o n - 2 2 2 
222Rn and its decay products are important atmospheric 
radionuclides because they are responsible for a siz-
able fraction of the total public exposure to ionizing 
radiation. Typical exhalation rates of 222Rn from the 
soil are on the order of one atom/cm2 s or 2 · 10"4 

Bq/cm2s [2]. 222Rn can highly accumulate in houses, 
especially in cases with low ventilation rates. Accord-
ing to estimates [3], indoor 222Rn exposure may be re-
sponsible for more than 10% of the US incidence of 
lung cancer. Indoor activity concentrations are typi-
cally between 10 and 102 Bq/m3 [3-6] , for e.g. Swiss 
houses on the average 60 Bq/m3 [6]. 

For outdoor conditions, emanating 222Rn and its 
decay products distribute in the troposphere mainly via 
turbulent mixing which is characterized by the eddy 
diffusivity. Eddy diffusion is strongly depending on 
micrometeorological conditions. This may cause pro-
nounced diurnal variations of the 222Rn activity con-
centration at low altitudes (1 - 1 0 m above ground) [2, 
5, 7], Average diurnal variations for clear weather con-
dition at e.g. 1.5 m above ground in a river valley in 
Germany for the time period May/July 1989 showed 
minimum activity concentrations of about 5 Bq/m3 in 
the afternoon and maximum values of about 40 Bq/m3 

at 4 am [7, 8]. 
Exhalation rates of 222Rn are about 100 times high-

er over continents if compared to the sea [9]. This 
leads to a gradient of the average activity concen-
trations of 222Rn over the continent. Average values 
(annual means for 1980-1983) were about 0.8 Bq/m3 

on the research platform Nordsee, 3.3 Bq/m3 at Wald-
hof, 5 Bq/m3 at Heidelberg and 6.5 Bq/m3 at Krakau 
[10], The surface activity concentrations of 222Rn are 
nearly equal over the different continents, except for 

1991 
Fig. 1. Monthly mean activity concentrations of the short-lived 
222Rn ("radon") decay product 214Pb at Jungfraujoch (3450 m 

asl), Switzerland, for the year 1991 (from [15]). 

arctic areas [11], For Antarctica, typical values are 
( 1 - 3 ) · 10"2 Bq/m3 [12], Over the sea, at distances 
far from land masses, 222Rn activity concentrations are 
typically 0.1 Bq/m3 [13], 

This well defined source term of 222Rn makes this 
radionuclide a good marker for air parcels of continen-
tal or maritime origin [11,14,15], 222Rn measurements 
can therefore be used as an additional help to identify 
source regions of air masses. Examples are measure-
ments at Jungfraujoch (3450 m asl), Switzerland. This 
is a high-alpine site, where high radon activities could 
be correlated with air trajectories arriving to this site 
from southerly (Africa) or easterly (continental) direc-
tion, but not from westerly direction (maritime origin) 
[15], In Antarctica, high 222Rn activities were con-
nected to air mass transport from South America [12], 
Another example is Mauna Loa, Hawaii, where high 
222Rn activity concentrations could be attributed to 
long-range transport from Asia [16]. 

The vertical concentration profile of 222Rn within 
the planetary boundary layer is mainly determined by 
the atmospheric stability. The activity decreases ex-
ponentially, as predicted theoretically [17] and found 
experimentally [18, 19]. Within the lowest 4 km it 
decreases by about a factor of four to ten [19, 20], 
For ground-based measurements at elevated sites, 
meteorological conditions strongly influence the local 
222Rn activity concentrations. Especially during the 
summer period convective vertical transport from 
nearby valleys cause an increase of the local activity 
concentrations (Fig. 1) [15, 21], 

222Rn activity concentrations reach values of about 
10 to 100 mBq/m3 (STP) in the tropopause and lower 
stratosphere [20, 22, 23]. However, it was found that 
advective transport of radon-rich air from the bound-
ary layer can reach the upper troposphere [24] or even 
the stratosphere [22] which can lead to bimodal distri-
butions of the 222Rn activity concentration [24], 

2.2 Shor t - l ived decay p roduc t s of 222Rn 
222Rn decays by a chain of a- and ^-emissions via 218Po 
(Ty2 = 3.1 min), 2,4Pb (Γ1/2 = 26.8 min), 2,4Bi (Γ1/2 = 
19.9 min) and 214Po (TV2 = 164 μβ) to the long-lived 
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Fig. 2. Monthly mean activity concentrations of 2"'Pb in surface air of Fribourg, Switzerland [37] (solid line) and Neuherberg, Munich, 
Germany for 1973 — 1981 [36] (dashed line). Both sites are located on the northern side of the Alps at a distance of 360 km. 

nuclide 2U)Pb (TU1 = 22 years). Since these progenies 
of radon are non-gaseous species, they adsorb to aero-
sol particles. It is assumed that this process proceeds 
in two steps. First, after thermalization of the primary 
nuclides in the gas, the atoms or positive ions form 
clusters of 0.5 nm to 5 nm size - depending on pa-
rameters such as temperature and humidity — by at-
tachment of H 2 0 molecules [2, 25]. These clusters are 
called "unattached" radon progenies. Second, these 
clusters attach to aerosol particles. Typical attachment 
rates for outdoor conditions (aerosol particle concen-
tration (2 -7 ) · 104 cm 3) were found to be 2 0 - 1 0 0 h"' 
[26], corresponding to average attachment times of 
40 s to 3 min. For an aerosol particle concentration of 
only 100 cm"3, an attachment time of about 1 hour 
was observed [27], Of special relevance is the fact, 
that due to a 112 keV nuclear recoil, the first progeny 
of the α-emitting nuclide 218Po, the daughter nuclide 
214Pb, escapes with about 80% probability [28, 29] 
from the particles which have typical median aerody-
namic diameters of 50 to 200 nm [28]. In addition, for 
indoor condition or outdoor situations close to ground, 
prior to an attachment of the short-lived 222Rn proge-
nies to aerosol particles, these nuclides may plate-out 
to nearby-surfaces. Since the diffusion coefficients of 
the nm-size clusters are much higher compared to 
those of aerosol particles, the plate-out effect may de-
plete the progenies of 222Rn considerably in the lowest 
few meters above ground [9, 17]. This is of special 
importance if aerosol particle collection techniques 
such as air-filter measurements are used to determine 
the 222Rn activity concentrations. 

At altitudes higher than about 10 m above ground 
222Rn is generally in secular equilibrium with its short-
lived decay products [17]. 

2.3 L e a d - 2 1 0 

The only long-lived ( ^ years) decay product of 222Rn 
is 2,0Pb. This nuclides is attached to aerosol particles 
in the sub-micron range and therefore considered to be 
a good tracer for an aerosol produced by gas-to-
particle conversion [30]. Its residence time in the 

atmosphere is determined by the average residence 
time of sub-micron aerosol particles from the accumu-
lation mode which is typically one to two weeks [31, 
32], Removal from the atmosphere occurs mainly by 
wet and dry deposition of the carrier aerosol particles. 
Estimated continental deposition rates are about 
20 mBq/cm2 y [33, 34], Yearly average activity con-
centrations in surface air over Europe are about 0 . 2 -
0.7mBq/m3 , except for arctic regions with lower 
values, e.g. 15 μΕ^/ηι3 at Franz Joseph Island [35]. 
Similar to the European values are those in America, 
Asia and Australia [35], Lower values are found in 
Antarctica, e.g. 13 μBq/m3 at the South Pole [35], 

Monthly mean activity concentrations exhibit no 
pronounced seasonal variation, except for some maxi-
ma during long-periods with clear weather [36—38]. 
Fig. 2 shows monthly mean activity concentrations for 
21"Pb from Fribourg, Switzerland [37] and Neuherberg, 
Germany [36] for the time period 1973-1981. Both 
locations are on the northern side of the Alps at a 
distance of 360 km. The very similar concentration 
patterns at both locations indicates that 210Pb is well 
mixed in the planetary boundary layer over large areas. 

Due to the long half-life of 2,0Pb it can be used to 
date environmental archives such as lake sediments or 
glacier ice [34], Nuclear dating is, however, only pos-
sible if the input function is known over the time peri-
od to be determined. Surprisingly, recent 2l0Pb 
measurements in ice cores from Greenland indicated 
that the deposition rates changed significantly during 
the last 150 years [39, 40]. Also for high-alpine ice 
cores recent 210Pb measurements give evidence for 
variations in the deposition rates over the same time 
period [41, 42]. Presently there is no explanation for 
this observation. 

The vertical profile of the 210Pb activity concen-
tration is expected to be rather constant up to an alti-
tude of about 10 km [17]. Experimental data from e.g. 
United States show, however, that the activity concen-
tration of 2l0Pb decreases by about a factor of five 
within this atmospheric layer [20], presumably due to 
lower residence times of aerosol particles than as-
sumed in [17]. Also data from Jungfraujoch (3450 m 
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asl) yield annual mean values of about 0.2 mBq/m3 

[15] which is a factor of two lower compared to the 
values at the nearby low-altitude site Fribourg [38], 

Decay products of 2l<)Pb 
21 "Pb decays via 2,0Bi (TU2 = 5.0 d) to 2l0Po (TU2 = 
138.38 d). Average activity concentrations of 2,0Po in 
air at e.g. Neuherberg measured during 1976-1982 
were found to be a factor of 10 to 20 lower than those 
of 2"'Pb [36], 

Activity ratios of the decay products of 2l0Pb are 
commonly used to determine residence times of aero-
sol particles in the troposphere. In general, values de-
duced from measurements of 2U)Bi and 210Pb are typi-
cally one week [43], in good agreement with theoreti-
cal estimates for the lower troposphere. On the other 
hand, residence times obtained from measurements of 
2l°Po and 210Pb are usually significantly higher, mostly 
about one month [44, 45], Such high values are dis-
cussed controversially in the literature: most authors 
assume additional sources of 210Po besides radioactive 
decay of 2,0Pb [20] such as the soil [46, 47] or pol-
lution sources of volcanic origin or from fossil fuel 
burning [47], 

3. 220Rn and its decay products 

Due to the short half-life of about one minute, 220Rn 
("thoron") escapes only from a small surface soil lay-
er into the atmosphere. For the same reason the gradi-
ent of the activity concentration in the lowest atmos-
pheric layer is very steep, typically decreasing by more 
than a factor of five within the first meter above 
ground [9]. Since the average thorium concentration in 
surface soil is generally higher than that of uranium, 
in the atmospheric layer below 1.5 m above ground, 
220Rn activity concentrations are higher than those of 
222Rn. Typical values measured for outdoor conditions 
at 1.5 m height in New Mexico were 22 Bq/m3 for 
22(,Rn and 5.5 Bq/m3 for 222Rn [47], In a flat river val-
ley close to Göttingen strong diurnal variations of the 
activity concentrations of 220Rn were found during a 
summer month, similar to those of 222Rn, with up to a 
factor of 50 higher values during night compared to 
the noon minima [48], Average values at this site at 
the 1.5 m level were about 80 Bq/m3 [7]. During late 
fall with strongly reduced vertical advective mixing, 
no diurnal variation of the activity concentrations for 
the same level above ground were observed [2], 

With respect to radiation dose it is presently un-
clear whether the thoron decay products 212Pb (TU2 = 
10.6 h), 212Bi (Tu2 = 60.6 min) and 212Po (TV2 = 
0.3 μβ) are of relevance. For indoor conditions it is 
estimated that these radionuclides may add up to 20% 
relative to that of the 222Rn decay products [49]. 

Atmospheric measurements of 220Rn decay prod-
ucts are scarce. In Malaga, Spain, close to the sea 
shore, during a 6 month measuring campaign of air 

collected 2 m above ground, 212Pb activity concen-
trations of about 0.1 Bq/m3 and 222Rn activity concen-
trations of about 2 Bq/m3 were determined [50]. 
Continuous measurements of 212Pb over 3.5 months in 
a river valley close to Göttingen resulted in average 
activity concentration of 0.4 Bq/m3, with large vari-
ations of the single measurements by nearly two orders 
of magnitude [48]. At Mauna Loa, 212Pb activity con-
centrations were strongly depending on meteorological 
conditions with up to 4 mBq/m3 for up-slope wind 
conditions and much lower values for non-up-slope 
wind conditions [51], At Jungfraujoch, 212Pb monthly 
mean activity concentrations showed large variations 
with minimum values of 1 mBq/m3 in winter and 
maximum values of 8 mBq/m3 in summer [15]. 

4. Krypton-85 
85Kr is a noble gas isotope with a half-life of 10.76 
years. It is produced in the thermal neutron induced 
fission of 235U with a cumulative yield of 0.28%, 
which is the product of the isobaric chain yield of 
1.32% and the yield of the internal transition of 85mKr 
of 21.4%. This radionuclide is emitted into the atmos-
phere during nuclear weapons testing (both above and 
underground), from nuclear power plants as well as 
from nuclear reprocessing plants. The average activity 
concentrations of 85Kr in the northern hemisphere is 
presently slightly higher than 1 Bq/m3 [52], Its activity 
concentration is steadily increasing with a doubling 
time of about 20 years [53]. At collection sites within 
the planetary boundary layer, activity peaks are fre-
quently observed, presumably due to well defined re-
leases from reprocessing plants [53, 54]. At Jungfrau-
joch, which is in the free troposphere, the average ac-
tivity concentration of 85Kr is also about 1 Bq/m3 but 
with much less pronounced fluctuations with time 
[52]. This means that this radionuclide is well mixed 
in the troposphere of the northern hemisphere [54], In 
antarctica, the activity concentration of 85Kr is about 
20% lower compared to the values in the northern 
hemisphere [53]. This is caused by the average trans-
portation time from the emission sources, all being in 
the northern hemisphere, to Antarctica, which is on the 
order of a few years. 

Even though 85Kr is the artificial radionuclide with 
the highest average activity concentration in the tropo-
sphere, its radiological importance is negligible, be-
cause — unlike 222Rn — it has no non-gaseous radio-
active decay products which can be accumulated in the 
human body. 

5. Tritium 

Tritium (Ή = Τ) is a weak Remitter (£ / !=18keV) 
with a half-life of 12.3 years. Tritium is both of natural 
and anthropogenic origin. The natural production oc-
curs via interaction of cosmic rays with the atmos-
phere. The anthropogenic production has several 
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Fig. 3. Tritium activity concentration (corrected for decay) from an ice core from Colle Gnifetti (4450 m asl), Monte Rosa massif 
(from [37]). The dating is based on the observation of well documented stratigraphic layers (Saharan dust horizons etc.). 

sources. First, tritium was released to the atmosphere 
by thermonuclear explosions. Second, a release into 
the atmosphere occurs from nuclear power plants or 
reprocessing plants as well as from industry. Due to 
its widespread applications, the actual tropospheric ac-
tivity concentration of tritium is significantly increased 
compared to the natural level from prenuclear times. 
The activity concentration of tritium is often given in 
T.U. (Tritium Units), with 1 TU = 1 Τ atom per ΙΟ18 Η 
atoms. 1 T.U. corresponds to a specific tritium activity 
of 0.12 Bq/kg water. 

In the atmosphere - except for the upper strato-
sphere - the dominating species containing tritium is 
HTO [55, 56], Most of the tritium is deposited on the 
earth surface by precipitation. However, depending on 
humidity and temperature, in the atmosphere a large 
part of tritium is in form HTO vapor. Due to isotopic 
enrichment, the T/H ratio in liquid HTO is 1.1 higher 
compared to that in gaseous HTO [57], Some minor 
part of tritium is also found in form of HT. 

5.1 Na tu ra l t r i t i u m 

As a cosmogenic radionuclide, tritium is produced in 
the stratosphere in spallation reactions of galactic cos-
mic rays, mainly protons, with oxygen and nitrogen. 
In addition, tritium is also produced by secondary 
particles, high-energy ( £ > 4 . 4 MeV) neutrons in the 
14N(n,T)12C reaction. As for all cosmogenic radio-
nuclides, the rate of production depends on the solar 
activity and varies between (1.5 — 3 ) · 1017 Bq/year 
[56]. Maximum solar flares correspond to minimum 
production and vice versa. 

The specific natural tritium concentration in pre-
cipitation depends on the latitude, with about 5 Bq/1 
at the poles and 0.06 Bq/1 at the equator [57], For a 
latitude of 45 °N or S, the natural specific tritium ac-
tivity concentration is about 0.6 Bq/1. This behavior is 
caused by the stratosphere-troposphere exchange of air 
masses [57, 58]. In addition, increased downward air 
mass flow is observed in late spring [55, 59]. This 
leads to seasonal fluctuations of the tropospheric ac-
tivity concentration with maxima in late spring [57]. 

There exists a continental effect of the specific trit-
ium activity concentration with lower values for sites 
close to the sea shore compared to those located deep 
inside the continents [57], For sites close to the coast 
the isotopic composition of HTO corresponds to that 
of oceanic surface water whereas for inland sites the 

HTO composition is increasingly determined by the 
tropospheric values at this latitude and by evaporated 
water from the land surface. 

For tritium in form of HT, the specific activity is 
much higher. However, due to the low abundance of 
hydrogen in air, the total amount of natural tritium in 
form of HT is only about 10"4 compared to that in 
form of HTO [55], 

5 .2 A n t h r o p o g e n i c t r i t i u m 

Begemann and Libby [60] estimated, that about 
4 · 1017 Bq of tritium was released for each megaton 
thermonuclear explosion. The total amount of tritium 
released during the overground test series performed 
by USA and USSR between 1954 and 1963 is esti-
mated to be about 1.1 · ΙΟ20 Bq [55], 

French and Chinese tests between 1968 and 1977 
have added another (7 -10) · 1018 Bq [55], These nu-
clear tests have, of course, strongly increased the HTO 
concentration in the atmosphere. As an example, the 
measured tritium concentrations in precipitation, as 
determined from an Alpine glacier ice core from Colle 
Gnifetti (4450 m asl) near Zermatt, Switzerland, for 
the time period 1952—1975 is shown in Fig. 3 [37, 
61]. From a level of about 1 Bq/1 in 1952 the tritium 
activity concentration increased to 740 Bq/1 in 1963 
and then decreased to about 10 Bq/1 in 1975. Since 
the snow deposition at this high-alpine wind exposed 
site occurs not very regularly [62], the seasonal fluctu-
ation of the tritium deposition is not well preserved. 
Between 1975 and present, the tritium activity concen-
tration decreased further. Typical tritium activity con-
centrations in precipitation, e.g. 1993 in Switzerland 
at different locations were between 1.5 and 5.5 Bq/1 
[6, 63]. The reasons for a still increased level of 
tritium compared to the natural background level are 
industrial applications, such as e.g. from the produc-
tion of luminous dials. 

5 .3 A t m o s p h e r i c a c t i v i t y c o n c e n t r a t i o n 
of t r i t ium 

If we assume, as an example for 1992, an average rela-
tive humidity of 70% and an average winter and sum-
mer temperature of 2 °C and 20 °C, respectively (val-
ues for Zürich, Switzerland [64, 65]), the measured 
tritium activity concentrations in precipitation of about 
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10' 
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Fig. 4. Monthly mean activity concentrations of 7Be in surface air of Neuherberg, Germany (from [36]). Activities are given in 
femtocurie/m3. 100 fCi/m1 = 3.7 mBq/m3 . 

2 Bq/1 corresponds to an average activity concen-
trations of gaseous HTO of 8 to 24 mBq/m 3 for winter 
and summer, respectively. However, for the same year, 
in the neighborhood of a company using tritium for 
industrial applications, much higher gaseous HTO ac-
tivity concentrations of about 5 — 25 Bq/m 3 have been 
measured [52], 

6. Beryllium-7 
7Be is a cosmogenic radionuclide with a half-life of 
53.3 d. It is produced both by primary (mostly protons) 
and secondary (neutrons) cosmic ray particles with ni-
trogen and oxygen according to the following reac-
tions: 1 4N(p,2a)7Be, , 6 0(p , u , B) 7 Be, 14N(n,8Li)7Be, 
and 1 60(n, 10Be)7Be. 

About 67% of 7Be is produced in the stratosphere 
and 33% in the troposphere [66]. The peak production 
is approximately in the middle of the atmosphere (in 
mass units) [67]. After production, 7Be attaches to sub-
micron-sized aerosol particles [68]. Cascade impactor 
measurements showed that in ambient aerosol particles 
most of the 7Be was found in the 0.7 to 1.1 μπι range 
[69]. Due to its main 7-line at 478 keV this nuclide 
can be easily measured in air filter samples. The sur-
face activity concentration of 7Be in air depends on 
four processes [70], i) stratosphere-troposphere ex-
change, ii) downward transport in the troposphere, 
iii) wet scavenging, and iv) horizontal transfer from 
mid latitudes to higher and lower latitudes. Hence, the 
annual cycle of 7Be in surface air may be quite differ-
ent at different sites. For mid latitudes in the northern 
hemisphere, typical annual cycles with maximum ac-
tivity concentrations in early summer are found 
(Fig. 4), caused by tropopause folding during this time 
period. In polar regions or at subtropical locations the 

annual cycles of 7Be activity concentrations are more 
complex as shown in a very thorough review on 7Be 
in the atmosphere [71]. 

The question whether the surface activity concen-
tration of 7Be depends on the solar activity is discussed 
controversially. In Ref. [71] no such clear correlation 
was found in contrast to Ref. [72], where for the years 
1 9 8 5 - 1 9 9 0 at 8 stations from 71 °N to 53 °S a pro-
nounced decrease of the annual mean activity concen-
tration was correlated to an increase of the solar ac-
tivity (sun spot number) for the same time period [73], 

The annual mean surface activity concentrations 
are higher at low latitudes compared to high latitudes, 
which is somewhat different to expectations based on 
pure vertical stratosphere-troposphere exchange. This 
might be a result of the complex transport processes 
mentioned above. As an example, the annual mean ac-
tivity concentrations for 1987 were (in mBq/m 3 ) : 1.4 
in Barrow, Alaska (71 °N), 2.9 in Moosonee, Canada 
(51 °N), 4.5 in Chester, USA (41 °N), 5.4 in Miami, 
USA (26°N), 4.5 in Lima, Peru (12°S), 4.8 in Perth, 
Australia (32°S), 3.5 in Cape Grim, Tasmania, Aus-
tralia (41 °S), and 1.7 in Punta Arenas, Chile (53 °S), 
respectively [72], In Europe (e.g. Neuherberg, Ger-
many, or Fribourg, Switzerland), annual man values in 
surface air are about 3 mBq/m 3 [36, 37], 

The activity concentrations are increasing with 
altitude. For northern mid latitudes typical values are 
18 mBq/m 3 at the tropopause and 155 mBq/m 3 in the 
lower stratosphere [74], 

7. Carbon-14 
, 4C (TV2 = 5730 years) is a pure ^-emitter with a 
maximum energy of 0.2 MeV. Similar to tritium, also 
modern atmospheric 14C is of natural and anthropogen-
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ic origin. Natural 14C is mainly produced in interac-
tions of secondary cosmic ray particles (neutrons) with 
nitrogen, according to the reaction 14N(n,p)14C. About 
55% of 14C is produced in the stratosphere and 45% 
in the upper troposphere [75]. Primary l4C oxidizes 
immediately in the atmosphere to 14C02. The average 
natural atmospheric activity concentration of 14C is 
about 40 mBq/m3 air, based on a measured specific 
activity of 0.219 Bq 14C/g total carbon [76] and an 
atmospheric volume concentration of 0.033% C02 . 
This corresponds to a 14C/ ,2C ratio of 1.2 · 10"12. The 
largest reservoir of 14C is the ocean (94%), the residual 
part being distributed in the atmosphere (1.5%), bio-
sphere (2.0%) and the humus (2.5%) [77], 

14C is incorporated into living material via C02 up-
take. This nuclide has therefore found widespread ap-
plications for dating purposes of dead organic material 
with an age up to 32,000 years [77]. By comparing 
"true" ages from dendrochronology of tree rings with 
the ,4C-age of the carbon from the corresponding an-
nual layers it was found that the past atmospheric l4C 
activity concentration was not constant. The longest 
period of the observed activity fluctuations has a peri-
od of about 11,000 years and is attributed to geomag-
netic dipole fluctuations of the earth [78]. The shortest 
fluctuation is caused by the well known 11-year cycle 
of the solar activity. The amplitudes of these activity 
fluctuations are usually < 2% [79], 

With the beginning of the nuclear age, anthropo-
genic l4C was introduced into the atmosphere. In the 
years 1962/63 with maximum overground testing of 
thermonuclear weapons, the 14C activity concentration 
in the northern hemisphere increased by nearly a factor 
of two [80]. In the southern hemisphere the increase 
was much smaller [81]. After the stop of overground 
nuclear explosions in 1963 the anthropogenic l4G ac-
tivity concentration decreased significantly, every 
17 years be a factor of two [81]. Actual 14C activity 
concentrations are still increased by about 10% above 
the natural level, mainly as residual contribution from 
the nuclear explosions but also due to emissions from 
nuclear power plants, reprocessing plants and from 14C 
tracer applications in chemistry. This means that the 
actual 14C activity concentration in the troposphere is 
about 45 mBq/m3. 

Besides the anthropogenic increase of the 14C ac-
tivity concentration there exists also an anthropogenic 
decrease which is caused by human fossil fuel burning. 
In 1950 it was realized by Suess that 14C activities in 
modern wood samples were too low by about 2% [82], 
This so-called Suess effect was later masked by the 
much larger increase of the l4C activity concentration 
from the nuclear weapons testing. 

8. Argon-37 
37Ar decays via electron capture and has a half-life of 
35 d. It is produced in cosmic ray induced reactions 
with atmospheric argon. In underground nuclear 

natural 
anthropo-

genic 

Fig. 5. Average activity concentrations of those radionuclides 
which have values above about 1 m B q / m 3 in surface air over 
continents — mainly over Europe. The sign + means that also 
short-lived decay products of these nuclides have similar activity 

concentrations. 

weapons tests it is formed in the 4HCa(n,a)37Ar reac-
tion. Some release of this nuclide occurs also from 
nuclear facilities [6], In surface air the natural activity 
concentration from cosmic ray production is about 
0.5 mBq/m3 [6], During the early 70,h with large 
underground test series, the 37Ar activity concentration 
e.g. in Bern, Switzerland, was increased shortly after 
every explosion by about a factor of 100 [37], Pre-
sently, the activity concentration at the same location 
is between 0.6 and 3.8 mBq/m3 [6]. 

9. Summary 

Typical ranges of actual surface air activity concen-
trations of different radionuclides over continents are 
shown in Fig. 5. Only those nuclides are depicted 
which presently have average activity concentrations 
above about 1 mBq/m3. Highest values have 222Rn 
("radon") and 220Rn ("thoron") including their short-
lived decay products. Over the sea, the highest activity 
concentration has the anthropogenic radionuclide 8,Κγ, 
due to the much reduced emanation rates of radon and 
thoron from the oceans. 

Fig. 5 also shows that the highest tropospheric ac-
tivity concentration from all cosmogenic radionuclides 
has 14C, even though about 10% of its present-day ac-
tivity is caused by anthropogenic sources. 

The gaseous radionuclides shown in Fig. 5 are 
222Rn, 220Rn, 85Kr, 37Ar, ,4C (in form of C02), and Τ 
(in form of water vapor). They are of minor impor-
tance with respect to public exposure to ionizing radi-
ation. This is different for those radionuclides which 
are attached to aerosol particles such as the decay 
products of 222Rn and 220Rn but also for 7Be because 
they can be accumulated in the human respiratory or-
gan. 

Not included in this review are those radionuclides 
which were released during the Tschernobyl accident 
on April 26, 1986 because they caused a contami-
nations of tropospheric air masses over a few days 
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only, e.g. in Switzerland between about April 30 and 
Mai 3, 1986 [83], 
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Summary 
The various sources of radioactivity are considered. Natural and 
anthropogenic radionuclides are selected with regard to their im-
portance in the geosphere and listed according to their chemical 
properties. The importance of the solubility of the radionuclides 
is emphasized and in view of their mobility five compartments 
are distinguished: surface of the earth, atmosphere, near-surface 
layers (with connection to the surface), nuclear installations and 
deep layers without connection to the surface. 

In a following chapter, the reactions of radionuclides with 
the components of natural waters are discussed. The importance 
of the knowledge of the chemical forms (speciation) is stressed 
and illustrated by examples. The influences of Eh and pH, inor-
ganic salts, colloids, suspended matter, organic compounds and 
microorganisms as well as that of precipitation and coprecipi-
tation is brought out. Then, the interaction of radionuclides with 
solid components of the geosphere are dealt with. After descrip-
tion of general aspects, interactions with consolidated rocks, un-
consolidated rocks, various minerals, sediments and soils are dis-
cussed. Isotopic and non-isotopic exhange reactions of radio-
nuclides on minerals are also considered. Finally, the problems 
of modelling are discussed. 

1. Introduction 

Radioactivity of uranium has been discovered hundred 
years ago (1896) by Becquerel [1], In the following 
years the natural radionuclides (mainly members of the 
transmutation series of U and Th) have been identified, 
and after the discovery of the neutron by Chadwick 
(1932), the discovery of nuclear fission by Hahn and 
Strassmann (1938) and the construction of accelerators 
a great number of artificial radionuclides and new arti-
ficial elements have been produced [2]. Today, the in-
vestigation of the behaviour of radionuclides in the 
geosphere, in particular in the environment, has be-
come one of the most important fields of radio-
chemistry [3]. 

In this paper the attempt is made to give a survey 
on the sources and the mobility of the most important 
radionuclides, to order their numerous interactions 
with the various components of the geosphere and to 
elucidate the diverse chemical aspects of these interac-
tions. Emphasis is laid on the chemical properties of 
the relevant radionuclides. Because detailed descrip-
tion of all kinds of interactions is not possible within 
the limited scope of this article, references are given 

for further reading. From these references it is obvious 
that besides radiochemistry itself various other fields 
are involved: chemistry of the elements and their com-
plexes, physical chemistry, organic chemistry, colloid 
chemistry, geochemistry, chemistry of water, sedi-
ments and soils. 

In chapter 2 a survey is given on the various natu-
ral and man-made sources of radioactivity on the earth. 
In chapter 3 dispersal, dissolution and mobility of ra-
dionuclides are discussed. Chapter 4 is devoted to the 
reactions of radioactive species with the components 
of aquatic systems and chapter 5 to their interactions 
with solid components of the geosphere. 

2. Sources of radioactivity in the geosphere 

Two kinds of sources of radioactivity on the earth can 
be distinguished: natural sources and anthropogenic 
sources. Natural sources, like 40K, 232Th, 235U and 238U, 
are present on the earth from the beginning. They have 
been formed in the course of nucleogenesis and are 
called primordial radionuclides. Further natural 
sources of radioactivity, like 3H and 14C, are produced 
continuously by the interaction of cosmic rays with the 
atmosphere. 

By mining of ores and minerals appreciable 
amounts of natural radionuclides, like 232Th, 235U, 238U 
and their radioactive daughters are brought up to the 
surface of the earth and contribute to the radioactivity 
in the environment. In nuclear power stations artificial 
radionuclides, mainly fission products and trans-
uranium elements are produced and great care is taken 
in handling the resulting radioactive waste safely and 
to localize it at certain places. The optimal conditions 
of final storage of the high-active waste (HAW) are 
still a subject of discussion. By application of nuclear 
weapons, by nuclear weapon tests and nuclear acci-
dents, like the accident at Chernobyl, considerable 
amounts of fission products and radioelements have 
been set free and distributed via the atmosphere as ra-
dioactive fall-out over large areas, in particular in the 
northern hemisphere. 

Radionuclides of special importance in the geo-
sphere are listed in Table 1. In compiling this list the 
following criteria have been applied: Half-life > 1 d 
(in case of activation products of materials used in nu-
clear reactors > 1 y); natural radionuclides of ex-
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Table 1. Radionuclides of importance in geomedia 
(Half-lives and fission yields a ; from Refs. [4] and [5] - radionuclides with half-lives > 1 0 y and present in relatively high concen-

trations are underlined) 

Group of the Element Radionuclide Source 
Periodic Table 

IV 

VI 

VII 

0 

I A 

II A 

III A 

(Ln) 

Η 
C 
Κ 

Rb 
Cs 

Sr 

Ba 
Ra 

Sn 

Pb 

Sb 

Bi 

Se 
Te 

Po 

I 

Kr 

Rn 

Ag 

Cd 

(An) 

La 
Ce 

Pr 
Nd 
Pm 

Sm 

Eu 

Ac 

Th 

Ή (12.3 y) 
^ C (5730 y) 
^ K ( 1 . 2 8 X 1 0 9 y ) 
87Rb (4.80 X10'° y; a , = 2.56%) 
,MCs (2.06 y); ^ C s (3.0X 10" y; σ, = 6.54%); 
^ C s (30.0 y; σ ,= 6.1 

l5Ra (14.8 d); 

89Sr (50.5 d; σ / =4.82%); 
""Sr (28.5 y ; g f = 5.77%) 
140Ba (12.75 d; σ,= 6.21%) 
223Ra (11.43 d); 224Ra (3.66 d); 
226Ra (1600 y); 228Ra (5.75 y) 

121Sn (1.127 d; σ / 1 2 1 + 1 2 1 m) = 0.013% 
'2,mSn (55 y); ,23Sn (129.2 d; σ, = 0.016%); 
125Sn (9.64 d; σ ,= 0.029%); 
,26Sn (~105 y; a f = 0.054%) 
2"'Pb (22.3 y) 
,25Sb (2.73 y; o>= 0.029%); 
,26Sb (12.4 d; σ ,= 0.054%); 
,27Sb (3.85 d; ff/=0.125%) 
2"'Bi (5.013 d) 

"Se (<6.4 · 105 y; σ 7= 0.044%) 
127mTe (109 d; σ /127 +127m) = 0.125%) 
,29mTe (33.6 d; σ,Π 29+129m) = 0.757%) 
,3,mTe (1.2 d; σ/131 + 131πι) = 2.89%) 
,32Te (3.62 d; o>=4.31 %) 
2,"Po (138.38 d) 

(1 .57X10 7y; a f = 0.757%) 
" Ί (8.04 d; σ, = 2.89%) 
85Kr (10.72 y; σ ^ Ι . 3 2 % ) 
'•"Xe (5.24 d; σ /133 + 133m) = 6.70%) 
133mXe (2.19 d) 
222Rn (3.825 d) 

" 'Ag (7.45 d; σ, = 0.019%) 

,09Cd (1.267 y) 
"3mCd (13.7 y; σ / l 13 + 113m) = 0.0152%) 
"5Cd (2.228 d; σ /115 + 115ιη) = 0.0106%) 
"""Cd (44.6 d) 

9"Y (2.671 d; σ, = 5.77%); 
91Y (58.5 d; ff/=5.93%) 
""'La (1.678 d; σ ,= 6.21%) 
l4 'Ce (32.5 d; σ^=5.79%); 
143Ce (1.38 d; o>=5.96%) 
,44Ce (284.9 d; σ, = 5.49%) 
,43Pr (13.58 d; σ, = 5.96%) 
,47Nd (10.98 d); σ, = 2.27%) 
,47Pm (2.623 y; σ, = 2.27%) 
,49Pm (2.212 d; σ /=1.08%) 
15lPm (1.183 d; σ / =0.420%) 
, 5 ,Sm (90 y; σ ,= 0.420%) 
,53Sm (1.946 d; σ / =0.162%) 
,55Eu (4.96 y; a f = 0.0320%) 
l56Eu (15.2 d;C T /= 0.0148%) 
225Ac (10.0 d) 
^ A c (21.77 y) 
227Th (18.72 d); 221(Th (1.913 y) 
229Th (7340 y) 
2 3 Th (7.54 XKTy) 
232Th (1.41 X10'° y); 234Th (24,10 d) 

atmosphere; nuclear fission 

potassium salts 

rubidium salts; nuclear fission 

nuclear fission 

nuclear fission 

nuclear fission 

ores /minerals 

nuclear fission 

ores/minerals 

nuclear fission 

ores/minerals 

nuclear fission 

nuclear fission 

ores/minerals 

nuclear fission 

nuclear fission 

nuclear fission 

ores/minerals 

nuclear fission 

activation 
fission; activation 

nuclear fission 

nuclear fission 

nuclear fission 

nuclear fission 

nuclear fission 
nuclear fission 

nuclear fission 

nuclear fission 

nuclear fission 

decay of 237Np 
ores/minerals 
ores minerals 
decay of 237Np 

ores/minerals 
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Table 1. (Continued) 

Group of the 
Periodic Table 

Element Radionuclide Source 

IV A 

V A 

VI A 

VII A 

VIII A 

Pa 

U 

Np 

Pu 

Am 

Cm 

Bk 
Cf 

Zr 

Nb 

Mo 

Tc 
Re 

Fe 
Co 
Ni 
Ru 

Rh 
Pd 

231 Pa (3.276 X 1 0 4 y ) 
2MPa (27.0 d) 
2"U (1.592X10 5 y) 
" 4 U (2.45 Χ105 y); ^ U (7.04 X 10a y) 
23*U (2.342 Χ 107 y); 2 "U (6.75 d) 
2MU (4.468 X 10" y) 
" N p (1.55 Χ 105 y) 
237Np (2.140X 106 y); 2MNp (2.117 d) 
2,9Pu (2.411 Χ10 4 y); ^ P u (6560 y); 
241 Pu (14.4 y); ^ P u (3.76 Χ 105 y) 
2"'Am (432.7 y); 242,"Am (141 y): 
"»Am (7380 y) 
242Cm (162.9 d); :'43Cm (28.5 d): 
244Cm (18.11 y); 245Cm (8500 y); 
246Cm (4730 y); 247Cm (1.56X 107 y) 
24"Cm (3.40 X 10s y) 
249Bk (320 d) 
249Cf (351 y; 250Cf (13.1 y) 
251Cf (898 y); 252Cf (2.64 y) 

^Zr (1 .5X10"y; σ, = 6.38%) 
95Zr (64.02 d; a , = 6.52%) 
94Nb (2.0 Χ 104 y) 
95Nb (34.97 d; σ,(95+95πι) = 6.52%) 
95n'Nb (3.61 d) 
99Mo (2.748 d; σ, = 6.07%) 

"Tc (2.13 Χ10 5 y; σ, = 6.07%) 
,87Re (5 X 10"' y) 

"Fe (2.73 y) 
60Co (5.271 y) 
w Ni (7.5 Χ10 4 y); ^Ni (100 y) 
""Ru (39.25 d; σ, = 3.03%); 
,06Ru (1.020 y; σ, = 0.402%) 
,05Rh (1.473 d; a f = 0.969%) 
"l7Pd (6.5 Χ 106 y; ^ = 0 . 1 4 7 % ) 

ores/minerals 
decay of 237Np 
decay of 2 , 7Np 
ores/minerals 
nuclear reactors 
ores/minerals 
nuclear reactors 
nuclear reactors 

nuclear reactors 

nuclear reactors 

nuclear reactors 

nuclear reactors 

nuclear reactors 

fission+activation 
nuclear fission 

activation 

nuclear fission 

nuclear fission 

nuclear fission 
rhenium compounds 

activation 
activation 
activation 

nuclear fission 

nuclear fission 
nuclear fission 

tremely long half-lifes ( > 10" y) and radionuclides 
with fission yields < 0.01 % are not taken into ac-
count; radioisotopes of the elements 8 1 - 9 2 not being 
members of the decay series of 232Th, 235U and 23!tU 
and radionuclides produced for medical or technical 
purposes by activation are not considered. The radio-
nuclides are arranged according to the position of the 
elements in the Periodic Table, in order to facilitate the 
discussion of their chemical behaviour. Radionuclides 
with half-lives > 10 y that are present in relatively 
high concentrations are underlined, because their be-
haviour over long periods of time, in particular their 
migration behaviour during storage in nuclear waste 
repositories, is of great importance. 

With respect to radiation doses and possible haz-
ards, the local concentrations and the radiotoxicities of 
the radionuclides have to be taken into account. Local 
concentrations of fission products and transuranium el-
ements are high in anthropogenic sources, like nuclear 
reactors, reprocessing plants and high-active waste 
(HAW). Local concentrations of radionuclides are also 
high in natural sources, like ores of U or Th. On the 
other hand, local concentrations are, in general, low in 

case of fall-out (with the exception of the region of 
the Chernobyl accident) and off-gas and effluents of 
nuclear installations. They are also low for dispersed 
naturally occurring radionuclides, like 3H, 14C, and the 
other wide-spread natural sources containing K, U or 
Th and daughters in low concentrations. The radio-
toxicity of 3H, 14C and 40K is also low, whereas it is 
high for many fission products and for the actinides. 

3. Mobility of radionuclides 

3.1 Gene ra l aspects 

Mobility of radionuclides is the most important aspect 
in discussing the behaviour of radionuclides in the 
geosphere. Gaseous species, aerosols and species dis-
solved in aquifers are mobile and easily transported 
with air or water. Solids, however, must be dissolved 
to become mobile. Therefore, if solid forms of radio-
nuclides are taken into account, mobility depends on 
solubility and dissolution (leaching). Dissolution and 
dispersal, respectively, are prerequisites of mobility. 
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Solubility depends on the nature and the properties 
of the solid compound containing the radionuclide and 
on the properties of the solvent, in general water in 
which various components are dissolved. In the solid, 
the radionuclide may be present as a macrocomponent 
or as a microcomponent, and the solubility may vary 
considerably with the composition. Besides, solubility 
increases with decreasing size and increasing degree 
of disorder of the solid particles. Eh, pH and com-
plexing agents may be of significant influence on solu-
bility, and the effects of radiation can not be neglected. 
Consequently, many investigations are devoted to the 
problems of solubility and leaching, respectively [3, 
6—11]. It should also be mentioned that even for pure 
and well-defined compounds, like SrS04, PbS04 or 
Agl, solubility is only in a restricted range given by 
the solubility product and solubility of neutral particles 
and of complexes has to be taken into account [12— 
17]. Furthermore, in case of solid solutions (mixed 
crystals) the solubility of the components is different 
from that of the pure compounds [18, 19]. 

With respect to mobility of radionuclides in the 
geosphere, five compartments may be distinguished, 
as illustrated schematically in Fig. 1. 

All radionuclides on the surface of the earth (com-
partment 1) and in the atmosphere (compartment 2) 
have easy access to the biosphere. From surface waters 
as well as from near-surface groundwaters, from soils 
and from the air radionuclides may be taken up by 
microorganisms, plants, fish and other animals, thus 
also entering the various pathways of the food chain. 
As a measure of the relative amounts of radionuclides 
transferred to living things and to the food chain trans-
fer factors are used. They depend on the chemical 
properties and the chemical form of the radionuclide 
considered, the kind of microorganism, plant or animal 
and their metabolism and may differ by several orders 
of magnitude for the various chemical and biological 
species. Some radionuclides are enriched in certain 
plants and organs of animals and man, whereas others 
are released again rather early. The study of the behav-
iour of radionuclides in the biosphere, in particular 
their transfer to the human body and their metabolism 
in man, is the field of radioecology and will not be 
considered in this article. 

3 .2 S u r f a c e of the ea r th ( c o m p a r t m e n t 1) 

Compartment 1 comprises the surface of the earth, sur-
face waters, including lakes and oceans. The inventory 
of radionuclides in this compartment is mobile, pro-
vided that the species are soluble in water. The rel-
evant radionuclides are mainly of natural origin [20— 
30]. 40K is widely distributed in nature and easily solu-
ble in form of K+-ions, which are enriched in clay 
minerals by sorption. Th present as a minor or major 
component in minerals is immobile, because the 
chemical species of Th(IV) are very sparingly soluble 
in natural waters. However, some of the transmutation 

atmosphere 

I 1 
surface 

lakes, oceans warers 
( Τ ) surface ( £ ) 
mtommmiflixragi 

nuclear reactors 
reprocessing plants 

( 3 ) near-surface layers 
— (connection to the surface) 

Γ δ ) 'ayers without connection 
^ ^ to the surface 

F ig . 1. Compartments o f radionucl ides in the geosphere . 

products, like 228Ra, 224Ra and 220Rn, are mobile. In 
contrast to Th(IV), U(IV) is oxidized by air to U(VI) 
and easily soluble in natural waters containing carbon-
ate or hydrogen carbonate, respectively. The triscar-
bonato complex [ υ 0 2 ^ 0 3 ) 3 ] 4 " is found in all rivers, 
lakes and oceans in concentrations of the order of 
10"6 to 10"5 g/1. The daughters of 238U, the long-lived 
226Ra and 222Rn are also mobile. 226Ra is found in rela-
tively high concentrations at salt water spas, and 222Rn 
contributes considerably to the radioactivity in the air. 
222Rn and the daughters 218Po, 214Pb, 2,4Bi, 214Po, 210Pb, 
210Bi and 2,0Po are the major sources of the radioactive 
dose received by man under normal conditions. 

Additional radionuclides are brought into compart-
ment 1 from the compartments 2, 3 and 4, and their 
mobility depends on the chemical form (i.e. the spe-
cies) and the solubility. Radionuclides set free on the 
earth's surface from nuclear installations, by nuclear 
explosions and by nuclear weapon tests will be consid-
ered in more detail in section 3.5. 

3 .3 A t m o s p h e r e ( c o m p a r t m e n t 2) 

In the atmosphere the radionuclides 3H (T) and 14C 
are generated continuously by nuclear reactions of the 
neutron component of cosmic radiation with nitrogen 
in the upper layers of the atmosphere [31—35]. The 
most important reactions are 14N(n,3H)12C and 
14N(n,p)14C. Τ is also produced by spallation of heavier 
nuclides. Both radionuclides are mobile. Τ is trans-
formed into tritiated water (HTO) and enters the 
water cycle [36], whereas 14C is predominantly trans-
formed into 14C02 and takes part in the C0 2 cycle. The 
natural concentration of Τ in the air is about 1.8 Χ10"3 

Bq m"3 and that of 14C about 5 Χ10"4 Bq m"3. 
Other radionuclides are emitted from the earth's 

surface into the atmosphere. The most important radio-
nuclide is 222Rn which will be discussed in more detail 
in section 3.4. The decay products of 222Rn as well as 
radionuclides released from nuclear installations into 
the air are mainly found in form of radioactive aero-
sols [37]. 

3 .4 N e a r - s u r f a c e l a y e r s ( c o m p a r t m e n t 3) 

From the layers with connection to the surface of the 
earth (compartment 3) radionuclides are brought to the 
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surface (compartment 1) by natural processes and by 
human activities. From a few places 222Rn is able to 
escape through crevises. Ions, like Ra2+ or UO!+ are 
leached from ores or minerals by groundwater and 
may enter the surface. Volcanic activities are also 
bringing up radionuclides to the surface, where they 
may be leached and enter the water cycle. 

Mining of uranium ores and of other ores and min-
erals (e.g. phosphates) has brought up appreciable 
amounts of U, Th and the members of their transmu-
tation series to the surface [21] and initiated mobiliza-
tion of relevant radionuclides. Large amounts of Rn 
are released into the air. The residues of mining and 
processing operations are stockpiled and the slag heaps 
as well as the waste waters cause considerable prob-
lems. The isotopes of Ra continue to emit Rn. Thus, 
about 1 GBq of 222Rn are released per ton of ore con-
taining 1 % U308 . Ra and its daughters are migrating to 
natural oil and gas reservoirs and constitute the major 
radioactive contaminants of crude oil. The global ac-
tivity of Ra isotopes brought up to the surface by the 
production of oil is of the order of 10 TBq per year. 
Mining of potassium salt deposits for use of Κ as ferti-
lizer brings additional amounts of 40K to the surface of 
the earth, where it is leached and enters the surface 
waters. 

Radionuclides are also set free by the burning of 
coal in thermal power stations [38]. Depending on the 
origin, coal contains various amounts of U and Th, and 
these as well as the daughters are released by combus-
tion. Volatile species, in particular Rn, are emitted with 
the waste gas, 210Pb and 210Po are emitted with the fly 
ash, and the rest, including U and Th, is found in the 
ash. The global release of Rn is of the order of 1014 Bq 
per year. 

Other activities of man have led to the distribution 
of appreciable amounts of radionuclides in the atmos-
phere and on the earth's surface. In the first place 
nuclear explosions and nuclear weapon tests have to 
be mentioned, by which Pu and fission products have 
been deposited, either directly in the ground or via the 
atmosphere in the form of fall-out. The amount of Pu 
released by nuclear weapon tests between 1958 and 
1981 is estimated at 4.2 tons, of which 2.8 tons were 
dispersed in the atmosphere and 1.4 tons disposed lo-
cally. By underground nuclear explosions about 
1.5 tons of Pu have been set free. 

3.5 N u c l e a r i n s t a l l a t i o n s ( c o m p a r t m e n t 4) 

Nuclear reactors and reprocessing plants (compart-
ment 4) are constructed in such a way that the radio-
active inventory is confined to certain places and care-
fully shielded. Only limited amounts of radionuclides 
are allowed to enter the environment [39—44], 

Τ and 14C are produced in nuclear reactors by 
the reactions 2H(n,y)3H, 10Β(η,2α)Ή, 170(n,a)14C, 
14N(n,p)14C and 13C(n,y)14C, respectively. The amounts 
vary with the type of the reactors: between about 1012 

and 1013 Bq of Τ and about 1012 Bq of 14C per GWe 
per year. Τ is released as HTO and about one third of 
the ,4C is released in form of 14C02. 

Under normal operation conditions, very small 
amounts of fission products are set free from nuclear 
reactors and reprocessing plants, and strong regu-
lations have been established to ensure that the safety 
limits are not exceeded. Of greatest importance are the 
actinides and the long-lived fission products, such as 
90Sr, "Tc, 129I, and 137Cs. These radionuclides are re-
leased in small amounts, mainly from low-active waste 
(LAW) streams (e.g. 99Tc04) or as gases (e.g. organic 
compounds of 129I and 131I, respectively, from nuclear 
reactors or reprocessing plants, and "TcF6 in the 
course of 235UF6/238UF6 isotope separation). 99Tc is 
found in practically all stages of reprocessing [45, 46] 
and released in small, but measurable amounts into the 
sea. 129I is separated from the off-gas of reprocessing 
plants, mainly in form of Ag129I. From this compound 
it is liberated very slowly by radiolytic decomposition 
[47], 

Despite the safety regulations, accidents occurred 
with nuclear reactors and reprocessing plants, primar-
ily due to mistakes of the operators. By these accidents 
parts of the inventory of compartment 4 have entered 
compartment 1, either directly or via the atmosphere 
(compartment 2). Mainly gaseous fission products and 
aerosols have been emitted, but solutions have also 
been given off. The most severe accident was that at 
Chernobyl in 1986 [48—54], Gaseous fission products 
and aerosols have been transported through the air 
over great distances [55]. Even molten particles from 
the reactor core ("hot particles") have been carried 
with the air over distances of several hundred kilome-
ters. 

The behaviour of the radionuclides on the surface 
of the earth depends primarily on their chemical and 
physico-chemical form (species) and the solubility, as 
already mentioned. The degree of dispersal is different 
(compact solids, coarse particles, fine particles, mole-
cules), and the solubilities vary considerably. In water, 
the radionuclides may be present in form of suspended 
matter, colloids, free ions or molecules. Therefore, 
chemical speciation is of great importance [3, 56, 57], 
The formation of radiocolloids has found particular 
interest [3, 58-66] , General statements with respect 
to the mobility can be made on the basis of the prop-
erties of the elements [67-70] : 

Alkali and alkaline earth ions, such as 137Cs+ or 90Sr2+ 

are easily dissolved in water, independent of pH, and 
considered to be mobile species. However, their solu-
bility is restricted and their mobility is limited, if they 
are incorporated into ceramics or glass or bound in 
clay minerals. The solubility of the alkaline earth sul-
fates decreases in the order SrS04 > BaS04 > RaS04 , 
but the solubility product is, in general, not reached. 
129I forms rather mobile species and reacts easily with 
organic substances. 85Kr and 133Xe remain predomi-
nantly in the air. 
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The lanthanides, e.g. 144Ce, ,47Pm, 151Sm, are not 
soluble in water under normal conditions, because of 
hydrolysis of the Ln3+ cations. However, colloids may 
be formed, either intrinsic colloids with lanthanides as 
main components, if their concentration is high 
enough, or carrier colloids with natural colloids as 
main components on which the lanthanides are sorbed. 
Complexes with organic substances may also be 
formed, in particular with humic substances. 

The solubility of the actinides in the oxidation 
states + 3 and + 4 is similar to that of the lanthanides, 
and hydrolysis is more pronounced in case of An(IV). 
On the other hand, the dioxocations An0 2 and AnO|+ 

exhibit relatively high solubility in water in presence 
of carbonate or hydrogen carbonate, as already men-
tioned for U O r . Consequently, the actinides may 
show rather high mobility, provided that they are able 
to form dioxocations, that the redox potential is high 
enough (aerobic conditions), and that the water con-
tains H C O j ions in sufficiently high concentrations. 

The behaviour of Zr(IV), Nb(IV) and Tc(IV) is 
comparable to that of An(IV). The influence of the 
redox potential is very pronounced in case of Tc: 
Whereas Tc(IV) is not dissolved in water and immo-
bile, Tc(VII) is easily dissolved as TcO^ and very mo-
bile. 

3 .6 L a y e r s w i t h o u t c o n n e c t i o n 
to the s u r f a c e ( c o m p a r t m e n t 5) 

Compartment 5 (Fig. 1) comprises all radionuclides in 
deposits deep under the earth's surface, inaccessible 
to water and without connection to the surface. Large 
amounts of ores and minerals with considerable con-
tents of U, Th and their daughters are buried in this 
compartment. The radionuclides can be considered to 
be immobile as long as they are not brought up to the 
surface by geological activities or by man and as long 
as the contact with water is excluded [43], 

The conception with respect to the radioactive 
waste produced in the shielded compartment 4 (nu-
clear reactors and reprocessing plants, respectively) is 
to bring this waste down into compartment 5 in order 
to confine it there safely for long periods of time. 
Safety discussions are based on the scenario that water 
may enter the waste deposits, that the waste containers 
corrode, that the waste is leached and the radionuclides 
are set free [43], The most important step of this sce-
nario is the dissolution of the high-active waste 
(HAW) by groundwater. In addition, some radio-
nuclides, e.g. 129I, may be liberated in form of volatile 
species [47]. 

As far as the mobility of radionuclides in the geo-
sphere over long periods of time is concerned, investi-
gations of the natural deposits of U and Th and of the 
natural reactors at Oklo are of great importance [3, 43, 
71]. The reactors at Oklo have been in operation about 
two billion years ago [72, 73], Due to the fission of 
235U, the relative concentration of this isotope of U is 

lower than at other places, whereas the relative con-
centrations of the stable end products of the fission 
chains are higher, and spreading of the nuclides from 
their original location in the course of time gives infor-
mation about their migration behaviour. 

4. Reactions of radionuclides with the components 
of natural waters 

4.1 Gene ra l a spec t s 

In aqueous solution, the vast majority of the radio-
nuclides listed in Table 1 is present in cationic forms, 
and the following chemical reactions have to be taken 
into account: 

a) Hydration: By ion-dipole interaction aquo com-
/H ( < 5 + ) 

plexes are formed: M " + - - - O v . The energy of 

hydration increases with decreasing ionic radius and 
with increasing positive charge of the cations. Thus, 
the energy of hydration is low for Cs+ and high for 
Th4+. 

b) Hydrolysis: If the charge of the cations is high 
(n > 2), the repulsion of the protons by the cations 
may lead to the formation of hydroxo complexes: 

/ H 

M"+ O^ - (M-OH)<"- , , + + H+ . (1) 
Η 

(Additional water molecules are omitted.) As it is evi-
dent from Eq. (1), hydrolysis depends strongly on pH. 
The repulsion and, consequently, hydrolysis increase 
with the charge of the cations, and hydrolysis is very 
pronounced in case of Pa5+. Hydrolysis increases also 
with decreasing ionic radius of the cations. 

c) Condensation: Polynuclear complexes are formed 
by condensation reactions, like 

2(M-OH) ( "" 1 ) + - ( M - 0 - M ) 2 < " - , ) + + H 2 0 (2) 

and subsequent condensation reactions. (Additional 
water molecules are omitted.) The driving force of this 
kind of reaction is the formation of the predominantly 
covalent M-O—Μ bonds and of one molecule of wa-
ter. This type of reaction is not only observed with 
hydroxo complexes of the same metal M, but it takes 
also place with mononuclear or polynuclear hydroxo 
complexes of other elements (e.g. polynuclear iron(III) 
hydroxide), with silicic or polysilicic acid and with 
colloids carrying hydroxyl groups: 

(M(l ) ) m -OH + HO—M(2) 
- ( M ( l ) ) m - 0 - M ( 2 ) + H 2 0 . (3) 

(m indicates the polynuclear nature of the hydroxo 
complex; charges and additional water molecules are 
omitted.) 

Anions compete with the formation of aquo and 
hydroxo complexes, depending on their concentration: 
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M"+(H20)„, + X -

- MX<"- , )+(H20)„_, + H 2 0 (4) 

and 

(M-OH) ("~1)+ + X- - MX("~1>+ + OH . (5) 

(Water molecules are omitted in Eq. (5).) 
In case of cations of transition elements (groups 

IA to VIIIA in Table 1) the possibility of formation of 
relatively strong covalent bonds with ligands contain-
ing donor atoms has to be considered. 

With anionic forms of radionuclides, such as 129I" 
or "TCO4, these kinds of reactions do not apply. 

Various species of radionuclides are formed by in-
teraction with the components of natural waters. 
Groundwaters, rivers, lakes and the oceans contain a 
great variety of substances. Besides the main com-
ponent water, other inorganic components have to be 
considered: 
— Dissolved gases, like oxygen and carbon dioxide, 

which influence the redox potential Eh and the pH 
of the water; 

— salts, like NaCl, NaHCO, and many others which 
affect pH and complexation and are responsible for 
the ionic strength; 

— inorganic colloids, like polysilicic acid, iron ox-
ides/hydroxides and finely dispersed clay min-, 
erals; 

— inorganic suspended matter (i.e. coarse particles, 
only found in agitated water). 

Organic components comprise: 
— Compounds of low molecular mass, like organic 

acids, amines, amino acids and other metabolites; 
— compounds of high molecular mass, like humic and 

fulvic acids, and colloids formed by these sub-
stances or by other degradation products of organic 
matter; 

— suspended coarse particles of organic matter; 
— microorganisms. 

The concentrations of these compounds in natural 
waters vary over a wide range. Coarse particles are 
observed only in agitated waters and settle down as 
soon as agitation decreases or stops. Even though 
many of the components listed above may be present 
in rather low concentrations (microcomponents), their 
concentration is often many orders of magnitude 
higher than that of the radionuclides in question, and 
they can therefore not be neglected. 

The aspect of very low concentration is of special 
importance for short-lived isotopes of radioelements, 
the concentration of which is, in general, extremely 
low, and the behaviour of single atoms has to be 
considered [74—76]. In case of radioisotopes of stable 
elements, on the other hand, the ubiquitous presence 
of these elements leads to measurable concentrations 
of the elements with the consequence that these radio-
isotopes show the normal behaviour of trace elements. 

Due to the large number of components, natural 
waters are rather complex systems. The relative con-

centrations of many components, as well as pH and 
Eh, are controlled by chemical equilibria. However, 
there are also components, in particular the colloids 
and the microorganisms, for which thermodynamic 
equilibrium conditions are not applicable. The com-
plexity of the chemistry in natural waters and the non-
applicability of thermodynamics to various com-
ponents are the main reasons for the fact that calcu-
lations are very difficult and problematic. The same 
holds for laboratory experiments with model waters. 
Results obtained for a special kind of water are, in 
general, not applicable for other natural waters of dif-
ferent origin. 

The species of the radionuclides present in natural 
waters can be characterized by the chemical form and 
the physico-chemical state (e.g. free ions, complexes, 
intrinsic colloids ("Eigenkolloide"), carrier colloids 
("Fremdkolloide") and speciation of radionuclides has 
become an important branch of radiochemistry [3, 57, 
77-95] , 

The species of the actinides are of special interest. 
General aspects of speciation and results obtained for 
trace elements in aqueous systems are also applicable 
[96-116], Eh-pH-diagrams [117, 118] give infor-
mation about the ranges of stability of oxidation states 
and hydroxo complexes. 

A great number of data have been calculated with 
respect to the chemical form of radionuclides in aquat-
ic systems [3], but the general applicability of these 
data is limited, due to the reasons mentioned above. 

4 .2 Redox po ten t i a l and pH 

The redox potential Eh (aerobic or anaerobic con-
ditions) is of great influence on the behaviour of radio-
nuclides in geomedia, if different oxidation states have 
to be taken into account. In this context, the concen-
trations of oxygen and hydrogen sulfide are signifi-
cant. The presence of oxygen in natural waters is due 
to the access of air, whereas that of hydrogen sulfide 
may be due to weathering of sulfidic minerals or to 
decomposition of organic compounds. The redox po-
tential Eh is of special importance for the behaviour 
of I, U, Np, Pu, and Tc [83-85, 90, 119-121], El-
emental iodine is volatile and reacts with organic com-
pounds, in contrast to I" ions. U(IV) does not form 
soluble species in natural waters, in contrast to U(VI). 
Therefore, U(IV) is dissolved under aerobic conditions 
after oxidation to U0 2

+ . The latter is reduced again, if 
the water enters a reducing zone, and redeposited as 
U02 . The most important feature of Np in water is the 
great range of stability of Np(V) in form of N p 0 2 , and 
in this respect Np differs markedly from the neigh-
bouring elements U and Pu. Under reducing con-
ditions, Np(IV) is stable which resembles U(IV) and 
Pu(IV). The chemical form of Tc depends also on the 
redox potential. Under anaerobic conditions, the stable 
oxidation state is +4 (Tc02, TcO(OH)2), and under 
aerobic conditions Tc is easily oxidized to TCO4. This 
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anionic form of Tc shows very different behaviour and 
has a high tendency to react with proteins [122], In 
presence of H2S, sparingly soluble sulfides may be 
formed with elements of groups IV (Pb), V (Sb, Bi), 
IA (Ag), IIA (Cd), VIA (Mo), VIIA (Tc), and VIIIA 
(Fe, Co, Ni). 

In natural waters pH varies between about 6 and 8 
and influences the chemical behaviour of elements that 
are sensible to hydrolysis, i.e. elements of groups III, 
IIIA, IV, IVA, V, VA and VIIIA of the Periodic Table 
[123 — 125]. Relevant radionuclides belong mainly to 
the groups of the lanthanides and the actinides. The 
tendency of the actinides to hydrolyze increases in the 
order M02

+ < M3+ < MO|+ < M4+ . As already men-
tioned in section 4.1, formation of complexes with 
various inorganic and organic ligands present in natu-
ral waters competes with the formation of hydroxo 
complexes, with the consequence that those complexes 
are formed that exhibit the highest stability under the 
given conditions. Whether polynuclear hydroxo com-
plexes are formed by condensation of mononuclear 
hydroxo complexes of the same kind according to 
Eq. (2) or by condensation with reactive species of 
other origin according to Eq. (3) depends on the rela-
tive concentrations of the mononuclear hydroxo com-
plexes of the element considered and that of reactive 
species of other origin. Accordingly, either intrinsic 
colloids ("Eigenkolloide") or carrier colloids 
("Fremdkolloide") may be formed [65,114], Reactive 
species with respect to formation of carrier colloids 
have already been mentioned in section 4.1: polysilicic 
acid, iron(III) oxide/hydroxide and finely dispersed 
(colloidal) clay particles. Due to hydrolysis and inter-
action of hydroxo complexes with other components, 
actinides are not found as monomelic species in natu-
ral waters in absence of complexing agents, whereas 
in presence of carbonate or hydrogen carbonate, re-
spectively, monomelic carbonato complexes prevail. 

4 .3 I n o r g a n i c sa l t s 

Inorganic salts affect the behaviour of radionuclides in 
natural waters in various ways. At high salinity (high 
ionic strength) formation of colloids is hindered and 
colloids already present are coagulated, if salt water 
enters the system. Thus precipitation of colloids car-
ried by rivers occurs in a large scale in the estuaries. 
Further, dissolved salts influence pH, hydrolysis and 
complexation [126], They may act as buffers, e.g. in 
seawater, where pH is kept constant at about 8.2 by 
the presence of NaHC03 . Finally, the anions in natural 
waters form ion pairs and stable complexes with cat-
ionic radionuclides and affect solubility, colloid forma-
tion and sorption behaviour. Mobility may be en-
hanced by complexation [127], CI" ions are weak 
complexing agents, but they are able to substitute OH 
ions in hydroxo complexes and to suppress hydroly-
sis. HCOiT ions are also found in significant quantities 
in natural waters, particularly in seawater, and form 
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Fig . 2 . Logarithms of the stability constants /?, for the formation 
of 1:1 complexes of the actinide ions M3 + , M4 + , MOJ and 

Μ Ο Γ with various anions [67, 68]. 

rather stable carbonato and hydrogen carbonato com-
plexes, as already mentioned for UOi+ ions. Com-
plexation constants are known for the alkaline earth 
ions, lanthanides and actinides [3, 128, 129], Dissol-
ution of CaC03 in groundwater by formation of the 
hydrogen carbonato complex Ca(HC03)2 in presence 
of C0 2 is responsible for the hardness of water and the 
transport of Ca2+. Sr2+ ions show similar behaviour. 
The carbonato complexes of the lanthanides and the 
actinides are more stable than the complexes formed 
with sulfate and fluoride. Carbonato complexes may 
also stabilize oxidation states. The logarithms of the 
stability constants for the formation of 1:1 complexes 
of the actinide ions M3 + , M4 + , ΜΟί and Μ Ο Γ with 
various inorganic ligands are plotted in Fig. 2. 

Quite a number of carbonato, hydrogen carbonato 
and mixed hydroxo/carbonato complexes are reported 
in the literature for lanthanides and actinides [129]. 
Examples for the oxidation state + 3 are: CeCO^, 
Ce(C03)2", Ce(C03)3", AmHC02 + , Am(HC03)2

+, 
AmCOi, Am(C03)2", Am(C0 3 ) r , A m 0 H ( C 0 3 ) r ; 
for the oxidation state + 4 : PuC03

+ 
r , 

Pu (C0 3 ) r , U ( C 0 3 ) r , Pu(C03)f 
Pu(C03)3 

PuOHCOi; for 
the oxidation state (V): Np0 2 C0 3 , Np02(C03H , 
N p 0 2 ( C 0 3 ) r ; for the oxidation state (VI): 
U 0 2 ( C 0 3 ) r , U 0 2 ( C 0 3 ) r . 

4 .4 I n o r g a n i c co l l o id s 

The interest in the migration behaviour of radio-
nuclides in the geosphere led to a revival of colloid 
chemistry of inorganic compounds [3, 65, 130—136], 
Formation of intrinsic colloids ("Eigenkolloide") in 
natural waters can be excluded for radioisotopes of el-
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ements of groups 0 ,1 and VII, and the probability that 
they may be formed is small for radioisotopes of el-
ements of other groups as long as the concentration of 
the elements is low. Therefore, only carrier colloids 
("Fremdkolloide") are considered in this section. Ra-
diocolloids of this kind are formed by interaction of 
radionuclides with colloids present in natural waters. 
Clay particles have a high affinity for the heavy alkali 
ions that are bound by ion exchange in the order Cs+ 

> Rb+ > K+ > Na+ [137], This leads to the formation 
of carrier colloids with 137Cs [65, 138]. Alkaline earth 
ions are also bound by ion exchange on clay minerals, 
actually in the order Ra2+ > Ba2+ > Sr2+ > Ca2+ 

[137]. Due to the difference in affinity for Cs+ and 
Sr2+ ions and the competition of Ca2+ with Sr2+ ions 
for the sorption sites, fixation of 90Sr on clay particles 
is not as strong as that of 137Cs [65], Hydroxo com-
plexes of elements of groups III, IIIA, IV, IVA, V, VA 
and VIIIA, on the other hand, interact with hydroxyl 
groups of colloidal polysilicic acid, iron(III) hydrox-
ide, hydrated iron(III) oxide and the hydroxyl groups 
at the surface of colloidal clay particles in the way 
mentioned in section 4.1 (Eq. (3)) and described in 
the literature by the term hydrolytic adsorption [139— 
142], 

It should be emphasized that the formation of col-
loids is not only a matter of the size, but it depends 
primarily on the surface properties of the particles. 
They may carry charges (e.g. adsorbed ions), a shell 
of water molecules, or hydrophobic substances on the 
surface which lead to mutual repulsion and prevent 
coagulation [135, 143]. Without these surface prop-
erties, the particles could not exist as colloids. The 
behaviour of radionuclides bound on natural colloids 
by ion exchange or sorption follows that of the col-
loids which serve as carriers. 

4 .5 S u s p e n d e d i n o r g a n i c ma t t e r 

With suspended inorganic matter (coarse particles of 
quartz, silicates, including clay, iron oxide and other 
inorganic substances) radionuclides may also interact 
by sorption or ion exchange [144, 145]. However, 
these particles are only observed in flowing or agitated 
natural waters (e.g. in rivers). After transportation over 
certain distances, that depend on the mass and the den-
sity of the particles, the latter are settling down in form 
of sediments which contain the radionuclides bound 
on these particles. 

4 .6 O r g a n i c c o m p o u n d s 
of low m o l e c u l a r mass 

Organic compounds are primarily found in surface wa-
ters, but also in groundwaters, if these are or have been 
in contact with organic substances [146], Compounds 
of low molecular mass may be of natural origin (e.g. 
metabolites, such as organic acids, amines or amino 
acids) or anthropogenic (e.g. detergents, aromatic sul-

fonic acids used in manufacturing textiles, as colour-
brighteners or for fabrication of dyestuffs). Many of 
these organic compounds are strong complexing 
agents and well soluble in water. They are able to form 
stable complexes with elements of groups III, IV, V, 
and in particular with transition elements (groups IA 
to VIIIA) [128]. If they are not separated off, they may 
carry trace elements including radionuclides over large 
distances [127, 147]. 

4 .7 O r g a n i c c o m p o u n d s of h igh m o l e c u l a r 
m a s s , o rgan ic c o l l o i d s and s u s p e n d e d 
o r g a n i c ma t t e r 

Organic compounds of high molecular mass play an 
important role in natural waters [3, 102, 115, 127, 
146-159] and the knowledge about the behaviour of 
trace elements in aquatic systems [96, 103, 106, 108, 
160—164] can also be applied to radionuclides. The 
most important examples are humic and fulvic acids, 
both degradation products of organic matter. They are 
polyelectrolytes and contain carboxylic and phenolic 
hydroxyl groups which make these compounds hydro-
phylic and enable them to form rather stable com-
plexes. Other compounds of high molecular mass are 
proteins, lipids and carbohydrates. The concentration 
of dissolved organic matter in natural waters varies 
considerably. It may be as low as 0.1 mg/1 DOC (dis-
solved organic carbon) in deep groundwaters, ranges 
from 0.5 to 1.2 mg/1 DOC in oceans and may go up 
to about 50 mg/1 DOC in swamp waters. The stability 
constants of complexes formed between cations and 
humic or fulvic acids can be expressed as a function 
of the degree of ionization of the acids. For the acti-
nides rather high stability constants have been meas-
ured [146], 

With increasing mass of the organic compounds 
colloidal properties may prevail and a pronounced dif-
ference between non-colloidal and colloidal species 
will not exist any more [135]. Radiocolloids contain-
ing organic compounds may be formed in two differ-
ent ways: By sorption or ion exchange of radio-
nuclides on macromolecular organic compounds or by 
sorption of organic complexes of the radionuclides on 
inorganic colloids. These organic complexes may be 
of low or high molecular mass; they form a coating 
on the inorganic material. In all cases, the surface 
properties of the resulting colloids are decisive for 
their behaviour. 

With increasing size of colloidal particles filtration 
effects become important, in particular, if the water 
passes through layers or zones with small pores, by 
which particles of larger size are filtered off [65]. 

Interaction of radionuclides with suspended coarse 
particles of organic matter depends on the nature of 
the substances and is, in principle, comparable to the 
interaction with colloidal macromolecular compounds. 
The suspended particles may stay on the surface of 
rivers or lakes, if their density is low, or they may 
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settle down together with other coarse particles in 
form of sediments, if the agitation decreases [96, 103, 
106, 108, 160-164], 

4 . 8 M i c r o o r g a n i s m s 

Microorganisms may also influence the fate of radio-
nuclides in natural waters [109, 165 — 167], in partic-
ular in surface waters and near-surface groundwaters. 
Depending on the metabolism of the microorganisms 
and their preference for certain elements, the radio-
nuclides may be incorporated and migrate with the 
microorganisms. Incorporation of radionuclides can be 
studied by microautoradiography [165, 166], With the 
uptake by microorganisms, radionuclides may enter 
the food chain. 

4 . 9 P r e c i p i t a t i o n and c o p r e c i p i t a t i o n 

If a certain supersaturation of a component is reached, 
precipitation occurs, starting with nucleation and crys-
tal growth [103, 168, 169], Supersaturation may be 
caused by entering of those species into the system 
that form sparingly soluble compounds with the com-
ponents already present, by change of pH or tempera-
ture, redox reactions, loss of volatile components, like 
C0 2 , shift of complexation equilibria or evaporation 
of water. Examples often observed in natural waters 
are the precipitation of CaC03 due to the loss of C0 2 

and the shift of the equilibrium between CaCO, and 
Ca(HCO,)2, and the precipitation of Fe(III) hydroxide 
due to the oxidation of Fe(II) by the access of air. Less 
common examples are precipitation of sparingly solu-
ble sulfides by reaction of group VIIIA elements with 
H2S or of sulfates by reaction of group II elements 
with SO4 ions or precipitation of U(IV) hydroxide by 
reduction of U0 2 " ions. Depending on the conditions 
and the properties of the compounds, the process of 
precipitation may stop at an intermediate stage with 
the formation of a colloid. Examples are sols of col-
loidal Fe(III) hydroxide in water. Formation of col-
loids is also possible for other sparingly soluble com-
pounds, if further growth of the particles is hindered 
by protective coatings. Precipitation of radionuclides 
may be stopped by adsorption of the intermediates 
(e.g. polynuclear complexes) on the surface of natural 
colloids. On the other hand, colloids may be precipi-
tated by increase of salt concentration, as has been 
mentioned in section 4.3. 

In the first place those elements are involved in 
these precipitation reactions that are present in suffi-
ciently high concentrations in natural waters, so that 
the solubility limits are exceeded. For trace elements 
this condition is in most cases not fulfilled. However, 
solubility limits may be exceeded even for trace el-
ements, if compounds of extremely low solubility, e.g. 
hydroxides, sulfides or phosphates are formed. A prac-
tical example is the deposition of U(IV) in zones of 
low redox potential [170], Precipitation of sparingly 

soluble hydroxides has been studied as function of pH 
by use of paper chromatography for Th hydroxide and 
Fe(III) hydroxide [92, 171]. 

If low concentrations of radionuclides are consid-
ered, coprecipitation is, in general, the most important 
process. Two mechanisms of coprecipitation of radio-
nuclides have been proposed by Hahn [172], iso-
morphous substitution or adsorption. In the first case 
solid solutions (mixed crystals) are formed in which 
the microcomponents replace the macrocomponent in 
its normal lattice by syncrystallization (cocrystalli-
zation). In the second case, the microcomponents are 
incorporated as impurities during formation of 
amorphous precipitates or crystal growth, respectively. 
They may be given off again, at least partly, in the 
course of recrystallization of crystalline compounds or 
in the course of ageing. 

Coprecipitation with sparingly soluble hydroxides, 
preferably Fe(III) hydroxide, is frequently used in ana-
lytical chemistry for separation of trace elements 
[173], The amorphous intermediates that are formed 
by condensation of mononuclear to polynuclear hy-
droxo complexes offer a high specific surface area 
with hydroxyl groups as reactive sorption sites for 
many species of trace elements or radionuclides, re-
spectively, in particular cationic hydroxo complexes of 
metals in the oxidation states + 3 and +4 , like 
MOH2+, MOH3+, M(OH)2

+, M(OH)!+ and others, and 
anions, like ΗΡ0 4

_ , M0O4" and others. Coprecipi-
tation of trace elements with Fe(III) hydroxide or 
Fe(III) phosphate, respectively, is often used as an ef-
fective procedure in the preparation of drinking water 
[174], 

Actinides(IV) and actinides(III) are very effec-
tively coprecipitated with BaS04 [175—177], although 
they do not form compounds that are isomorphous 
with BaS04. Detailed investigation showed that by co-
precipitation of Th and U(IV) with BaS04 anomalous 
solid solutions are formed in which in the lattice of 
BaS04 3Ba2+ ions are substituted by 2K + and lTh 4 + 

or 1U4+, respectively [178, 179]. Coprecipitation of 
actinides(IV) with SrS04 is taking place in a similar 
way by formation of anomalous solid solutions [180], 
The results show that even if the microcomponent and 
the macrocomponent have different stoichiometry and 
do not form isomorphous crystals, if considered sepa-
rately, the microcomponent may be coprecipitated very 
effectively by lattice substitution. Generally, coprecipi-
tation of microcomponents is to be expected, if these 
would also be precipitated under the given conditions, 
provided they would be present in higher concen-
trations. This rule must also be extended in the case of 
coprecipitation of actinides(IV) with BaS04 or SrS04, 
because the sulfates of actinides(IV) do not exhibit 
low, but medium solubility. Furthermore, so far forma-
tion of solid solutions has only be observed, if the 
ionic radii of the substituting and the substituted ions 
do not differ by more than 15%. But this limit is ap-
preciably exceeded in case of formation of anomalous 
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solid solutions of Th4+ with BaS04, where the ionic 
radius of Th4+ is about 24% smaller than that of Ba2+. 

As a result it can be concluded that coprecipitation 
may considerably influence the fate of radionuclides 
in natural waters, in particular that of actinides. 

5. Interaction of radionuclides 
with solid components of the geosphere 

5.1 Genera l a spec t s 

The migration behaviour of radionuclides in the geo-
sphere is strongly influenced by the interaction of the 
species present in the aqueous system with the sur-
rounding solids. This is of special interest in case of 
long-lived radionuclides [3, 147, 181-183] the trans-
port of which may be appreciably retarded or even 
stopped, if the interaction is strong, particularly if the 
radionuclides are incorporated into the solids. There-
fore, sorption of radionuclides on solids has been in-
vestigated extensively for materials in the neighbour-
hood of planned high-active waste repositories [3, 
184], 

Sorption of radionuclides on solids may be due to 
various kinds of interactions [185—187]: Fixation by 
predominantly ionic bonds (ion exchange), by mainly 
covalent bonds (chemisorption), by weak (van der 
Waals) bonds (physisorption); sorption on the outer 
surface of the solids (substantial quantity: outer sur-
face area), sorption on inner surfaces (substantial 
quantity: inner surface area), sorption by ion exchange 
at positions within the solids, sorption by precipitation, 
coprecipitation, or incorporation (one directional pro-
cesses). In all cases the surface and exchange prop-
erties of the solids, in particular the quality of the sorp-
tion and exchange sites, are important, as well as the 
knowledge of the species of the radionuclides in the 
aqueous system [137, 185, 188-197], in order to 
understand the migration behaviour of radionuclides. 

The following main groups of interactions of ra-
dionuclides with solids can be distinguished: 

a) Reactions of hydroxo complexes or anionic forms 
of radionuclides with hydroxyl groups at the surface 
of solids (^SiOH, ^AlOH or ^FeOH), e.g. 

^SiOH(s) + HO-M ("- , ) +(aq) 
- ^ S i - 0 - M ( " , )+(s) + H20. (6) 

(Additional water molecules are omitted.) The com-
plex of Μ in solution is converted to a complex at the 
surface of the sorbent ("surface complex") with a 
partly changed coordination sphere. Reaction (6) is 
equivalent to reaction (3) in section 4.1. It has first 
been described in detail by Kautsky [140] who studied 
the interaction of Th4+ with hydrous silicon dioxide 
and the subsequent reaction with phosphate. As al-
ready mentioned in section 4.4, this type of reaction 
has been characterized by the term "hydrolytic adsorp-
tion" in the literature [139—142], It is very common 
and has been used in analytical chemistry for selective 

separations [141, 142], By this group of interactions, 
bonds of predominantly covalent nature are formed. 
Reaction (6) is often described as an ion exchange 

^SiOH(s) + M"+(aq) 
- ^ S i - 0 - M ( " - , ) + ( s ) + H+ , (7) 

although the presence of hydroxo complexes of Μ is 
a prerequisite of the reaction and contribution of ionic 
bonding in ^ S i O H is extremely small. Sorption of the 
anion "ΜοΟΓ on hydrous aluminium oxide is applied 
in the commercial 99Mo/99'"Tc radionuclide generators. 

b) Exchange of non-hydrolyzed cationic species of ra-
dionuclides at the outer surface or within the layer 
structure of solids. This type of reactions plays an im-
portant role in case of the non-hydrolyzing ions l37Cs+, 
""'Sr2"1" and 226Ra2+ and is very effective, if clay min-
erals are present that exhibit a high exchange capacity 
[137]. The predominant type of interaction is ion ex-
change. Exchange of cationic or anionic species of ra-
dionuclides on the surface of ionic compounds may 
also contribute to sorption, in particular, if the radio-
nuclides are incorporated in the course of recrystalli-
zation. 

c) Adsorption of complexes of radionuclides with 
various inorganic ligands (besides hydroxo complexes) 
or with organic ligands, and adsorption of colloidal 
species of radionuclides. This group of reactions com-
prises a great variety of radionuclide species and of 
sorption equilibria. Adsorption of organic complexes 
of radionuclides, particularly complexes with humic 
acids, and adsorption of colloids are important ex-
amples. The predominant kind of interaction is physi-
cal adsorption with formation of relatively weak (van 
der Waals) bonds. 

The investigation of radioactive disequilibria in 
natural systems [3, 198] gives valuable information 
about solid/solution interactions and their influence on 
the migration behaviour of radionuclides. 

The presence of colloids may influence the sorp-
tion ratios observed in natural systems appreciably 
[199, 200], and the large variations of sorption ratios 
that have been measured in the same systems could be 
explained by the formation of colloids. 

The sorption behaviour of radionuclides in various 
natural systems have been studied in great detail [e.g. 
3, 84, 85, 90, 93, 138, 184, 186, 187, 201-215], and 
it has been found in all investigations that sorption and 
migration may vary considerably. They depend on the 
properties and the dispersal of the radionuclide species 
present in solution, the nature of the sorption sites, the 
surface area of the solids and the interference and the 
competition, respectively, of other species. Again, 
knowledge about the behaviour of trace elements in 
aquatic systems [96, 103, 106, 108, 160-163, 216] is 
of great practical importance. 

The solids in the geosphere are of very different 
kind and composition. As already mentioned, the sur-
face properties are of special interest with respect to 
the interaction with radioactive species. Keeping this 
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aspect in mind, the following main components of the 
geosphere can be distinguished: 
— Consolidated rocks (magmatic rocks, like basalt, 

granite, feldspar, quartz, olivines, plagioclases, py-
roxenes, and sedimentary rocks, like sandstone, 
limestone or dolomite); 

— unconsolidated rocks (more or less loose-packed 
material, consisting mainly of glacial deposits of 
gravel, sand and clay; 

— sediments in rivers, lakes and oceans; 
— soils (mainly sand, clay, humus with plant residues, 

little animals and plenty of microorganisms). 

Besides the main components, many other minerals 
have to be taken into account: 
— Oxides and hydroxides (e.g. hydrargillite, diaspor, 

corundum, spinels, hematite, magnetite, perow-
skites); 

— halides (e.g. rock salt, cryolite, carnallite); 
— sulfides (e.g. pyrite); 
— sulfates (e.g. gypsum, anhydrite, alum); 
— phosphates (e.g. apatites, monazites — some phos-

phates contain exchangeable protons); 
— carbon and carboniferous material. 

Of special significance with respect to their prop-
erties as sorbents are the clay minerals (e.g. kaolinite, 
montmorillonite, illite, chlorite), mainly due to their 
high exchange capacity. They exhibit the three main 
groups of interactions a), b) and c) mentioned above. 
In the case of clay minerals with layer structure, sorp-
tion by ion exchange proceeds into the inner parts of 
the particles, and the term "adsorption" is not appro-
priate. 

5.2 Consol ida ted rocks 

The surfaces of silicate rocks are altering in the course 
of time. Cations, like Na+, K+, Mg2+, Ca2+, that are 
integrated parts of the silicates, are leached out and 
hydroxyl groups are formed at the surface which may 
add or give off protons, depending on the pH. The 
resulting sorption sites are of different nature and qual-
ity. ^SiOH, ^AlOH, ^FeOH groups are found most 
frequently. They are binding hydroxo complexes or 
divalent oxoanions by formation of surface complexes, 
as described in section 5.1. A review on anion adsorp-
tion is given in the literature [217], 

Most investigations with consolidated rocks have 
been made with granites, because these are possible 
host rocks for high-active waste repositories [3, 44, 
218—228]. Qualitatively, the interactions of radio-
nuclides with various natural materials are comparable 
with the interactions in chromatographic columns, fill-
ed with Si02 · XH20, A1203 · *H20, or Fe203 · xH20. 
The specific surface area of silicate rocks, however, is 
relatively low. In neutral media preferably those radio-
nuclides are sorbed that are present as hydroxo com-
plexes or as divalent anions. Other stable complexes 
with inorganic or organic ligands as well as colloids 

show only weak interactions. The competition with 
other components of the aqueous system for the sorp-
tion sites must also be considered in discussion the 
sorption equilibria. 

With sedimentary rocks radionuclides may also in-
teract in various ways. They are sorbed on sandstone, 
limestone and other sedimentary rocks [3, 229—232]. 
In addition to reactions with hydroxyl groups, hetero-
geneous exchange reactions may contribute to the 
sorption [233, 234]. Examples are: Exchange of 
H,4C03~(aq) for ,2COi"(s) or exchange of wSr2+(aq) 
for Ca2+(s) at the surface of calcite, limestone or dolo-
mite. These exchange reactions have a certain energy 
of activation, but they may lead to a considerable de-
crease of the concentration of radionuclides, like 14C, 
wSr, 2l0Pb or 226Ra, while the water is moving slowly 
along the surfaces of these kinds of rocks. In addition, 
incorporation into the inner parts of the crystals due to 
recrystallization and formation of solid solutions may 
take place. 

Interaction of radionuclides with consolidated vol-
canic tuffs has been investigated intensively [3, 235 — 
239], because the deposits at the Yucca Mountains, 
USA, have been found to be suitable as repositories 
for high-active waste. 

5.3 Unconsol ida ted rocks 

The loose-packed material of unconsolidated rocks 
consists mainly of sand and clay. Clay minerals are 
the most important components, because of their high 
sorption capacity that has already been mentioned in 
section 5.1. Compared with clay minerals, sand is a 
rather poor sorbent, although particles of crystalline 
hydrated silica exhibit also exchange properties [240], 
due to the presence of ^SiOH groups. 

The exchange properties of clay minerals have 
been investigated in great detail [137, 195, 241-249]. 
On the one hand, sorption and exchange sites, respec-
tively, are available at the outer surfaces, similar to 
those present at the surface of alumosilicates (^SiOH 
and ^AlOH groups). On the other hand, clay minerals 
with layer structure (e.g. montmorillonite, vermiculite) 
are able to exchange cations (mainly Na+, K+, Mg2+, 
Ca2+) in positions between the layers. Due to the high 
specific surface area and the large number of exchange 
sites, the exchange capacity goes up to values of about 
1 to 2 meq/g clay. The ion exchange equilibria depend 
on the charge density of the clays and the valence of 
the exchangeable ions. Clay minerals with high charge 
densities, like illite and micas, exhibit a high prefer-
ence for monovalent cations (Cs+ > Rb+ > K+) which 
are bound more or less irreversibly. Divalent cations 
(Ra2+ > Ba2+ > Sr2+) are also firmly bound. 

These highly charged, mica-type clay minerals 
play an important role in nature, because they are pre-
sent in all fertile soils and capable of binding mono-
and divalent cations. They exhibit a high tendency to 
form colloids and affect strongly the behaviour of ra-
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dionuclides in the geosphere. 137Cs, '"Sr and 226Ra are 
fixed in positions between the layers in partly irrevers-
ible form. They are set free again only in presence of 
relatively high concentrations of competing ions. The 
hydroxo complexes of lanthanides and actinides are 
mainly bound at the outer surfaces by interaction with 
^SiOH and ^AlOH groups. In addition, complexes, 
in particular those with organic ligands, are bound at 
the outer surfaces rather effectively, due to the large 
specific surface area of the clay minerals. 

Often compounds present in relatively low concen-
tration play a decisive role for the sorption behaviour 
of natural solids. Examples are: Small amounts of clay 
besides large amounts of sand in case of sorption of 
137Cs [138] and small amounts of carboniferous mate-
rials besides large amounts of sand and clay in case of 
sorption of ,29I [85], 

As the layers above the salt dome at Gorleben, 
Germany, consist of unconsolidated rocks, they have 
been investigated in great detail with respect to the 
migration behaviour of radionuclides [3]. In other 
countries, clay is discussed as host for high-active 
waste repositories, because of the favorable sorption 
properties of clay minerals. 

5 .4 Isotopic and non- i so top ic exchange 
on minerals 

Heterogeneous exchange on carbonates has already 
been mentioned in the previous section. Such ex-
change reactions are also taking place at the surface of 
other sparingly soluble compounds and minerals (e.g. 
halides, sulfates, phosphates). They may lead to rather 
selective separations [196, 233, 234, 250-261], Fol-
lowing the exchange at the surface, ions may be incor-
porated into the solids in the course of recrystallization 
which is a very slow but continuous process. The rate 
of recrystallization increases with decreasing size and 
increasing imperfection of the crystals. The uptake of 
foreign ions is not only observed, if these have the 
same charge, but anomalous solid solutions with radio-
nuclides of different charge may also be formed [180]. 

5.5 Sediments in rivers, lakes and oceans 

The sediments in rivers, lakes and in the oceans are 
worth special consideration, because sediments are 
present in all surface waters and radionuclides dis-
posed at the surface of the earth (compartment 1, sec-
tion 3.2) will sooner or later come into contact with 
these sediments. 

Aquatic sediments are formed by settling down of 
coarse and fine inorganic and organic particles. Radio-
nuclides may enter river, lake or ocean sediments in 
different ways: By sorption of molecular-dispersed 
species (ions, molecules) on the sediments, by precipi-
tation or coprecipitation of originally molecular-dis-
persed species, by coagulation and sedimentation of 
colloids, in particular carrier colloids (e.g. by increase 

of the ionic strength in estuaries) or by sedimentation 
of coarse particles (suspended matter). By desorption, 
the radionuclides may by remobilized and released 
again into the water. 

The main components of these sediments are simi-
lar to the sediments that have been formed in former 
geological times: sand and clay minerals. However, 
river and lake sediments contain also relatively great 
amounts of organic material and of living things, in 
particular microorganisms. 

Due to the importance of river, lake and ocean 
sediments with respect to the migration behaviour of 
radionuclides, many authors have investigated the in-
teractions of radionuclides or trace elements with these 
sediments [3, 262-278]. In many cases, appreciable 
fixation and retention, respectively, of radionuclides 
have been found. It is difficult, however, to distinguish 
the influences of the various processes, mentioned 
above, and to correlate the fixation in the sediments to 
certain components. As far as the inorganic com-
ponents are concerned, the interaction with clay min-
erals plays the most important role. 

5 .6 So i l s 

With respect to the components and the chemistry, 
soils are even more complex than river or lake sedi-
ments. On the other hand, large areas of the continents 
are covered with soils of various composition, and 
therefore the interest in the behaviour of trace el-
ements or radionuclides, respectively, in soils is justi-
fied [3, 279—306], Above that, radionuclides are eas-
ily transferred from soils to plants and animals, and in 
this way they may enter the biosphere and the food 
chain. 

The main components of soils are sand, clay and 
humus. Whereas interaction of radionuclides with sand 
is rather weak, as in the case of sediments, sorption by 
clay minerals and reactions with the organic com-
pounds in humus are most important for the migration 
behaviour of radionuclides. The following statements 
can be made for some relevant radionuclides: ,37Cs+ 

ions are rather strongly bound on clay particles, as al-
ready mentioned in section 5.3. 90Sr2+, 226Ra2+ and 
2,0Pb2+ are also retained by clay particles or bound on 
chalky soil by precipitation or ion exchange. 129I" is 
oxidized and reacts easily with organic compounds, 
and these take part in the metabolism of microorgan-
isms. Lanthanides and actinides are either present as 
hydroxo complexes or as organic complexes. These 
species are rather strongly bound on the components 
of the soils, but the organic complexes may also stay 
in solution, possibly in form of colloids. "TcO^ reacts 
easily with proteins [122] and "Tc may thus be incor-
porated into organic matter. 

Besides the composition of the soils, other factors 
are also of major influence on the migration of radio-
nuclides : rainfall, thickness of the soil layers and their 
permeability to water, and nature of the layers under-
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neath. For instance, 137Cs will be washed down quickly 
through layers of sand, but stay in layers of clay. 239Pu 
will be sorbed by clay more strongly than by sand and 
may stay in soils for rather long times, if it is not dis-
solved by complexation or displaced by other com-
pounds. 

5 .7 Model l ing 

Because of the great practical importance of the inter-
actions between radionuclides and solids, particularly 
with respect to safety aspects of high-active waste re-
positories, attempts have been made to model these 
interactions with the aim to describe the influence of 
sorption quantitatively by a theoretical concept and 
characteristic data. 

The first approach was the "/^,-concept", i.e. the 
determination of distribution coefficients Kd for the 
calculation of sorption and retardation of radionuclides 
in an aquatic solid/solution system [307]. In this con-
cept it is assumed that an equilibrium distribution of a 
certain radionuclide X exists between solution and sol-
id: X (solution) ^ X (solid). It was found, however, 
that the Kd values or sorption ratios R„ respectively, 
may vary in a range of several orders of magnitude in 
the same solid/solution systems [83, 84, 138, 187, 
207]. Every measured sorption ratio is valid only for 
a certain species and for a special set of conditions, 
including the kind and the composition of the solid, 
Eh, pH, temperature, concentrations of all possible 
complexing agents, concentration of other components 
in the water, particularly those competing for the sorp-
tion sites, colloid formation, volume to mass ratio, agi-
tation, time of contact between water and solid, fil-
tration effects. Furthermore, equilibrium conditions are 
generally not given, e.g. if colloids are involved. Sorp-
tion data without detailed description of the species 
and the conditions for which they have been measured, 
are not useable for quantitative statements. If the influ-
ence of only one parameter has been overlooked, the 
results may be useless. Therefore, the concept that 
sorption of radionuclides in natural multicomponent 
systems may be described by one (or possibly two) 
distribution coefficients ( " K d concept") must fail, be-
cause of the complexity of the systems and because 
equilibrium conditions are, in general, not fulfilled. 

Another concept is the surface complexation mod-
el [3, 193, 308—316], In this concept, it is assumed 
that the species of the radionuclides react with certain 
groups at the surface of solids (primarily hydroxyl 
groups, e.g. ^SiOH, ^XAIOH, or ^FeOH groups) by 
formation of surface complexes, as indicated in Eq. 
(6). Various approaches with respect to the formulation 
of surface complexation are described in the literature 
[309—316], but the common feature is the reaction of 
metal ions M" + with hydroxyl groups SOH at the sur-
face of solids 

SOH + M" + - SOM ( " " , , + + H+ . (8) 
(equilibrium constant KM) 

This equation is equivalent to Eq. (7) in section 5.1. 
By the surface complexation model reactions of 

type a) in section 5.1 are taken into account, and in 
application of this model the same general problems 
are encountered as in the case of the "ATj-concept". If 
one process of sorption (i.e. one species of Μ and one 
kind of sorption sites) is dominating, if the concen-
tration of the sorption sites is known, and if the sorp-
tion properties are not changed by the sorption of other 
cations or anions, sorption may be described by equi-
librium constants, such as KM in Eq. (8). If several 
radionuclide species and/or several kinds of sorption 
sites are involved, however, several equilibria have to 
be taken into account. 

Sorption by ion exchange is not considered in 
Eq. (8), and uptake of radionuclides by precipitation, 
coprecipitation or recrystallization, or adsorption of 
colloids are not taken into consideration in the surface 
complexation model. Therefore, it is unavoidable to 
investigate all possible interactions in every given sys-
tem very carefully. 
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Summary 
In order to predict release and transport rates, as well as design 
cleanup and containment methods, it is essential to understand 
the chemical reactions and forms of the actinides under aqueous 
environmental conditions. Four important processes that can oc-
cur with the actinide cations are: precipitation, complexation, 
sorption and colloid formation. Precipitation of a solid phase 
will limit the amount of actinide in solution near the solid phase 
and have a retarding effect on release and transport rates. Com-
plexation increases the amount of actinide in solution and tends 
to increase release and migration rates. Actinides can sorb on to 
mineral or rock surfaces which tends to retard migration. Acti-
nide ions can form or become associated with colloidal sized 
particles which can, depending on the nature of the colloid and 
the solution conditions, enhance or retard migration of the acti-
nide. The degree to which these four processes progress is 
strongly dependent on the oxidation state of the actinide and 
tends to be similar for actinides in the same oxidation state. 

In order to obtain information on the speciation of actinides 
in solution, i.e., oxidation state, complexation form, dissolved or 
colloidal forms, the use of absorption spectroscopy has become a 
method of choice. The advent of the ultrasensitive, laser induced 
photothermal and fluorescence spectroscopies has made possible 
the detection and study of actinide ions at the parts per billion 
level. With the availability of third generation synchrotrons and 
the development of new fluorescence detectors, X-ray absorp-
tion spectroscopy (XAS) is becoming a powerful technique to 
study the speciation of actinides in the environment, particularly 
for reactions at the solid/solution interfaces. 

1. Introduction 

Due to nuclear testing, reentry and disintegration of 
nuclear powered satellites, nuclear reactor accidents, 
uranium mining and nuclear weapons production, acti-
nides have been introduced into the environment. Pro-
posed disposal of high-level radioactive waste in 
mined repositories in geologic formations as well as 
the storage and disposal of uranium and plutonium 
from weapons dismantlement are further possible 
sources for actinide releases to the environment. In or-
der to design methods for the cleanup of contaminated 
sites, predict the transport behavior in the environ-
ment, perform safety assessment studies to determine 
the ability of repositories to adequately contain them, 
and design ways to retard their release and migration 
rates, it is essential to understand the chemical behav-
ior and forms of actinides under environmental con-
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ditions. Because aqueous transport is the most likely 
scenario for wide-spread actinide intrusion into the 
biosphere, one needs to know the aqueous chemistry 
of actinides under environmental conditions and how 
that chemistry controls the interactions of the actinides 
with the surrounding geologic media and thus the acti-
nide transport behavior. 

The amounts and half-lives of the actinides pro-
duced in nuclear explosions and spent reactor fuel 
need to be considered to decide which actinide iso-
topes are of most concern from a radiological hazards 
points of view. The half-lives of selected long-lived 
isotopes of the actinides are given in Table 1 [1], The 
actinides that have long-lived isotopes with large pro-
duction amounts, and thus are the major contributors 
to the present contamination and possible future con-
taminations, are U, Np, Pu and Am. For example, a 
few hundred years after enriched uranium spent fuel 
has been removed from boiling and pressurized water 
reactors, the actinides U through Am account for more 
than 98 percent of the radioactivity in the fuel [2, 3]. 
In Figure 1, the distribution of curies per metric ton of 
heavy metal is shown as a function of time after re-
moval from a typical BWR with 30,000 megawatt-day 
burnup as calculated using the ORIGEN computer 
code [2, 3]. 

2. Reactions in the environment 

If one wants to model or predict the release or trans-
port rates of actinides under aqueous environmental 
conditions, several processes that control the amounts 
and forms of the actinide in solution should be consid-
ered. Four important processes that can occur with ac-
tinide cations are: (1) precipitation, (2) complexation, 
(3) sorption and (4) colloid formation. 

Precipitation can occur if there is sufficient con-
centration of the actinide in solution to exceed the 
solubility product constant for the formation of a solid 
phase. This effect will limit the amount of the actinide 
in solution in the vicinity of the solid phase at any 
given time and thus will tend to have a retarding effect 
on release and migration rates. 

A number of inorganic and organic ligands that can 
form complexes with the actinide ions in solution may 
be present in groundwaters. The charge of the solution 
complex can vary widely. Complexation increases the 
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Table 1. Nuclear properties of selected actinide isotopes [1] 

Nuclide Mode of decay Half-life Availability Source 

Th-227 a 18.7 d trace nature 
Th-228 a 1.9 y trace nature 
Th-229 a 7 . 3 x i 0 3 y g 

233U daughter 
Th-230 a 8.0 Χ104 y g nature 
Th-232 a 1.41 Χ 1010 y kg nature 

SF > 1 Χ102 ' y 
kg 

Th-234 ß~ 24.10 d trace nature 
Pa-231 a 3.28 Χ104 y g g 

nature 
Pa-233 ß~ 27.0 d 

g g 233Th daughter 
237Np daughter 

Pa-234 ß' 6.75 h trace nature 
U-232 a 68.9 y g 

232Th daughter 
SF 8 Χ1013 y 

U-233 a 1.59X 105 y kg 233Pa daughter 
SF 1.2X 1017 y 

U-234 a 2.45 x 105 y g nature 
SF 2 Χ ΙΟ'6 y 

g 

U-235 a 7.0 Χ108 y kg nature 
SF 3.5 X10" y 

kg 

U-238 a 4.47 X10' y kg nature 
SF 8.19X 10'5 y 

kg 

Np-237 a 2.14 Χ106 y kg nature(?) 
SF > 1 Χ1018 y 237U daughter 

241 Am daughter 
Np-238 ß~ 2.1 d trace 237Np(n,y) 
Np-239 ß~ 2.35 d μg nature(?) Np-239 

243Am daughter 
239U daughter 

Pu-238 a 87.7 y kg 242Cm daughter 
SF 4.8 Χ1010 y 238Np daughter 

Pu-239 a 2.41 Χ104 y kg nature( ?) 
SF 5.5 X10" y 239Np daughter 

η capture 
Pu-240 a 6.56 X10' y g multi η capture 

SF 1.34X10" y g 
Pu-241 β- (>99%) 14.4 y g multi η capture 

a (<0.002%) 
Pu-242 a 3.76 Χ105 y g multi η capture 

SF 6 . 8 x l 0 , 0 y 
Pu-244 a 8.26 Χ107 y g nature(?) 

SF 6.6 Χ ΙΟ10 y multi η capture 
Am-241 a 432.7 y kg 24,Pu daughter 

SF 1.15 Χ1014 y multi η capture 
Am-242 β~ (82.7%) 16.01 h g 

241Am(n,}>) 
EC (17.3%) 

Am-242m IT (99.5%) 141 y g 
24'Am(n,y) 

a (0.48%) 
SF (0.02%) 9.5 X10" y 

Am-243 a 7.38 Χ103 y kg multi η capture 
SF 2.0 Χ10'4 y 

Cm-242 a 162.9 d g 
239Pu(a,n) 

SF 6.1 Χ106 y 
g 242Am daughter 

Cm-244 a 18.11 y kg multi η capture 
SF 1.35 Χ107 y 244Am daughter 

Cm-245 a 8.5 Χ103 y g multi η capture 
Cm-246 a 4.73 Χ103 y g multi η capture 

SF 1.8 Χ107 y 
Cm-247 a 1.56 Χ107 y g multi η capture 
Cm-248 α (91.74%) 3.4 Χ105 y g multi η capture 

SF (8.26%) 
Bk-249 β~ (>99%) 320 d mg multi η capture 

a (<0.002%) 
Bk-250 ß~ 3.217 h trace 254Es daughter 
Cf-249 a 351 y mg 249Bk daughter 

SF 6.9 X1010 y 
Cf-252 α (96.91%) 2.645 y mg multi η capture 

SF (3.09%) 
Es-253 a 20.47 d Mg multi η capture 

SF 6.3 Χ105 y 
Es-245g a 275.7 d Mg multi η capture 

SF >2.5 Χ107 y 
Es-254m β~ (99.6%) 39.3 h Mg 

253Es(n,>0 
SF (0.33%) > 1 X 10s y 

Es-255 β~ (92.0%) 39.8 d trace multi η capture 
α (8.0%) 

SF (4X 10_3%) 
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10 10 
Time [years] «-

Fig. 1. The distribution of actinide curies per metric ton of heavy 
metal fuel as a function of time after removal from a typical 
Boiling Water Reactor with 30,000 megawatt-day burnup as cal-

culated using the ORIGEN code. 

amount of the actinide in solution and thus tends to 
increase release and migrations rates. 

The actinide ions may attach themselves to mineral 
or rock surfaces in contact with the aqueous phase. 
This process is analogous to the precipitation process 
since it removes actinide ions from solution. Thus, this 
process tends to reduce the amount of actinide ion in 
solution and produce a retarding effect on the mi-
gration process. 

Finally, the actinide ions can form or become as-
sociated with colloidal sized particles. Actinides in this 
form will not behave like a dissolved species and may 
exhibit a considerably different migration behavior 
than the dissolved species. Depending on the nature of 
the colloid and the solution conditions, this process 
may enhance or retard migration of the actinide. 

All four processes must be considered if one wants 
to understand and predict the chemical behavior and 
transport properties of actinides in the environment. 
Detailed knowledge of the actinide species and charges 
are essential because the nature and extent of precipi-
tation, complexation, sorption and colloid formation 
are strongly dependent on them. In addition, because 
these processes are not independent of one another, 
they need to be considered simultaneously. These four 
processes for the actinides U, Np, Pu and Am will be 
discussed. 

3. General actinide chemistry 

The actinide series of elements, actinium through law-
rencium, results from the filling of the 5 / electron 
shell. The chemical similarity to the 4/lanthanide se-
ries was recognized nearly 50 years ago [4, 5] and pro-
vided the frame work for the design of chemical meth-

ods for the isolation and identification of the heavier 
actinides [6]. Table 2 gives the electronic configura-
tions of the lanthanide and actinide atoms and ions. 
While the trivalent oxidation state prevails throughout 
the lanthanide series, higher oxidations states are 
found to be the most stable in the early members of 
the actinide series [7]. The conversion from one oxida-
tion state to another in aqueous solution is determined 
by the magnitude of the energy required to remove an 
electron from the gaseous ion (ionization energy) and 
the energy released when the gaseous ion combines 
with water to form the aqueous ion (hydration energy). 
There exists a large binding energy difference between 
the 4/electrons and the 5 d, 6 s electrons for the lan-
thanide elements and the trivalent state owes its stabil-
ity to a fortuitous combination of ionization and hy-
dration energies [8]. There is not sufficient hydration 
energy gain over the ionization energy for the 4 / elec-
trons to produce oxidation states above 3+ as the most 
stable in aqueous solution. However, other oxidations 
states can be produced under oxidizing [Ce(IV), 
Tb(IV)] and reducing conditions [Eu(II), Yb(II)] due 
to the special stability of the 4 / ° , 4 f and the 4 / 1 4 

electronic configurations [8]. In contrast, the 5 / e l e c -
trons are shielded to a larger extent from the nucleus 
of the atom than are the 4/electrons. This results in a 
smaller energy difference between the 5 f , 6 d and 7 s 
electrons than in the lanthanide series [7] and a wider 
range of oxidation states are possible. The oxidation 
states that have been observed are given in Table 3. 
Not all of these oxidation states are possible under en-
vironmental conditions as will be discussed later. 

While the charge remains 3+ , the ionic radii of 
the lanthanides decrease slightly across the series (the 
lanthanide contraction) [8]. Many chemical reactions 
of an ionic nature are correlated with the ratio of the 
charge to volume of the ions, the charge density [9]. 
The change of the charge density across the series is 
sufficiently small that the chemical properties are near-
ly identical. The lanthanide contraction is essentially 
parallel among the di, tri and tetravalent ions [10], The 
trivalent 5/elements exhibit a similar decrease in ion-
ic radii across the series (the actinide contraction) and 
actinides in the 3+ state tend also to exhibit similar 
chemical properties [7, 11], Further, trivalent actinides 
tend to exhibit similar chemical properties to trivalent 
lanthanides of the same ionic radius [7], e.g., Nd3+ and 
Am3+ form isostructural oxides of similar solubilities 
[12] and elute in similar positions from ion-exchange 
resin columns using α-hydroxyisobutyrate as eluant 
[13], Also trivalent actinides and trivalent lanthanides 
have similar hydrolysis constants [14], There are many 
other such examples. The radii of the tetravalent acti-
nides exhibit the same regular contraction with atomic 
number [11]. Because of the similarities and the fact 
that actinide ions in the same oxidation state have es-
sentially the same core structure, actinides in the same 
oxidation state will tend to have similar chemical 
properties. This has certainly been found to be true 
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Table 2. Electronic configurations of/-block atoms and ions" [7] 

Lanthanide series Actinide series 

Element Gaseous M , +(g) Element Gaseous M+(g) M2+(g) M'+(g) M4+(g) 
atom atom 

La 5d6s2 Ac 6dls2 Is2 7 s 
Ce 4f5d6s2 4 / Th 6d2Ts2 6dls2 5f6d 5 / 
Pr 4r6s2 Ψ Pa 5f6dls2 5fls2 5f6d 5 f 5 / 
Nd 4f6s2 4r U 5f6dls2 5f7s2 5f6dl 5 f 5 f 
Pm 4f6s2 4 r Np 5f(,dls2 Sflsl 5 η 5 f 5 f 
Sm 4/'6i·2 ψ Pu 5fls2 5f1s 5 f 5 f 5r 
Eu 4f6s2 4f Am 5fls2 5f7s 5Γ 5 f 5 f 
Gd 4f5d6s2 4 f Cm 5ftdls2 5fls2 5 f 5 f 5 f 
Tb 4f6s2 4 f Bk 5fls2 5fls 5 f 5f 5 f 
Dy 4f%s2 4 r Cf 5fVs2 5fVs 5r 5 r 5 f 
Ho 4 / " 6 i 2 4 r Es 5f'7s2 5 / "7s 5 r 5 r ( 5 η 
Er 4f26s2 4 r Fm 5f27s2 (5f2Ts) ( 5 f 2 ) (5 /") ( 5 η 
Tm 4f'6s2 4 Γ Md (Sf'ls2) (5f'ls) (5/13) ( 5 η ( 5 η 
Yb 4f6s2 4 f 3 No (5fVs2) (5/*47 s) ( 5 η ( 5 η ( 5 η 
Lu 4f45d6s2 4/14 Lr (5f46dTs2 (5/*47i2) (5fVs) (5/14) (5/13) 

5fVs27p) 
Rf (5 / "W 2 7j 2 ) ( 5 η 

" Predicted configurations in parentheses. 

Table 3. The oxidation states of the actinide elements [7] 

Atomic number 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 
Element Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr 

Oxidation states 
1? 

(2) (2) (2) 2 2 2 
(3) (3) 3 3 3 3 3 3 3 3 3 3 3 
4 4 4 4 4 4 4 4 (4) 4? 

5 5 5 5 5 5? 5? 
6 6 6 6 6? 

7 (7) 7? 

Bold type = most stable; ( ) = unstable; ? = claimed but not substantiated. 

for the solubilities of many compounds and for the 
formation constants for many complexes. 

Actinide ions in the trivalent and tetravalent states 
in acidic solutions are in the form of the simple hy-
drated ions An3+ and An4 + . Actinides in higher oxida-
tion states form oxygenated species in solution called 
actinyl ions [7]. They have a symmetric and nearly 
linear structure. The actinyl ions ΑηΟί and An0 2

+ are 
extremely stable and act as a unit in chemical reac-
tions. However, this structure decreases the effective 
charge on the central actinide ion, e.g., values of +3.2 
and +2.2 have been reported for the effective charge 
on the Pu atom in the PuO!+ and PuOJ ions, respec-
tively [15]. 

4. Environmental actinide chemistry 

4 .1 O x i d a t i o n s t a t e s 

The single most important property of an actinide ion 
is its oxidation state because precipitation, com-
plexation, sorption and colloid formation behavior dif-

fer considerably from one oxidation state to another. 
Water has an important oxidation-reduction chemistry 
that puts limits on the oxidation states that actinides 
can have in aqueous solutions. The oxidizing and re-
ducing reactions of water (relative to the standard hy-
drogen electrode) are [16]: 

In acid solution 

H + + e~ = 1/2 H2 Er = 0.00 V. (1) 

1/4 0 2 + H + + e~ = 1/2 H 2 0 Ef = 1.23 V. (2) 

In basic solution 

H 2 0 + e~ = 1/2 H2 + OH" (3) 

E) = - 0 . 8 2 6 V. 

1/4 0 2 + 1/2 H 2 0 + e~ = OH" (4) 

E ) = 0.404 V. 

The formal electrode potentials, Ef, refer to standard 
conditions of an ideal one molal solution of ions and 
one bar gaseous pressure. The way in which these po-
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Fig. 2. Eh-pH range found in waters in the natural environment. 
Heavy solid line represent the stability of water (reprinted with 
permission from [17], Copyright 1960, The University of Chica-

go Press). 

tentials vary with pH is given by the solid lines in 
Figure 2. The points shown in Figure 2 are values ob-
tained from Eh and pH measurements on natural wa-
ters from hundreds of different sources around the 
world [17] and illustrate the wide range in Eh and pH 
values. The points in the upper half of the diagram 
represent samples taken from environments in contact 
with the atmosphere. They range from around pH 4 for 
mine waters, to pH 6 for rain and streams, to pH 8 for 
normal sea water and 10 for aerated saline residues. 
The points in the lower half of the Eh-pH diagram are 
for waters that were isolated from the atmosphere. 
They range from about pH 5 for water-logged soils to 
pH 10 for organic saline waters. Any half-reaction 
with a potential between the two lines of H 2 0 is stable 
with respect to oxidation or reduction by water. Of the 
many oxidation states that have been found for the 
actinides, only those with potentials that lie between 
the limits of water stability will persist in natural 
aquatic environments. In addition to oxygen, a few 
other elements (C, N, O, S, Fe, Μη) participate in re-
dox reactions that are responsible for establishing the 
Eh of groundwater [16]. 

Figure 3 shows the reported redox potentials for 
the actinide ions at pH = 0 and pH = 14 [7], Compari-
sons of these values with the limits set by the stability 
of water given in reactions 1 through 4 above indicate 
that U ( 4 + , 5 + , 6 + ) , Np ( 3 + , 4 + , 5 + , 6 + ) , Pu ( 3 + , 
4 + , 5 + , 6 + ) and Am ( 3 + ) would be expected to be 
stable in natural aqueous environments. 

The potential for other than standard conditions is 
given by the Nernst equation [18]: 

Ε = E° + (RT/nF) In ([ox]/[red]) (5) 

= £ ° + (0.059/n) log ([ox]/[red]) 

where R = the gas constant, Τ = degrees Kelvin, η = 

number of electrons involved, F = the Faraday con-
stant, [ox] = the concentration of the oxidized species, 
and [red] = the concentration of the reduced species. 
While the redox reaction between the 3 + and 4 + 
states as well as the 5 + and 6 + states are pH indepen-
dent, oxidation or reduction reactions between either 
of the two lower oxidation states and either of the two 
upper oxidation states will be pH dependent because 
of the formation of the actinyl ion. For example: 

Pu3+ = Pu4+ + e~ (6) 

Pu4+ + 2 H 2 0 = PuOi + 4 H + + e~ (7) 

Pu02
+ = PuOi+ + e~ . (8) 

Low pH values tend to favor the lower oxidation states 
while the higher oxidation states become more acces-
sible as the pH is increased, e.g., in acid solutions (pH 
< 1) in contact with air, Pu4+ is the most stable oxida-
tion state while PuO,+ is the more stable at neutral pH 
[19]. 

Strong complexation of one member of a redox 
pair can significantly shift the potential in favor of its 
formation. Therefore, in order to calculate the exact 
Eh value where oxidation state conversions occurs for 
U, Np, Pu and Am, all of the significant reactions of 
the actinide ions in solution would need to be in-
cluded. For a solution of low ionic strength (0.01 Μ 
NaCl), exposed to atmospheric C 0 2 and at a pH of 7, 
the concentrations of different oxidations states for U, 
Np, Pu and Am were calculated as a function of Eh 
using the thermodynamic data base for the formation 
of actinide complexes with hydroxide and carbonate 
given in references [20], [21] and [22] and the re-
duction potentials given in Figure 3. The calculation 
was performed using the speciation computer code 
HYDRAQL [23], The results are shown in Figure 4. 
In a mined repository open to the air with such a dilute 
groundwater, the oxidation states in solution one 
would expect to be dominant are: U02

+, N p 0 2 , Pu02
+ 

and P u 0 2
+ , and Am' + . However, the oxidation of 

Am 3 + to A m 0 2 in brine solutions with pH > 8 and 
NaCl concentrations > 3 Μ has been observed [24], 
This is due to the formation of oxidizing forms of 
chlorine produced by the alpha radiation of the Am. 

4 . 2 P r e c i p i t a t i o n 

Precipitation can limit the amount of actinide in solu-
tion and thus can be the first step in the retardation 
process. The common anions in groundwaters are hy-
droxide, carbonate, sulfate, phosphate, fluoride, chlor-
ide, nitrate and silicate. In Table 4, the composition of 
water from a number of sources are shown [1], Hy-
droxide, carbonate, sulfate, phosphate and fluoride 
form insoluble compounds with the actinides while 
chloride and nitrate compounds are quite soluble [25]. 
The silicate compounds have not been investigated to 
any great extent, however, uranium forms very insolu-
ble compounds with silica, e.g., uranophane, sodium 
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Uranium 

Acid 

+1.79 

+0.17 +0.38 
uof+ • UOJ — • u4+ • u3+ -4.7 ^o~t^ 

• (U2+) • U 
^ 

Base U02(0H)2 
- 0 . 3 - 2 . 6 

U02—• U(OH)3 

Neptunium +0.94 -1 .79 

+2.04 | +1.24 +0.64 ^f +0.15 | - 0 . 3 ψ 
Acid NpOg • NpOf+ • NpOi, • Np4* • Np3* • (Np2+) • Np 

Plutonium 

Acid 

Base 

Americium 

Acid 

Base 

+0.6 +0.6 +0.3 - 2 . 1 - 2 . 2 3 
Base NpOf" • Np02(0H)2 • Np020H • Np02 • Νρ(ΟΗ), • N p 

- 2 . 0 0 

(Pu03+)- •PuO|+ • PuO+-
+1.04 f +1.01 | - 1 . 2 ψ 

• Pu4+ • Pu3+ • Pu2'̂  • Pu 

PuO -̂
+0.94 +0.3 

• Pu02(0H)2 » PU020H • PuO, -Pu(OH). 

+1.68 

3 

2.07 

• Pu 

+1.60 I +0.82 
-AmOi • Am4+-

i L 
•Am3+ • (Am2+)-

~ 7 i 
-1 .95 f 
—•Am 

+0.9 +0.7 +0.5 - 2 . 5 3 
Am02(OH)2 • Am020H •Am0 2 •Am(OH)3 • A m 

Fig. 3. Standard reduction potentials (volts vs. standard hydrogen electrode) of uranium, neptunium, plutonium and americium in 
3znacidic (pH 0) and basic (pH 14) aqueous solution. (From Ref. [7].) 

Am 

Pu 

Np 

U 

Fig. 4. The calculated distribution in oxidation states of uranium, 
neptunium, plutonium and americium as function of the Eh of 
an aqueous solution of 0.01 Μ NaCl exposed to atmospheric 

C 0 2 at a pH of 7. 

boltwoodite, coffinite, soddyite sodium weeksite [26]. 
The solubilities and solid phases exhibited by U, Np, 
Pu and Am in all the oxidation states possible under 
environmental conditions have not been measured. 
Therefore, we will assume that different actinide el-
ements in the same oxidation state will exhibit similar 
chemical properties and consider existing thermody-
namic data in a general way. Hydroxide and carbonate 

are the dominant anions in dilute ground waters [25]. 
Solubility and speciation experiments with U(VI), 
Np(V), Pu(IV) and Am(III) in dilute ground waters 
or simulated ground waters have indicated that oxide, 
hydroxide, carbonate or mixed hydroxycarbonate com-
pounds are the dominant solid phases [21, 22, 25, 27— 
30]. Possible reactions for the 3 + , 4+ , 5+ and 6+ 
oxidation states are shown in Table 5. The nature and 
solubility of solid phases that form in a solution open 
to air at a pH of 7 for the four different oxidation 
states, represented by data for Am3+, Pu4+, NpOJ and 
U O r are given in Figure 5 [21, 22, 25, 27-30] , 

4 .3 Complexa t i on 

4.3.1 Inorganic complexes 

The inorganic ligands in ground water responsible for 
the complexation of the actinides are the same ones 
discussed under precipitation, i.e., hydroxide, carbon-
ate, sulfate, phosphate, chloride, fluoride, nitrate and 
silicate. Complexation can occur with more than one 
ligand or actinide ion so several species may be associ-
ated with a given ligand. The expression that describes 
the complexation reaction is: 

a An* + b Ly = (An.LJ ax + by (9) 
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Table 4. Characteristics of natural waters [1] 

Analysis Rainwater Surface water Bedrock water YMP (f) YMP (f) Ocean Mono Analysis 
(a) (b) J-13 UE-25p#l lake 

water water brine 

Depth (meters) 0 0.50 <500 0 - 2 0 
Age (years) 0 <10 >100 
PH 4 - 6 7.3-8.4(7.9) 7 - 1 0 6.9 6.7 8.1 
Eh (Volts) 0.9 0.0-0.3 -0 .05 0.1 0.36 0.8 
0 2 (mg/liter) (c) 10 1 - 1 0 <0.1 5.7 <9 
Na+ 0.3-20 1-20(12) 10-100(d) 45 171 10,766 22,000 
K+ 0 .1-4 0.3-8(4) 1 - 5 5.3 13.4 399 
Ca2+ 0.5-5 2-100(25) 20-60 11.5 87.8 413 
Mg2+ 0.1-0.5 3-30(10) 15-30 1.76 31.9 1292 
Fe (total) 0 .1 -1 5 - 3 0 0.04 <0.1 <0.02 1 
F" <0.1 0 .5 -2 2.1 3.5 1.4 48 
c r 0.1-20 0.5-90(10) 5-50(d) 6.4 37 19.353 
Br" 67 
C O r (total) (d) <1 6 0 - 200 5 - 4 0 0 118-143 960 - 1 4 0 28,300 
N03- 0 .1 -4 <10 < 1 10.1 <0.1 <0.7 
ΡΟΓ (total) 0 <0.1 <0.1 <0.1 20 
S O r (total) <20(1-5) 3 -300(20) 1 - 1 5 18.1 129 2712 8300 
Si02 (total) 0 3 - 1 5 5 - 3 0 66 66 0.01-7 
SH~ (e) 0 0 <1 
NH3 (e) <0.5 <0.1 <0.5 <0.05 
Organic carbon 1 - 5 0 <1 0.15 ~ 1 

(a) Lakes, rivers, and shallow wells; typical values within parenthesis, (b) Swedish granite, (c) all concentrations in mg/liter, (d) 
Mainly as HC03~, (e) SH~ and NH3 only occur in reducing waters (Eh < 0), except for surface waters in industrial areas, (f) Yucca 
Mountain, Nevada wells. 

Table 5. Solids 

An(OH,)(s) + 3 H+ = An3+ + 3 H 2 0 

An0HC03(s) + 2 H+ = An3t + HCO, + H20 

An2CO,(s) + 3 H+ = 2 An3+ + 3 HCOj 

An02(S) + 4 H+ = An4+ + 2 H20 

An020H(s) + H+ = An02
+ + H20 

NaAn02C03(s) + H+ = Na+ + AnOJ + HC03" 

An02(0H)2 · H20(s) + 2 H+ = AnO|+ + 3 H20 

Na2An04(s) + 4 H+ = 2 Na+ + ΑηΟΓ + 2 H20 

An02C03(s) + H+ = ΑηΟΓ + HCO, 

and the thermodynamic constant governing the reac-
tion: 

ßa.b = tAnaL i , ] /[An]a[L] i (10) 

where the quantities in brackets, [ ], represents concen-
trations for equilibrium quotients or activities for equi-
librium constants. One can compare the relative 
strengths of different ligands for complexing actinides 
in different oxidation states by comparing the complex 
formation constants [31]. This comparison is made in 
Figure 6 which shows a plot of the formation constants 
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6+ 

Fig. 5. Solid phases and solubilities of actinides expected for a 
0.01 Μ solution exposed to atmospheric C02 at a pH of 7. 

for the different ligands, j 5 u , as a function of oxidation 
state number. The values for the constants were taken 
from references [20], [21] and [22], When a complex 
formation constant was known for more than one acti-
nide in the given oxidation state, an average value was 
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Fig. 6. Average complex formation constants of groundwater 
ligands versus the oxidation state of the actinide. 

Table 6. Calculated concentrations (M)* of ligand required to 
produce more than 10% complexation 

Actinide c r NO," F" s o r 

UO;' > 1 >1 0.1 > 1 
NpO,' > 1 >1 0.1 0.1 
Pu4t > 1 >1 0.1 1 
A m " 1 >1 0.01 0.01 

* Aqueous solution of pH 8 in contact with atmospheric C02 . 

used in the plots. The values of the constants tend to 
fall into three groups for a given oxidation state. The 
trend in strengths of complexation of the various li-
gands are: 

OH", CO!" > F", ΗΡΟΓ, SOT > CI", ΝΟ-Γ . 

Another obvious trend is in the strength of com-
plexation of a given ligand for actinides in different 
oxidation states. This trend is: 

4 + > 3+ = 6 + > 5 + . 

In order to compare the complexation of CI", N O f , 
F and SO4" with carbonate complexation and hy-
drolysis, calculation were made varying the amounts, 
individually, of the four ligands in a solution of pH = 
8 in contact with atmospheric C0 2 . The concentrations 
of the four ligands that were necessary to produce bet-
ter than 10% complexation by that ligand are given in 
Table 6 for UO;+ , Np02

+, Pu4+ and Am3+ . 
In Figures 7, 8, 9 and 10 are shown the calculated 

speciation of UO|+ , Np02
+, Pu4+ and Am3+ in a dilute 

sodium chloride solution in contact with atmospheric 
CO, as a function of pH using HYDRAQL. At the low 
pH values, hydrolysis dominates the speciation but 
above neutral pH there is sufficient carbonate in solu-
tion to make CO3" the dominant ligand. The develop-
ment of negatively charged species, carbonate and hy-
droxide, is responsible for the increase in solubility of 
these elements as the pH increases above the neutral 
region, thus giving rise to the frequently observed U-
shaped solubility curves. 

PH 

Fig. 7. Calculated speciation of UO|+ as a function of pH for a 
1 0 " Μ solution of U in 0.01 Μ NaCl exposed to atmospheric 

co2. 

pH 

Fig. 8. Calculated speciation of NpOJ as a function of pH for a 
10~6 Μ solution of Np in 0.01 Μ NaCl exposed to atmospheric 

C02 . 
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pH 

Fig. 9. Calculated speciation of Pu4+ as a function of pH for a 
10~6 Μ solution of Pu in 0.01 Μ NaCl exposed to atmospheric 

co2. 

pH 

Fig. 10. Calculated speciation of Am3+ as a function of pH for 
a 10"6 Μ solution of Am in 0.01 Μ NaCl exposed to atmospher-

ic C02. 

4.3.2 Organic complexes 

In addition to the inorganic ligands in ground waters, 
there are naturally occurring organic ligands that can 
complex the actinides rather strongly and could effect 
actinide transport. The most important natural ligands 
are humic and fulvic acids [32], These polyelectrolytes 
tend to be ubiquitous in natural waters, giving rise to 
a brownish color at sufficient concentration, but vary 
in concentration and composition depending on their 
source. It is, therefore, not possible to give a precise 
value for the actinide complexation constants since 
they depends on the exact structure. A proposed gen-
eral structure is shown in Figure 11 [33], In addition 
to the phenolic, amine and alcoholic hydroxyl groups 
that form rather weak complexes, the carbonate groups 
are numerous and probably account for the strong acti-
nide complex formation. 

The humic material in ground waters comes from 
the decay of natural organic products. Average surface 
water (no color) is about 5 ppm, the surface of the 
ocean is about 1 ppm, and the dark swamp waters are 
about 50 ppm [34], The names humic and fluvic arise 
from their method of isolation [32], Dissolution of the 
humic substance in NaOH is the first step. The remain-
ing material that is not soluble in the aqueous solution 
is termed humin. Acidification of the alkaline solution 
to a pH of 2 with HCl, by definition, precipitates the 
humic acid fraction. That which remains in solution is 
the fulvic acid fraction. Fulvic acid molecular weights 
range from 500 to 2000 amu while the humic acids 
can be from 1000 to more than 10,000 amu [35] and 
can attain colloidal dimensions [36]. 

In addition to the source, the values of the actinide 
complexation constants depend on the degree of 
ionization of the humic and fulvic acids and, thus, 
on pH. The constants tend to increase with pH until 
about pH = 7 where the acids are completely ionized. 
Figure 12 [34] shows the variation of the humic acid 
complex formation constants for Th4+, Am1+ and 
U O r as a function of pH and degree of ionization, a. 
The logarithmic values of humic acid complex forma-
tions constants for Am3+, Pu4+, NpOJ and UOi+ are 
estimated to be 12, 16, 5 and 8, respectively, at a pH 
of 7 using the equations given in reference [34]. These 
values are about 100 times larger than the carbonate 
values shown in Figure 6 and humic acid could be an 
important source of complex formation at concen-
trations even less than one ppm. 

4.4 Adsorpt ion 

4.4.1 Adsorption processes 

Actinide or other metal ions in ground waters can at-
tach themselves reversibly or irreversibly onto rock or 
mineral surfaces. According to Stumm and Morgan 
[37], this adsorption process may result from short-
range chemical forces, e.g., covalent bonding, hydro-
phobic bonding and hydrogen bridges. These chemi-
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Fig. 11. Hypothetical structural relationships in aqueous humic material based on degradation products of permanganate (reprinted 
with permission from [32], Copyright 1989, American Chemical Society). 
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Fig. 13. Isotherm of the adsorption of Cs onto Belle Fourche 
clay. 

Fig. 12. Complex formation constants of several actinides with 
humic acid as a function of the degree of ionization (β) and pH 
(reprinted with permission from [34], Copyright 1985, Elsevier 

Science Publishers Β. V.). 

sorption processes are frequently irreversible. Sorption 
may also result from long-range forces, i.e., electro-
static and van der Waals attraction. Electrostatic ad-
sorption is frequently rapid and reversible, e.g., ion-
exchange reactions. 

The adsorption of a hydrated ion, M(H20)„, onto a 
hydrated surface, S(H20)m, can be thought of as a mul-
tistep process that involves the dehydration of M, the 
adsorption of dehydrated Μ on the hydrated surface 
and the hydration of the adsorption product [37]. The 
over all reaction is: 

S(H20)m + M(H20)„ (11) 

= SM(H20)p + (m + η-ρ) H 2 0 . 

Adsorption is usually described quantitatively by 
adsorption isotherms [37], i.e., by plots of the concen-
tration of the solute in the solid phase versus the con-
centration of solute in the aqueous phase. An isotherm 
describing the measured adsorption of cesium on to 
Belle Fourche clay (montmorillonite) from a solution 
of pH 7 and 0.01 Μ NaCl is given in Figure 13 [38]. 
Several models, e.g., Gibbs, Freundlich and Langmuir 
have been used to describe the distribution of a solute 
between solid and liquid phases [37, 39]. A good em-
pirical description of single-solute equilibrium is pro-
vided by the Freundlich model [39]. The equation is: 

KT = Cs/Ca (12) 

where Cs and Ca are the equilibrium solid-phase and 
liquid-phase solute concentrations. The concentrations 
are usually expressed in units directly connected to the 
amounts of solute (e.g., moles, disintegrations/minute 
for radioactive isotopes, etc.) per gram of solid and 

Th φ2) 

( f t ) 

<w 
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amounts of solute per ml of solution. Thus, the distri-
bution coefficient, Kd, has the units ml/g. The 
thermodynamic equilibrium distribution coefficient is 
given by: 

K°d = ajac = y,CJyaCa. (13) 

Because the activities, particularly for the solute in the 
solid phase, are difficult to obtain or estimate, meas-
ured concentrations are used in expression 12 and the 
constant is frequently refered to as the distribution ra-
tio, Rd. Some average distribution ratios for 12 differ-
ent minerals and 4 rock types for actinides in the 4 
different oxidation states [40, 41] are in the ratio 
An 4 + -500 :An 3 + -50 :AnC>r-5 : An02

+-1. Again, as 
with precipitation and complexation, there are substan-
tial differences between oxidation states. The trend in 
Rd values is 4+ > 3+ > 6+ > 5+. 

4.4.2 Source of surface charge 

The surface of solids in natural water are electrically 
charged and, depending on their nature, they may be 
either positively or negatively charged. For electrical 
neutrality, there is an equivalent opposite charge of 
counter ions diffusely distributed in the liquid near the 
surface. The fixed charge of the surface and the diffuse 
charge of the liquid are refered to as the electrical 
double layer [42]. In the simplest model, the charged 
surface consists of two layers, one on the surface and 
the other in the solution (Helmholtz model). If the 
charges in solution are allowed to move due to thermal 
forces, a balance between the thermal and electrostatic 
forces is attained and a diffuse layer in solution is 
formed (Gouy-Chapman diffuse charge model). Stern 
divided the near surface region into two parts, a layer 
of ions adsorbed from solution onto the surface (Stern 
layer) and a diffuse layer (Gouy layer). Integration 
over the surface layers sum to zero charge. The various 
models are discussed in detail in reference [42], 

There are three main ways for the surface charge 
to originate [42]: 

(1) Ionizable functional groups, e.g., —OH, -COOH, 
-0P0 3 H 2 , etc., that depend on the mineral phase. The 
charge depends on the degree of ionization of the 
groups and therefore on the pH. The behavior is much 
like a weak acid. 
(2) Lattice imperfections at the solid surface or iso-
morphous replacement within the lattice, e.g., replace-
ment of Si4+ ions in the Si02 tetrahedra with Al3+ ions 
generates negatively charged sites. 
(3) Adsorption of surfactants via van der Waals inter-
actions, or by hydrogen or hydrophobic bonding, e.g., 
adsorption of an organic coating onto an inorganic sur-
face. 

4.4.3 Surface complexation model 

Most metal, metal oxide and metal hydroxide surfaces, 
e.g., Si, Al, Fe, exhibit an amphoteric behavior [42— 

Table 7. Zero point of charge (reprinted with permission from 
[42], Copyright 1981, John Wiley & Sons, Inc.) 

Material pHzp, 

α-Α1203 9.1 
a-Al(OH)3 5.0 
y-A100H 8.2 
CuO 9.5 
Fe304 6.5 
a-FeOOH 7.8 
y-Fe203 6.7 
"Fe(OH)3"(amorph) 8.5 
MgO 12.4 
<5-Mn02 2.8 
β-Μη02 7.2 
Si02 2.0 
ZrSi04 5 
Feldspars 2 -2 .4 
Kaolinite 4.6 
Montmorillonite 2.5 
Albite 2.0 
Chrysotile >12 

44], i.e., the surface hydroxyl group may undergo pro-
tonation and deprotonation as follows: 

S-OH2
+ = S - O H = S - C T 

Where S represents the surface, and fc, and k2 are the 
intrinsic acid constants for the two deprotonation reac-
tions. The positively charged species dominate at low 
pH while the negatively charged species dominate at 
high pH. The surface charge will go from positive to 
zero to negative as the pH changes from low to high 
values. At some pH, which varies from one type of 
surface to another, the charge integrated over the sur-
face is zero, denoted the point of zero charge (PZC). 
The pHpzc = 1/2 + pk^] [42], These constants are 
obtained from acid-base titrations of aqueous suspen-
sions of the finely divided material [42—44], Be-
cause the surface charge is generated by H+ and OH", 
they are referred to as the potential determining ions. 
For other than oxide surfaces, in addition to H+ and 
OH", other ions in solution may contribute to deter-
mining the potential, e.g., for carbonate solids, H2C03, 
HCOjT and CO3" may be potential determining as well 
[42], In these cases, the solution composition must be 
specified along with the pHpzc. In Table 7, the PZC's 
for a number of geologic materials are given [42], 

The surface groups can interact with solute ions. 
For example, depending on the surface site speciation, 
the ions of NaCl can interact as follows [45]: 

S-OH2
+ + CI" = S-OH2Cl 

S - O " + Na+ = S - O N a 

negatively charged solution species being adsorbed at 
the lower pH values and positively charge solution 
species at higher pH values. In the double layer, one 
type of counter ion can be exchanged for another, e.g., 
the ion exchange reaction 

S - O N a + Mg2+ = S - O M g + + Na+ 
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Fig. 14. Neptunium adsorption ratios measured in various 
systems at pH 7 as a function of the redox potential (reprinted 
with permission from [31], Copyright 1988, Oldenbourg Verlag 

GmbH). 

or 
2 S - O N a + Mg2+ = 2 SO-Mg + 2 Na+. 

Other solution complexes may also be exchanged, e.g., 

S - O N a + Mg(OH)+ = S-OMg(OH) + Na+. 
The double-layer theory predicts [45] that higher va-
lence ion are generally prefered over lower valence 
ions, the trend observed for the actinides. The depen-
dence of the adsorption coefficient with oxidation state 
can be seen dramatically in the measured Rd for Np as 
a function of solution Eh reported by Lieser et al. [31] 
and shown in Figure 14. The distribution ratio de-
creases dramatically at the Eh corresponding to the ox-
idation, of Np4+ to Np02

+. 
The Rd approach ignores the chemical properties 

of absorbent and absorbate, and is valid for a single 
solution composition and adsorbate concentration. An 
alternative to the Rd approach is the so-called surface 
complexation or site-binding model [43,44,46, 47], In 
this model, the adsorption reactions of aqueous solute 
species, i.e., hydrated ions, hydrolysis products or oth-
er complexed species, with the solid surface are 
considered as surface complexation reactions. The 
various solution and surface reactions are allowed to 
compete for the solute ions. Because the surface ad-
sorption reactions are described in the same form as 
the solution reactions, the modelling calculations can 
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consider all reactions simultaneously. This model has 
been used to predict reasonably well the adsorption of 
many metals on a variety of surfaces [43, 48—50], The 
disadvantage of the surface complexation model is the 
difficulty in the experimental determination of the 
model parameters and surface reaction constants. 
However, it has been suggested [42, 51] that there may 
be correlations between the tendency of given ligands 
to form complexes in solution and the tendency of that 
functional group to form surface complexes, e.g., hy-
drolysis constants of an ion in solution and com-
plexation by surface hydroxide groups. Such a corre-
lation is shown for adsorption of various cations onto 
aluminum oxide in Figure 15. Possible surface com-
plexation reactions with several actinides and their 
surface reaction constants are given in references [30] 
and [43], 

In Figure 16, the results of the competition be-
tween the two complexation reactions, surface and 
solution, on the measured adsorption of UOi+ is readi-
ly seen. The figure shows the results of measurements 
of the adsorption of UO!+ as a function of pH by silica 
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in NaCl solutions with and without the presence of 
carbonate [34], Due to the formation of carbonate 
complexes of UO|+ that are not adsorbed or adsorbed 
to a much lesser extent than the hydrated ion, the dis-
tribution ratio is reduced by a factor of about 500 
when changing from solutions of NaCl without car-
bonate present to solutions that contain millimolar 
amounts of carbonate. The addition of strong actinide 
complexing agents normally decreases actinide ad-
sorption. 

4 .5 Co l lo ids 

The role of colloids in facilitating actinide transport is 
far from clear, however, greatly enhanced transport of 
americium and plutonium associated with colloids 
over that predicted for ionic species has been observed 
at a liquid seepage site at Los Alamos. At another site 
at Los Alamos, plutonium and americium were detect-
ed in monitoring wells over a mile away from a liquid 
waste source and found by ultracentrifugation to be 
present as colloids [52], 

Depending on their size and charge relative to the 
surrounding porous media, colloids can move more 
rapidly or more slowly than the average groundwater 
velocity [53, 54], The sign and magnitude of the elec-
trical charge of a colloid, the zeta potential, generally 
is a function of the pH of the solution and there is a 
specific pH where they are uncharged. When uncharg-
ed particles pass through a porous media or thin frac-
ture, they are usually transported without retention by 
convection and diffusion due to Brownian motion. The 
water velocity distribution is generally parabolic, the 
maximum velocity at the center being about two times 
the average velocity of the water [53, 54]. Particles 
will randomly sample this velocity variation but will 
not reach the walls due to their size. Therefore, their 
average velocity will be greater than the average 
groundwater velocity; the larger colloids will travel 
more rapidly than the smaller ones. If the colloids have 
the same charge as the surrounding media, repulsion 
will tend to increase the colloids relative velocity even 
more as they are kept even further away from the walls 
and will tend to inhibit wall adsorption. In addition, 
colloid particles that are larger than some pore diam-
eters will be excluded from passage through them and 
experience a shorter overall path length (size ex-
clusion) and, again, an apparent higher velocity than 
the average water velocity. If the particles have a 
charge that is opposite to the surrounding surfaces, re-
tention mechanisms (wall absorption) will decrease the 
particle velocity relative to that of the ground water. 
Failure to account for colloid formation and transport 
could lead to serious underestimations of the rate of 
transport of actinide contaminants. 

4.5.1 Nature of colloids 

Colloid systems are usually defined as systems con-
taining particles whose diameters range from one 

nanometer to one micrometer [54—57], Colloid sys-
tems in aqueous media are divided into two types, lyo-
philic and lyophobic. The term lyophilic is used to de-
scribe colloids produced by the dissolution of 
macromolecules in the solvent while lyophobic de-
scribes colloids formed by dispersion of solid particles 
in the solvent. A characteristic feature of colloidal dis-
persions is the large area-to-volume ratio of the 
particles. The colloids formed by inorganic cations, 
like the actinide elements, are classified as lyophobic. 

Two mechanisms have been proposed to explain 
the formation of colloids containing actinides in 
ground waters [36, 54, 57, 58]. The first describes the 
particles of the colloid as being composed primarily of 
an actinide and formed by condensation of actinide 
molecules or ions by a hydrolytic or precipitation pro-
cess. This type of colloid might be expected to exhibit 
chemical properties similar to the assumed compound 
in macroamounts [54]. Such colloids have been called 
at various times "real", "pure", "eigen", "true" or 
"intrinsic" colloids. 

The other mechanism pictures the formation of ac-
tinide containing colloids as the result of the adsorp-
tion of trace amounts of actinides onto colloids of im-
purity or other foreign materials in the aqueous phase. 
The chemical properties of these colloids would be 
similar to that of the impurity rather than the actinide. 
These types of colloids have been called "pseudo", 
"fremd", or "associative" colloids. There is ample 
evidence for the formation of both of these types of 
actinide bearing colloids [15, 36, 58—60], 

Many of the important properties of colloids, such 
as stability and coagulation, are determined by the 
electric charge on the particles, the zeta potential [60], 
The larger the surface charge, the more the particles 
tend to repell each other, the less likely they are to 
coagulate, and the more stable the colloid system [61]. 
For oxides and hydroxides, as the pH changes from 
acidic to basic conditions, the surface charge on oxide 
surfaces changes from highly positive to neutral to 
negative, gradually [61]. The further the pH of the 
solution is from the pHpzc of the colloid, the larger 
the surface charge and the more stable is the colloidal 
system. For example, the pzc for Pu(IV) oxide is 
around pH 8 [62], Thus, it is not surprising that the 
Pu(IV) colloid is very stable at low pH values, i.e., 1 — 
4, but tends to coagulate and precipitate at near neutral 
pH values [63]. 

The main effect of increasing electrolyte concen-
tration is to reduce the double layer potential [64], 
Therefore, the stability of a colloidal system normally 
decreases with increasing electrolyte concentration, 
and coagulation and precipitation are enhanced. The 
critical electrolyte concentration needed for coagu-
lation varies as (1 Iz f [64], Thus, the higher the charge 
on the electrolyte ions, the more effective that electro-
lyte is in inducing coagulation. Adsorption and surface 
charge neutralization by species of opposite charge to 
the colloid promote coagulation at low concentrations 
but can restabilize colloids at higher concentrations 
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due to reversal of the charge of the colloidal particles 
[65]. Such behavior has been observed with Pu(IV) 
colloid in solutions of varying nitrate concentrations 
[66], 

4.5.2 Actinide intrinsic colloids 

Kim has given the order in the tendency of actinides 
to form intrinsic colloids as M4+ > ΜΟΓ > M3+ > 
MOJ [58]. This is the order of decreasing charge on 
the central ion. The mechanisms for the nucleation and 
growth of intrinsic colloids are thought to be similar 
to those of precipitation [54, 55, 67, 68]. Thus, the 
process assumes that the concentration of the actinide 
is sufficiently large so as to exceed the solubility prod-
uct constant for the formation of a solid phase [54, 68, 
69]. Because actinide oxides and hydroxides are very 
insoluble, they are frequently the source of intrinsic 
colloids. The route is generally believed to proceed by 
a gradual transition from ions to hydrolyzed ions to 
hydrolytic polymers to colloidal-size solid-phase 
particles. However, other very insoluble compounds of 
actinides could conceivably be the basis for colloids 
in natural systems, e.g., carbonates, hydroxycarbonates 
or phosphates. From this picture, one would not expect 
intrinsic colloids to form unless the actinide ion solu-
tion concentration exceeded the solubility product for 
the formation of a solid phase. 

The colloid of Pu(IV) is the only actinide intrinsic 
colloid that has been studied in any great detail. The 
colloid can be easily produced by neutralization of 
acid solutions of Pu(IV) ion, can remain stable for 
years, and can be purified by ion-exchange column 
methods [70], It exhibits an absorption spectrum dis-
tinctly different from those of the other Pu species 
[70]. The colloid can be precipitated from solution by 
a variety of anions and it resembles the precipitation of 
slightly soluble metal salts [66]. While Pu(IV) colloids 
were once thought to be due to polymer formation 
from hydrolysis products, Lloyd and Haire have 
shown that the colloid consists of very discrete 
particles, which can be amorphous or crystalline, of 
hydrated plutonium dioxide [71]. The particles become 
more crystalline with aging. The possible formation of 
a hydrolytic polymer would be only a step in the col-
loid formation process. 

Silver has estimated the free energy of formation 
of Pu(IV) colloid [72], From this number, he has cal-
culated a value of 2.5 X 10~56 for the solubility product 
constant. This value is close to that measured for 
Pu(OH)4 [73, 74], The solubility of the colloid appears 
to be between that of amorphous Pu(0H)4 and Pu02, 
however, the exact value depends on the degree of 
aging, i.e., crystallinity [75], Interestingly, the pre-
dominant solution species in equilibrium with the col-
loid under oxidizing conditions was found to be Pu(V) 
[76], Rai and Seme found that, if the Pu solution con-
centration at a given pH falls above the Pu(OH)4 solu-
bility line, Pu(IV) colloid can form. If the Pu concen-
tration falls below this line, the colloid or Pu(OH)4 will 

pH 
Fig. 17. Solubility curves for Pu(OH)„, Pu02 and Pu(IV) colloids 

as a function of pH [76]. 

not form [77], The pH dependent solubility curves for 
the oxide, hydroxide and colloid are shown in 
Figure 17 [77], From these curves, it should be possi-
ble to estimate the concentration of Pu required for 
intrinsic colloid formation. 

The size of the Pu(IY) intrinsic colloids have been 
studied by ultracentrifugation [78] and autocorrelation 
photon spectroscopy [79, 80]. They can vary in size 
from one to several hundred nanometers. The distri-
bution is not uniform and depends on aging. The frac-
tion of large particles increases with time. Rundberg, 
et al, found the density to be near but slightly lower 
than the estimated density of crystalline plutonium di-
oxide [80], 

Plutonium(IV) colloid can form in solutions of 
Pu(V) and Pu(VI) following reduction of the latter by 
the effects of alpha radiation [81]. Conversely, the 
Pu(IV) in the intrinsic colloid is electroactive and the 
colloid can be broken down and oxidized to soluble 
Pu(VI) by cerium(IV) [82]. Under oxidizing environ-
mental conditions, the major solution species to form 
in equilibrium with the colloid is Pu(V) [76, 83], i.e., 
Pu(IV) colloid will dissolve to produce Pu(V) in solu-
tion. Strong complexing agents may inhibit formation 
or enhance the dissolution of the Pu(IV) colloid [84]. 

There is indiction that U(IV) forms colloids similar 
to Pu(IV) [85], however, it has not been studied to any 
extent. It would be expected to form under reducing 
conditions where the U(IV) ion is stable. The solu-
bility curve for U(IV), i.e. concentration versus pH, 
would be the best way to predict the conditions for 
possible colloid formation. 

There is some evidence for the formation of 
Am(III) [36, 58, 59, 67, 86] and U(VI) [58, 59, 67, 
85] intrinsic colloids but not for Np(V) [58, 59, 67]. 
By analogy with Pu(IV), an estimate of the solution 
concentration necessary for the formation of intrinsic 
colloids of actinides in the III, V, and VI oxidation 
states could be made from their solubility curves. The 
solubility of Am(OH)3 [12], U02(0H)2 [29] and 
Np02(0H) [87] have been reported in the literature. 
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However, in groundwater, carbonate or other com-
plexation of the solution species can change these 
solubilities. Compared to Pu(IV), it would seem less 
likely that one would exceed the solubility products of 
Am(III) and U(VI) at low pH values where the col-
loids would be the most stable. Np(V) is very soluble 
at the low pH values and does not reach a minimum 
until a pH close to 11 [87], Conditions for Np(V) col-
loid formation in environmental waters would usually 
not be achieved. 

4.5.3 Actinide association colloids 

Natural colloids are in all groundwaters to some ex-
tent. The amount and nature will depend on the associ-
ated geologic structure. Colloid particles are com-
monly composed of materials produced by the disinte-
gration and weathering of rocks and minerals, e.g., 
clays, silica, aluminum oxide minerals, as well as hy-
droxides or hydrated oxides of metal, e.g., iron [36, 
52, 54, 88-90]. Organic colloids (humic substances) 
and inorganic particles that are covered with organics 
may also be present. Groundwater concentrations may 
vary from as few as <106 particles per liter at the 
Nevada Test Site to 1017 particles per liter at the Gor-
leben Site in Germany. The adsorption processes for 
the adsorption of actinides is similar to those discussed 
for mineral surfaces in section 4.4 and many of the 
techniques and conclusions are the same. 

5. Optical absorption spectroscopy 

Because the oxidation state, degree of complexation 
and solution form (dissolved or colloidal) have a 
strong influence on the chemical behavior of an acti-
nides in the environment, the determination of the 
solution speciation of actinides is nearly as important 
as a measurement of the amount for predicting mi-
gration rates or planning clean-up techniques. While 
nuclear counting methods provide a sensitive method 
for determining the amounts, it gives no information 
about the nature of the solution species. Absorption 
spectroscopy methods are considered to be one of the 
most reliable techniques for the detection and 
characterization of solution species [91, 92] and have 
been widely used for the characterization of actinides 
in solutions [93, 94]. The optical absorption spectra 
of actinides (and lanthanides) show peaks due to the 
excitation of/—/electron transitions [93], These peaks 
are quite narrow, usually less than a few nanometers 
wide (full-width-at-half-maximum height), and the 
wave length of the absorption peaks are uniquely 
characteristic of the actinide element and its oxidation 
state. For example, spectra are shown in Figure 18 for 
Pu3+, Pu4+, Pu02

+ and PuO|+ [93]. The major absorp-
tion peak wave lengths for U, Np, Pu and Am in the 
oxidation states of environmental importance are given 
in Table 8. In addition to the identification, the quan-

tity of the solution species can be obtained from the 
measured absorption peaks through the use of Beer's 
law [95]: 

A = ε X C X L (14) 

where A is the measured absorbance (peak height or 
peak area), ε is the molar absorptivity constant, C is 
the concentration and L is the light path length in the 
solution. The reported molar absorptivities of the ma-
jor absorption peaks of U, Np, Pu and Am in different 
oxidation states are given in Table 8. 

Complexation or colloid formation produces 
changes in the absorption spectra that can frequently 
be used to identify the complex species or detect col-
loid formation. In Figure 19, the absorption spectra of 
Pu4+, both uncomplexed and carbonate complexed, are 
shown [96]. The absorption wave length of the uncom-
plexed hydrated ion is shifted from 470 nm to 486 nm 
due to formation of a carbonate complexes. Because 
the concentrations of both complexed and uncomplex-
ed species can frequently be obtained from an analysis 
of the absorption spectra, this method has been used 
to measure the complex formation constants for a 
number of actinide complexes [97—99]. The spectra 
of dissolved Am3+ and of Am3+ absorbed onto colloid 
particles are shown in Figure 20 [87], The formation 
of colloids degrades and nearly eliminates the absorp-
tion peak of Am at 508 nm. 

Unfortunately, conventional absorption spec-
trometers have detection limits of between 0.01 and 
1 millimolar for the actinides [100], depending on their 
molar absorptivities, while the solubilities of actinides 
in aqueous solutions of near neutral pH are generally 
two or more orders of magnitude less (see section 4.2). 
With the advent of high powered, pulsed lasers in re-
cent years, new laser based techniques have been de-
veloped for measuring very weak sample absorbance 
[101]. These techniques, photoacoustic (PAS) [102], 
photothermal deflection (PDS) [103] and thermal lens-
ing (TLS) [104], are referred to as photothermal spec-
troscopies and are potentially three orders of magni-
tude more sensitive than absorption spectroscopy us-
ing conventional spectrometers while supplying the 
same information [105], Laser induced fluorescence 
spectroscopy can be even more sensitive for those acti-
nides that deexcite by the fluorescence process, e.g., 
U, Cm, and to a lesser extent, Am [106-108]. Unlike 
conventional spectroscopy, where the absorption is 
measured as the difference between the intensity of 
light passing in and out of the absorption cell, photo-
thermal spectroscopies measure directly the amount of 
energy absorbed by the solute ions in the path of the 
laser light. The detection limits obtained by PAS for 
U, Np, Pu and Am in the oxidation states of environ-
mental importance are given in Table 8. In principle, 
it is possible to increase the sensitivity a factor of ten 
using TLS [104], however, the experimental arrange-
ment is difficult to set-up and maintain. The use of 
photothermal spectroscopies coupled with optical fi-
bers for remote measurements of actinides in aqueous 
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Fig. 18. Absorption spectra for Pu3+ (a), Pu4+ (b), Pu02
+ (c), and PuO|+ (d) [93]. 

Table 8. Photoacoustic spectroscopy 

Ion Abs. Molar Cone, sensitivity 
wavelength Abs. 

nm Μ"1 cm"1 Μ ppm 

Am(3+) 503 380 1X10 ' 8 0.003 
Pu(3+) 600 38 1X10"7 0.03 
Pu(4+) 470 55 1X10"7 0.03 
Pu(5+) 568 19 5X10"7 0.10 
Pu(6+) 830 550 1X10"7 0.03 
Np(5+) 980 395 1X10"7 0.03 
U(4+) 650 58 1 X10"7 0.03 
U(6+) 415 8 1X10"6 0.20 

solution at the parts per billion level [110] has in-
creased rapidly over the last few years. Present sys-
tems are usually composed of a Nd-YAG or EXIMER 
pumped dye lasers [110, 111]. With this system, it is 
necessary to change dyes several times in order to 
cover the visible and near infrared region. However, 
the very recent development of optical parametric os-
cillator systems using ultrapure barium borate crystals 
in place of the dye lasers has made continuous spec-
trum scanning from ultraviolet to the near infrared re-
gions possible [112]. 

6. X-ray absorption spectroscopy 

With the availability of third generation synchrotrons 
[113] and the development of new fluorescence detec-
tors [114] that can process high count rates, X-ray ab-
sorption spectroscopy (XAS) is becoming a powerful 
technique to study the speciation of actinides in the 
environment [115, 116]. XAS is particularly useful for 
investigating non-crystalline and polymeric actinide 
compounds that can not be identified by X-ray diffrac-
tion analysis. 

X-ray Absorption Near Edge Spectroscopy 
(XANES), usually within 40 eV of the adsorption 
edge, can provide information about the local structure 
and oxidation state of an actinide in solution, solid or 
at a solution/solid interface. For example, uranium Lm 
XANES spectra of U(IV) in U02, U(VI) in U03 and a 
50/50 mixture are given in Figure 20 [116]. The peak 
shift in the spectra with oxidation state is easily detect-
ed. This technique has recently been used to show that 
U(VI) was reduced to U(IV) by cultures of the bac-
terium Clostridium sp. and that uranium in wastes can 
be stabilized by the action of this anaerobic bacteria 
[117], This technique has also been used recently to 
investigate uranium speciation in soils and sediments 
from two former U.S. Department of Energy uranium 
processing facilities [116]. 
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Fig. 19. Absorption spectra for Pu4+ (a) in perchloric acid and 
Pu4+ (b) in 1 Μ Na2C03 . 
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Fig. 20. Uranium Lnl XANES spectra of pure U(IV)02 (solid 
line), U(VI)03 (dotted line) and a 50/50 mixture of the two 
(dashed line), (reprinted with permission from [116], Copyright 

1994, American Chemical Society). 

k(A ) 

Fig. 21. Uranium L,„ edge EXAFS spectra of uranyl orthosili-
cate (A), uranyl adsorbed from a 0.01 Μ uranyl solution onto 
silicic acid (B), uranyl adsorbed from a 0.05 Μ uranyl solution 
onto silicic acid (C), and uranyl adsorbed from a 0.05 Μ uranyl 
solution onto silica gel (D). Right panel shows the Fourier-trans-

formed EXAFS of samples A through C. 

Extended X-ray Absorption Fine Structure Spec-
troscopy (EXAFS) gives additional knowledge on co-
ordination numbers and bond lengths to first, second 
and even more distant neighbor atoms [115]. This in-
formation is very useful for understanding the chemi-
cal state and bonding of actinide related to (a) speci-
ation and complexation studies in aqueous and non-
aqueous solutions, (b) adsorption processes at solid-
solution interfaces involving minerals, mineral as-
semblies, rocks and soils and (c) adsorption and incor-
poration of radionuclides in microorganisms and other 
biological materials. The fine structure in absorption 
spectra above the Lm edge comes from interferences 
between outgoing photoelectron waves and backscat-
tered waves from neighboring atoms. When EXAFS 
spectra are converted to momentum space (k), the fine 
structure is directly related to the sum of sinusoidal 
oscillations for each shell of neighboring atoms. The 
amplitude of the EXAFS oscillation depends on the 
number and type of near-neighbor atoms. For example, 
EXAFS spectra of uranyl orthosilicate and uranium-
(VI) adsorbed onto precipitated silicic acid and silica 
gel are shown in Figure 21 [118]. The Fourier-trans-
formed EXAFS of these samples are included in the 
right panel. From fitting the EXAFS spectrum of the 
uranium orthosilicate, the following distances for the 
first four coordination shells of uranium were deter-
mined: U-Oaxial = 1.79 A, U-Oequatonal = 2.39 A, U -
Si = 3.16 Ä, and U - U = 3.88 Ä. The EXAFS spectra 
of uranyl species adsorbed onto silicic acid and silica 
gel at pH 4 are identical indicating similar uranyl coor-
dination. The main characteristic of the surface species 
are two well-separated oxygen coordination shells in 
the equatorial uranyl plane at 2.27 and 2.50 A. The 
results of the analysis favored the interpretation of the 
uranyl surface species as an innersphere, mononuclear, 
bidentate complex. A number of papers describing in-
vestigations of uranyl(VI) and neptunyl(V) adsorption 
using EXAFS have appeared recently in the literature 
[119-122], 

The handling of actinides at large synchrotron fa-
cilities is very difficult and highly restricted because 
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of the toxicity and radiation properties of the actinides. 
Therefore, only a few studies have been conducted us-
ing elements of higher atomic number than uranium 
and neptunium. However, proposed facilities of special 
design for the handling and irradiation of plutonium 
and beyond at high concentration levels are being con-
structed at the European Synchrotron Radiation Fa-
cility at Grenoble, France [115]. 
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Abstract 

Anthropogenic radioactivity stems mainly from nuclear energy 
generation. The contents are given for fission and radioactivation 
products in a typical LWR and for global accumulation including 
transuranium elements. The transmutation of radiotoxicity in fast 
reactors is described. 

Introduction 

Similar to the C 0 2 emissions from the burning of fos-
sile fuels enhancing the greenhouse effect, fission en-
ergy generates also an unwanted by-product: artificial 
radioactivity. Nevertheless fissiogenic radioactivity 
occurs in nature, too. In 1972, H. Bouzigues observed 
in natural uranium an odd isotopic abundance for 235U 
of 0.711 ±0.0007%, which led to the discovery of a 
precambrian natural fission energy source in Oklo, Ga-
bon. The uranium ore that Becquerel held in his hands 
also must have contained radioactivity that stemmed 
from fission — spontaneous or induced by cosmic 
rays. During early times on earth, when the 235U abun-
dance was above 2.1%, natural light water boiling re-
actors were still possible so that the Oklo phenomenon 
was not a singularity. The Oklo reactors, however, op-
erated only with a power of 1 —10 kW during about 
1 million years. So, present nuclear power stations 
cannot simply be regarded as atavisms, although they 
generate about the same energy. Their power density 
and hence the accumulation of short-lived fission 
products is larger by 106. A high degree of safety tech-
nology is required to contain the accumulated radio-
activity in the core of the reactor. In case of a sudden 
release, as during the Chernobyl catastrophe, a devas-
tating contamination of the environment is the un-
avoidable consequence. Already before this event, 
when fission energy became a military weapon in 
1945, it turned the public against fission energy use. 
The following atomic bomb tests in the atmosphere 
led to a wide-spread contamination by long-living ra-
dioactive fission products of which some accumulated 
in the food chain, which further sensibilized the pub-
lic, so that now the final disposal of long-living radio-

toxic nuclides has become the major acceptance prob-
lem of fission energy use. 

Nevertheless, it is more or less common belief that 
mankind cannot do without the energy generated by 
fission as long as no reasonable substitute is found. 
Consequently, it ought to be the greatest challenge to 
the scientific and technical community to develop 
feasible solutions that will make fission energy ac-
ceptable in reducing and containing the artificial 
radioactivity to such an extent that accidental releases 
to the environment cannot pose a major hazard to 
life. 

Formation of radioactivity by fission energy 

The radioactivity building up during fission energy 
generation can be described by: 

— = Σ(/σ*Φ + ζλ*)Ν*-(σφ + λ)Ν. (1) 
dt 

With Ν as the radioactive nuclide considered that is 
formed by Σ routes from different nuclides N* with 
the reaction constants fa* φ (neutron induced) and ζ λ* 
of possible decay modes {φ is the neutron flux). The 
second term of the equation describes the nuclide's de-
pletion by the same type of reactions. 

The primary nuclear reaction is the neutron in-
duced fission of 235U, which is the only fissile nuclide 
in accessible quantities on earth to sustain a nuclear 
chain reaction. 

235U + n= Jp + vn + E (2) 

For the fission of one 235U atom induced by one ther-
mal neutron n, there are released fission products f p , 
of varying masses - as described below — together 
with an average yield of ν = 2.423 neutrons and of 
average released energy £ = 1 9 3 . 6 [MeV]. 

Radioactivity by fission 

Following Eq. (1), the formation of a fission product 
mass Ν is described by: 

fo Φ = f y — Φ (3) 
σ„ 
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Fig. 1. Isobaric yields of heavier fission products: influence of neutron energy for 235U and 239Pu (left curve), influence of higher 
masses of fission sources (237Np, 238U, 240Pu, 241Pu,241 Am, 242Pu) [1, 2], 

where the fission yield f y , as well as the relative fis-
sion cross section σβσα varies with the energy spec-
trum of the neutron flux φ. The lighter masses distri-
bution of the asymmetric fission changes little. The 
heavier fission product distribution reflects the higher 
masses of the fission sources. With increasing energy 
of the neutron inducing fission, the symmetric fission 
increases only slightly (Fig. 1), but the o f/aa varies 
strongly, due to so-called resonances in the epithermal 
neutron energy spectrum (σα is the total absorption 
cross section σα = af + ac). 

The (independently by fission) formed nuclide Ν 
decays by β~ with the reaction constant λ into another 
radioactive or stable nuclide. During reactor operation, 
the short-lived radionuclides determine the total radio-
activity which is about 1020 Bq for a typical LWR at 
the time of a reactor shut down. After ten thousand 
years, the remaining radioactivity is governed by a few 
radionuclides. 

Radioactivity by neutron capture 

The neutrons (Eq. (2)) in excess (ν — 1) to maintain 
the chain reaction are captured in reactor materials. 
According to Eq. (1), the build-up is governed by 

f a - φ ^ φ (4) 
σα 

with a, the cross section for neutron capture (σα = 
a f + <7C). The radiative neutron capture reaction (n,y) 
dominates other possible reactions (n, 2n), (n, 3n), 
(η, ρ), (η, a). Although for absorbers of excess re-
activity and for structural materials elements are 
chosen such as B, Gd, Zr with small radioactivation, 

the radioactivity of reactor material is considerable 
(Table 1). 

Of more relevance is the built up radioactivity by 
activation in the fuel itself. Certain fission products 
limit the fuel use because of parasitic neutron capture 
which leads in some cases to the build-up of new ra-
dionuclides that are not formed by fission and sub-
sequent β~ decay, because they are shielded in the de-
cay chain by stable nuclides. (Among them are: 110Ag, 
134Cs and 154Eu). The neutron capture reactions change 
the fission product distribution in Light Water Re-
actors for highly burnt fuels considerably, so that it 
deviates from the original mass distribution. 

The reactivity of a reactor fuel is prolonged by the 
formation of TU nuclides which are partially fissile, 
but all are highly radiotoxic. The main reaction is the 
(multiple) radiative neutron capture (η,γ) followed by 
β~- and α-decay which determine the pattern of the 
reaction path (Fig. 2) leading to the build-up of acti-
nides in measurable quantities up to californium. In 
Table 2 is given the concentration for the actinide nu-
clides contained in 1 t HM of spent fuel at the time of 
discharge. 

Although the 238Pu(n, 3n)236Pu and 234U (n, 3n)232U 
reactions have a low probability, they nevertheless 
contribute substantially, e.g. at discharge of PWR fuel 
to the formation of the 236Pu (1010 Bq/t HM) and 232U 
(108 Bq/t HM), which fall into the natural 4n 
chain of 232Th [5], It is the build-up of 208T1, which 
emits a 2.6 MeV hard y-radiation that limits the reuse 
of recovered uranium from reprocessed LWR fuel, be-
cause — during the re-enrichment process with present 
shielding in the facilities — the acceptable occu-
pational radiation dose would be soon exceeded. 

The 238U(n,2n)237U-^- 237Np reaction resurrects 
the extinct (4n + l ) decay chain (Fig. 3). Since 237Np 
is being produced in the ton scale, it will testify far 
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Table 1. Radioactivity of fission products (Bq/t HM) from typi-
cal PWR fuel and radioactivation in reactor material at discharge 

and 10000 a [3] 

Fission product radioactivity [Bq] 

Radionuclide Discharge 10000 a 

Ή 2 10'3 

79Se 1 10'° 1 10'" 
85 Kr 3 10'4 

-

86Rb 7 10'3 
-

89Sr 3 10'6 
-

^Sr 3 10'5 
-

90γ 3 10'5 

91 γ 4 10'6 

93Zr 7 1010 7 10" 
95Zr 5 10'6 

-

93mNb 5 109 6 •10'° 
95Nb 5 1016 

-

95mNb 4 10'4 
-

"Tc 5 10" 5 10" 
,03Ru 6 10'6 

-

,06Ru 2 1016 
-

•o3mRh 5 1016 
-

106Rh 2 10'6 

I07pd 4 10' 4 10' 
"°Ag 5 10" -

110mAg 1 1014 
-

"1mCd 1 1012 
-

n5mCd 3 1013 
-

""In 9 10"° -

"4mIn 7 10'° -

, ,9mSn 4 10'2 
-

,2,mSn 6 109 

,23Sn 7 IO13 

126Sn 2 10'° 2 10"' 
124Sb 2 1013 

l25Sb 3 1014 

,26Sb 3 1013 3 10" 
126mSb 2 io·3 2 10'° 
123mTe 3 10" -

l25mTe 7 10'3 
-

,27Te 3 10" -

,27mTe 4 10'4 
-

129Te 1 1016 

l29mTe 2 10" 
129 J 1 109 1 10" 

134Cs 6 10" -

,35Cs 1 IO10 1 10'° 
,37Cs 4 10" -

,37mBa 4 10" -

,40Ba 6 10'6 
-

,40La 6 1016 
-

, 4 ,Ce 5 1016 
-

144Ce 4 10'6 
-

,43Pr 5 1016 
-

144Pr 4 io·6 
-

144mpj . 5 10'4 
-

,47Pm 6 10" -

148Pm 6 10" -

l48mPm 1 10" -

, 5 ,Sm 1 IO'3 
-

,52Eu 2 10" -

,54Eu 5 10'4 
-

,55Eu 3 10'4 
-

156Eu 8 10" -

"3Gd 7 10" -

,60Tb 3 1013 

Total 7 IO17 7 10" 

Table 1. Continuation. 

Radioactivation products [Bq] 

Radionuclide Discharge 10000 a 

Ή 6 107 — 

,4C 5 109 
2 · 109 

3 3 p 2 1013 
-

3 5 s 3 10" -

45Ca 8 109 
-

46Sc 1 10'2 
-

51Cr 7 10" -

MMn 3 10'4 
-

"Fe 2 10" -

59Fe 2 1014 
-

58Co 1 10" -

"Co 8 1014 
-

59Ni 6 10" 6 · 10" 
63Ni 9 1013 

-

65Zn 9 109 
-

89Sr 3 10'2 
-

^Sr 8 107 
-

90γ 1 10'4 
-

91 γ 7 10'2 
-

93Zr 7 109 7 · 10" 
95Zr 2 io·5 

-

93mNb 4 10" 6 · 10" 
""Nb 4 10'° 3 · 10'° 
95Nb 2 10" -

93Mo 3 109 4 · 108 

"Tc 4 10s 4 · 108 

"9mSn 4 IO'4 
-

,2'mSn 3 10'° -

123Sn 3 10'° -

,24Sb 5 10" -

,25Sb 3 IO12 
-

125mTe 6 10" -

,82Ta 7 10" 
• 85W 2 10'° 

Total 2 IO'6 6 · 10" 

into the future that nuclear energy was once used on 
earth. 

The reactions 170(η,α) and ,4N(n,p) also with low 
probability lead to the build-up of significant 14C ra-
dioactivity (Table 1). 

Table 1 specifies the content of fission and radio-
activation products and Table 2 the contribution of ac-
tinides in one ton Heavy Metal, HM, of a typical 
LWR. 

Accumulation of radioactivity 

There exist several computer programmes that calcu-
late according Eq. (1) for a given operation time the 
radioactivity accumulated in a nuclear reactor [3, 6, 7]. 
The abundance of a radionuclide in a spent nuclear 
fuel depends on the neutron fluence and neutron spec-
trum. The latter is determined by the moderator/cool-
ant, as can be read from Table 2, where the long-living 
transuranium nuclides from a typical spent PWR fuel 
(33 GWd/t) are compared to a heavy water moderated 
power station fuelled with natural uranium (6 GWd/t). 
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Fig. 2 . Build-up chain of long-lived actinides in nuclear fuels with major (bold arrows) and minor (thin arrows) pathways (dashed 
lines symbolise short-lived radioactive decay) [4], 

Μ7ΜΝρ(2.14·106α) 4 
233„U (1.585 1 05 a)<——233„Pa (27.0 d) 

•I 
22'MTti (7340 a) 

i * ρ-225eeRa (14.8 d) —->225β9Αο(1 0.0 d) •I 
22'87Fr(4.8 m) 

•1 
2"85At (0.0323 s) 

a 2,3MBi (45.65 m) — P >2,3e4Po (4.2 με) 
I 97.84% 

a 2.16% a 
* Ρ β" 

20%,TI (2.20 m) > " V b (3.25 h) ——>20,„BI (stable) 
Fig. 3. Extinct decay chain: 4n +1. 

There is a variety of reactor types in operation world-
wide (Fig. 4), from which the so far accumulated arti-
ficial radioactivity can be estimated. To do so, either 
the produced energy or the discharged fuel with its 
declared burn-up has to be known. Unfortunately the 
published figures are not detailed enough. From the 
total generated electricity, the produced plutonium has 
now been estimated to be about 7501 (to which about 
2001 Pu from the military sector have to be added). 
The average Pu concentration contained in the 
165000 t of spent fuel produced so far amounts to 
4.5 kg/t HM, which is a rather low value compared to 
that in present spent fuel, but in accordance with the 
estimated average burn-up of 15 -20 MWd/t HM. 

Table 2. Radioactivity [Bq] of built up actinides in 11 of HM 
of a typical PWR fuel and HWR fuel at discharge and 10000 a 

Radionuclide Discharge Discharge 10000 a 10000 a 
PWR HWR PWR HWR 

236U 1 ΙΟ10 2 109 1 10'° 3 • 109 

237Np 1 1 0 i o 2 10" 5 ΙΟ10 4 • 109 

2 3 8 p u 8 1013 5 10" - -

239Pu 1 10" 6 1012 1 10" 4 • 10'2 

240Pu 2 10" 7 10'2 7 10'2 2 • 10'2 

241 Pu 5 1015 5 10" 3 109 1 • 106 

242Pu 7 10'° 4 109 8 ΙΟ10 4 • 109 

241 Am 5 1012 3 10" 3 109 3 • 106 

242m A m t 10" 6 109 - — 

243Am 6 10" 5 109 3 10" 2 • 109 

242Cm 2 1015 2 10'3 - -

243Cm 6 10" 4 109 - -

244Cm 7 10'3 1 10" — — 

Total 6 10'5 6 1014 2 10" 7 • 10'2 

Table 3. Present accumulated actinide radioactivity [Bq] for 
major abundant, long-living nuclides 

Nuclide 237Np 239Pu 240Pu 24 'Am 243Am 

Radioactivity 6 • 1014 2 · 10,s 1 · 1018 4 · 1017 2 • 1016 

The accumulated radioactivity by fission prod-
ucts — including the military sector — follows directly 
from the produced energy or the mass of plutonium 
and amounts to about 5 · 1016 Bq after a cooling time 
of 1000 a (i.e. mainly "Tc) . The radioactivity of trans-
uranium nuclides — as described above — increases 
exponentially with discharge burn-up of the fuel. The 
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LWR 
75.6% 

Fig. 4. Share of reactor types in worldwide fission energy gener-
ation (1992), 343 GWe (433 units) [8]. 

latter value is often not accessible, therefore the esti-
mates of the worldwide accumulation of radioactivity 
can be uncertain by a factor of 2. 

Disposal of radioactivity 

The option to send the radioactive waste into outer 
space is presently not considered as a realistic possi-
bility. Hence, all radioactivity has to be stored in the 
country where the energy was produced. Due to fission 
energy generation, about 100001 HM of spent fuel are 
discharged annually worldwide giving an estimated 
cumulated total of over 165000 t HM. Of this, about 
105000 t HM are currently being stored. The present 
reprocessing capacity of 40001 per year is projected 
to increase in ten years to 7700 t/a [9]. Consequently, 
the arisings of spent fuel exceed their possible repro-
cessing. 

Several countries with major nuclear energy gener-
ating capacities, like Canada, Sweden and USA have 
decided to dispose of the fuel directly without repro-
cessing into a geological repository. Others follow 
both the routes: Finland, Germany, Russian Feder-
ation, Spain, Ukraine. 

The total amount of commercial spent fuel repro-
cessed up to 1994 was about 473001 HM with 343001 
HM stemming from GCR and only 13000 t HM dis-
charged from LWR. From the extracted Pu, about 98 t 
are stored. Between 2 and 7 t Pu have been used annu-
ally in LWRs and FBRs. 401 HM of the fuel from the 
latter reactor type have also been reprocessed [9]. As 
mentioned above, about 2001 Pu have been produced 
in the military sector. 

In the high level waste (HLW) resulting from fuel 
reprocessing are contained most of the fission products 
and actinides other than uranium and plutonium. Little 
waste has been vitrified and most is still stored in 
liquid form. The radioactivity of the spent fuel and 
high level waste generate in the first years too much 

0) σι ο 
CL 
Ο 

C < 

10 10 
Time, Y -

Fig. 5. Time-dependence of radiotoxicity in a spent LWR fuel 
of 33 GWd/t normalized to the radiotoxicity of the uranium ore 

(dashed line) mined to produce the fuel [4]. 

heat (1.5kW/t HM), to be brought underground. 
Therefore, an intermediate storage for tens of years is 
needed to have the radioactivity decayed to acceptable 
heat levels. During this period, the radiotoxic nuclides 
still remain accessible for further treatment. 

The time dependence of the radiological risk of 
the radioactivity by fission energy in a waste reposi-
tory is for a given nuclide Ν according to Eq. (5) 

dN 

dt 
= ζλ*Ν*-λΝ (5) 

with N* being its parent nuclide with ζλ* decay modes. 
This has to be expressed in terms of its radiotoxicity 
as assessed by the ICRP and expressed in annual limits 
of intake of radionuclides [10]. In order to make the 
radiological risk comprehensible, one should nor-
malize the radiotoxicity of a certain nuclide to that of 
the uranium ore which is needed to fabricate the fuel. 
After use of the fuel, the induced enhanced radio-
activity is illustrated in Figure 5 as a function of time. 

The radiotoxicity of fission products decreases 
within a few hundred years to below that of the urani-
um ore mined to produce the fresh fuel. The accumu-
lated transuranium elements will decay over much 
longer periods. Hence, their transmutation into short-
lived or stable nuclides would reduce the radiotoxic 
hazard for future generations. This view looks only at 
the source of the radiotoxic hazard as it is posed by 
the spent fuel. If stored in a geological repository, the 
leaching of the fuel and the eventual migration of nu-
clides back to the biosphere is a more relevant descrip-
tion of the imminent danger. Also fission product nu-

Other 
1.3% FBR 

2.3% 
RBMK 
5.1% 

Candu 
6.7% 

GCR 
9.0% 
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Table 4. List of long-lived radionuclides considered as candi-
dates for nuclear transmutation [11] 

Nuclide Γ,« [a] 

,4C 5.7· 103 

36C1 3.0· 105 

1 2 9 J 1.6· 107 

"5Cs 2.0· 107 

79Se 6.5· 104 

93Zr 1.5 · 106 

TOSr 2.9· 10' 
121Sn 5.0· 10' 
,26Sn 1.0· 105 

,37Cs 3.0· 10' 
"Tc 2.1 · 105 

Table 5. Half-lifes [a] of actinides by natural decay and transmu-
tation in a fast reactor [12] 

Actinide Natural decay Decay in FR 

237Np 2 · 106 2.5 
2 3 8 p u 88 2.0 
239Pu 2 · 104 1.5 
240Pu 6 - 103 3.1 
2 4 , p u 15 1.2 
2 4 2 p u 4 - 105 3.4 

241 Am 433 2.1 
242mAm 152 1.2 
243Am 7 · 103 2.9 
242Cm 0.45 0.36 
243Cm 30 1.3 
244Cm 18 2.5 
245Cm 8 · 103 1.5 

elides, even if being of lower quantities, could pose a 
problem if they accumulate in the biosphere. 

So far, no common criteria have been accepted 
which would allow the identification of hazardous nu-
clides and the extent to which they ought to be par-
titioned and transmuted. The IAEA has started a co-
ordinated research programme (CRP on Evaluation of 
the Safety, Environmental and Non-Proliferation As-
pects of Partitioning and Transmutation of Actinides 
and Fission Products) aimed at the definition of cri-
teria to determine the radiological hazard posed by the 
numerous anthropogenic radionuclides (Table 4). Not 
yet knowing the outcome of this co-ordinated research 
programme, one can assume that the largest hazard is 
posed by the transuranium nuclides as well as "Tc 
which have no natural diluent, unlike e.g. 135Cs, which 
will be diluted by natural caesium. 

Such radionuclides could be destroyed by nuclear 
reactions faster than by decay, if in Eq. (1) 

σαφ> λ. (6) 

Several possibilities exist: The transmutation by pho-
ton-induced reactions or by charged particles seem to 
have technical difficulties. Therefore, the most promis-
ing would be the transmutation by neutron capture or 
neutron induced fission. For this purpose, existing 
power stations could be used, but also newly-devel-

oped dedicated burner reactors which could be driven 
by accelerators. 

The transmutation of transuranium elements was 
successfully demonstrated in an irradiation experiment 
in PHENIX fast reactor in 1985 [11], Since then, sev-
eral research programmes have started implying the 
use of existing nuclear reactors or advanced burner re-
actors in Russia, Japan, USA and Europe. 

With increasing energy of the neutron, the a f /ac 
ratio is growing. Consequently, in LWR the build-up 
of higher actinides is substantially larger than in FR, 
which not only complicates the fuel handling, but in-
creases the void coefficient of the LWR such that, for 
reactor safety reasons, a repeated recycling in LWR is 
excluded. In the fast reactor PHENIX, the transmu-
tation half-life \η21σαφ is about two years for all acti-
nides which compares favourably, e.g. for 237Np with 
its natural decay half-life of 2 · 106 a (Table 5). 

To achieve a convincingly 100-fold reduction of 
the radiotoxicity (including also plutonium for war-
heads), the partitioning and transmutation losses have 
to be as low as 0.3%, because of the repetitive recy-
cling. 

Since worldwide research on partitioning and 
transmutation has just begun, it would be premature 
to draw conclusions on technical feasibility and cost/ 
benefit of the different concepts. Moreover, the devel-
opment status of the various approaches does not yet 
allow a meaningful comparison. It should be pointed 
out that spent nuclear fuel has to be stored for tens 
of years. Also decades will be needed to disassemble 
nuclear warheads and the recovered Pu has to be stor-
ed intermediately, because of the lack of facilities in 
the US and Russia to feed the Pu into the commercial 
fuel cycle. Therefore, partitioning and transmutation — 
if feasible - could offer to the next generation an op-
tion to reduce the radioactivity generated by fission 
energy. 
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Summary 
Nuclear fusion is expected to give an ultimate solution to energy 
problems over the long term. From recent progress in developing 
technology for fusion reactors, we can anticipate a prototype 
fusion reactor by 2030. This review article describes the present 
status of nuclear fusion research, including muon catalyzed fu-
sion (μΟΡ) which attracts quite new physical interest. Tritium is 
an essential component of fusion reactors, because the first-stage 
fusion reactors will utilize a mixture of deuterium and tritium as 
their fuel. The knowledge about tritium as well as the fusion-
neutron induced radioactivity is summarized in terms of nuclear 
fusion research. 

1. Introduction 
It has passed one hundred years, since the discovery 
of radioactivity by Becquerel in 1896. In the past cen-
tury, we have experienced the great progress in science 
and technology. Big changes are also seen in our daily 
life. In these days, we consume huge amounts of en-
ergy in food production, transportation, communi-
cation, heating and cooling buildings, materials pro-
cessing and manufacturing, and virtually all aspects of 
modern life. 

The world total of power demands was about 
8 TW in 1975, and estimates of the growth of popu-
lations and per-capita energy consumption rates indi-
cates that the world energy demands in 2000 and 2025 
will be around 18 TW and 50 TW, respectively [1], 
Renewable energy sources, such as solar, geothermal, 
biomass, hydroelectric, wind, wave, and tidal power, 
are limited by the usable power they provide. Al-
though the solar and geothermal power flows are large, 
the useful fractions are small. An additional problem 
to be solved is restriction of fossil fuel consumption to 
prevent the increasing atmospheric C02 concen-
trations. Nonrenewable fossil and nuclear fuel are lim-
ited by the total amount they can provide. 

Utilization of nuclear fusion energy is envisaged to 
give an ultimate solution to energy problems over the 
long term. The enormous power is radiated from the 
sun and stars as the results of nuclear fusion of hydro-
gen atoms. The most important sequence is the PPI 
chain [2]: 

Η + Η - > D + e + + ν (1) 
D + Η —> 3He + γ (2) 
3He + 3He —> 4He + 2 Η . (3) 

Since middle of the 1950's, continuous efforts 
have been made to develop technology for nuclear fu-
sion reactors or controlled thermonuclear reactors 
(CTR). First-stage fusion reactors, which will be con-
structed in the early 2000's, likely utilize the deu-
terium and tritium as fuel. One gram of fusion fuel — 
a mixture of deuterium and tritium gas — produces the 
same amount of energy as eight tons of oil. The energy 
in one gram of fusion fuel is five times greater than 
the energy liberated from nuclear fission of one gram 
of 235U, which is the fuel of current nuclear reactors. 
Although the natural abundance of deuterium 
(0.0153%) would ensure a sufficient supply of this iso-
tope for the fueling of D - T fusion reactors, tritium 
with negligible abundance (some 10"18 of natural hy-
drogen) is to be artificially produced and a practical 
fusion reactor should breed at least as much tritium as 
it consumes. The amount of tritium needed for a fusion 
reactor is estimated to be more than 3 kg or ~1018 Bq 
[3], and precautions are needed to minimize the release 
of radioactive tritium into the environments. 

The 14-MeV neutrons emitted from the D—Τ reac-
tion would cause severe radiation damage and make 
the reactor materials radioactive. Nevertheless, a fu-
sion reactor is envisaged to be a clean nuclear energy 
source, because a fusion reactor does not seem to gen-
erate so large amounts of long-lived radioactive waste 
as current fission reactors do. 

This review article describes the present status of 
nuclear fusion research as well as the radioactivity re-
lated to fusion energy. Tritium is an essential com-
ponent of a fusion reactor, and in developing a clean 
fusion reactor, it is important to understand a variety 
of problems concerned with tritium and the fusion-
neutron induced radioactivity. 

2. Nuclear fusion energy 

Our experience of nuclear fusion energy on earth start-
ed with thermonuclear weapons in the early 1950's. 
A series of nuclear tests scattered large amounts of 
radioactive materials as well as tritium in the environ-
ments. The incidents were undesirable, but we realized 
that really enormous power was released from nuclear 
fusion. 

Fusion research for peaceful use began in middle 
of the 1950's, with hopes of developing a fusion reac-
tor or controlled thermonuclear reactor. During the 
first international conference on the peaceful use of 
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Fig. 1. A schematic drawing of D—Τ tokamak fusion reactor. 

atomic energy, held in Geneva in 1955, the chairman 
reportedly said that fusion technology would be devel-
oped within 20 years. However, nobody at that time 
understood the difficulty of confining high tempera-
ture plasmas which would be the key to nuclear fusion. 
The difficulty of fusion lies in joining two nuclei. Cou-
lomb repulsion between nuclei with positive charges 
prevents them from coming close enough to each oth-
er. If the temperature in a fusion reactor is raised to 
100 million degrees, fuel nuclei become plasmas in 
which nuclei and electrons move independently at a 
speed of 1000 km s~\ overcoming the repulsive forces 
of nuclei. 

Nuclear fusion experiments fall into two general 
categories; magnetic confinement and inertia confine-
ment [1], Magnetic confinement employs strong mag-
netic fields to provide thermal insulation between the 
plasma and the chamber walls. Inertia confinement al-
lows free plasma expansion and cooling, but relies on 
an extremely high density to attain the reaction con-
ditions in the short expansion time (typically a few 
ns). The high density is attained by compressing a sol-
id fuel pellet to over 1000 times of its initial density, 
using laser beams or ion beams. Major experimental 
programs in inertia confinement fusion (ICF) were ini-
tiated in the 1970's. 

In the early 1970's many nations shifted experi-
mental emphasis to tokamak-type plasma confinement 
devices, following the Soviet experimental success 
in the 1960's. The name "tokamak" stands for Rus-
sian words meaning "Toroidal Chamber with Magnet 
Coils". Tokamaks consist of a doughnut-shaped toroi-
dal magnetic field produced by external coils, a poloi-
dal field produced by a strong plasma current, and a 
weak vertical field component needed for confining 
plasma. The plasma must be confined inside a mag-
netic field so that its particles and energy will not be 
lost. Figure 1 illustrates a schematic drawing of a mag-
netic confinement fusion power plant. 

In a D—Τ tokamak fusion reactor, the thermo-
nuclear reaction takes place in the plasma confined in 

the vacuum vessel, as shown in Fig. 1. The energy pro-
duced by the D—Τ reaction is partly transported by 
the 14-MeV neutron. In addition, electromagnetic radi-
ation and particles (neutrals and ions) with kinetic en-
ergies up to the keV range leave the plasma zone. The 
"first wall", which separates the vacuum zone from a 
blanket, would receive a heavy energy load of the 14-
MeV neutrons (1014—1015 cm2 s"') and energetic 
particles (~1016 cm2 s"1). The blanket is designed to 
play the following important roles; (1) heat generation, 
(2) tritium breeding and (3) radiation shields for super-
conducting magnets outermost. The fast neutrons 
reaching the blanket lose their energy and produce new 
tritium through the 7Li(n,n'a)T and 6Li(n,a)T reac-
tions. The generated heat will be removed and eventu-
ally converted into electric power. 

The progress of plasma confinement technology 
attained in the past decade with large tokamak devices 
such as JET (EU), TFTR (US) and JT-60 (Japan) is 
shown in Fig. 2. The D—Τ plasma burning experiment 
using small amounts of tritium (0.2 g) was performed 
in the Joint European Torus (JET) for the first time in 
November 1991 [4], Since December 1993, the high 
power D - T experimental program with 20—30 g of 
tritium has been continued on the Tokamak Fusion 
Test Reactor (TFTR) [5, 6], Although remarkable pro-
gress has been made in creating high temperature 
plasmas, further progress is required not only in plas-
ma physics, but also in materials science as well as 
fuel-cycle technology. 

To accelerate fusion research and development, the 
US, Russia, the European Union (EU) and Japan joint-
ly set up in 1988 the International Thermonuclear 
Experimental Reactor (ITER) project under the aus-
pices of the International Atomic Energy Agency 
(IAEA). Since 1992, the four parties have been jointly 
engaged in both conceptual designing for ITER and 
experiments to collect technical data needed for fully 
integrating its engineering design. They are aiming at 
constructing one prototype fusion reactor by 2030. A 
commercial fusion reactor will hopefully be construct-
ed by around 2050. 

3. Nuclear fusion reactions and the fuel cycle 

Although there are many possible nuclear fusion reac-
tions as listed in Table 1 [7], the nuclear reactions of 
prime interest for man-made controlled thermonuclear 
reactors (CTR) are as follows: 

D + Τ —> 4He + η + 17.58 MeV (4) 

D + D —» 3He + η + 3.27 MeV (5) 

D + D —» Τ + Η + 4.04 MeV (6) 

D + 3He —» 4He + Η + 18.34 MeV (7) 

Η + 6Li "He + 3He + 4.02 MeV . (8) 

Η + "B -» 34He + 8.68 MeV (9) 
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Fig. 2. Progress of tokamak plasma experiments in the world. 

Figure 3 shows reaction rate parameters as a function 
of the plasma temperature [8]. The parameter (σν ) is 
the product of the cross section and the relative veloc-
ity, averaged over the respective Maxwellian velocity 
distributions of the plasma. 

Of these fusion reactions, deuterium-tritium (D— 
T) reaction which gives rise to 14.06-MeV neutrons 
and 3.52-MeV a particle is the most plausible for prac-
tical CTR to be constructed in the near future, because 
a self-sustaining plasma may be realized at the lowest 
plasma temperatures Τ > 5 keV. The optimum plasma 
temperature is about 15 keV [9, 10]. In this case, it is 
necessary to breed tritium by bombarding lithium with 
the fusion neutrons, because tritium does not occur in 
natural sources. This type is referred to as D—T—Li 
fuel cycle. Concern for the environmental impacts of 
D - T reactors is based on the radioactive nature of 
the primary fuel constituent, the copious activation and 

radiation damage of materials by 14-MeV neutrons. In 
addition, a D-T—Li tokamak reactor may need sev-
eral hundred tons of lithium in the blanket. 

The D—D fusion reaction of Eq. (5) is attractive 
because the primary fuel is only naturally abundant 
deuterium. It requires no fuel breeding. However, a 
higher temperature Γ > 20 keV is required for a self-
sustaining deuterium plasma to overcome bremsstrah-
lung and synchrotron radiation; the optimum tempera-
ture is about 40 keV. Practically, the D—D reaction of 
Eq. (5) occurs in nearly the same probability as Eq. 
(6), which produces tritium as the reaction product. 
We cannot avoid tritium problems, but the amounts of 
tritium would largely be reduced. A plasma tempera-
ture may be lowered to around 35 keV if the fusion 
products, Τ and 3He, are recirculated; a scenario re-
ferred to as catalyzed D—D cycle. In this cycle, un-
burned tritium and 3He are recycled into the plasma 
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Table 1. Thermonuclear reactions in which Ζ is smaller than 
about 10 and the cross section is more than one millibarns at 

energies less than 10 MeV [7] 

Reaction Q value Omax m̂ax 
MeV mb MeV 

D(p,pn)H - 2 . 2 >400 >5.5 
D(d,n)3He 3.27 105 1.9 
D(d,p)T 4.03 90 2.0 
T(p,n)3He -0 .76 500 3.0 
T(d,np)T - 2 . 2 >700 >6.0 
T(d,2n)3He - 3 . 0 ?>1200 >6.5 
T(d,n)4He 17.6 5000 0.108 
T(t,n)5He(n)4He 
T(t,2n)4He 11.4 
T(t,n)5He*(n)4He 
3He(d,np)3He - 2 . 2 >70 >1.0 
3He(d,p)4He 18.4 700 0.4 
3He(t,d)4He 14.3 
3He(t,p)5He(n)4He 11.3+1.0 - 5 0 - 1 . 0 3He(t,np)4He 12.1 - 5 0 - 1 . 0 
3He(t,n)5Li(p)4He 
3He(3He,p)5Li(p)4He 

10.3+1.8 3He(t,n)5Li(p)4He 
3He(3He,p)5Li(p)4He 11.0+1.8 >30 >0.8 3He(3He,2p)4He 12.8 >30 >0.8 
4He(d,np)4He - 2 . 2 >240 > 6 
6Li(p,3He)4He 4.02 - 2 0 0 1.8 
6Li(d,n)3He + "He 1.72 >600 >5.0 "Li(d,n)7Be(eK)7Li 3.34 >600 >5.0 
6Li(d,p)7Li 
"Li(d,p')7Li*(}>)7Li 

5.02 100 1.2 
6Li(d,p)7Li 
"Li(d,p')7Li*(}>)7Li 4.54+0.45 100 1.2 

"Li(d,t)5Li(p)4He 0.9+1.6 >300 >4.0 
6Li(d,a)4He 22.4 30 3.7 
6Li(t,d)7Li 0.995 
6Li(t,d')7Li*(y)7Li 0.509 +0.45 >320 >2.1 6Li(t,p)8Li(/?)8Be(a)4He 0.800 >320 >2.1 
6Li(t,n)"Be* or 24He 16.0 
6Li(3He,p)8Be(a)4He 16.8 30 - 5 
6Li(3He,p)8Be*(ay)4He 13.9+2.9 >60 > 5 
7Li(p,n)7Be -1 .63 >800 > 7 
7Li(p,a)4He 17.5 65 3 
7Li(d,n)8Be(a)4He 15.0 >1000 > 5 
7Li(d,p)8Li(jß)8Be(a)4He -0.26+16.0 ?160 3 
7Li(d,t)6Li -0.995 >150 > 4 
7Li(t,2na)4He 8.88 
7Li(t,n)9Be 10.52 
7Li(t,2n)8Be(a)4He 8.83 >1300 >2.1 
7Li(t,2na)4He 8.85 
7Li(t,no)5He(n)4He 8.08+1.0 
7Li(t,o)6He,6He* 9.83 >40 >1.8 
7Li(3He,p)9B(p)8Be(a)4He 9.3+0.3 
7Li(3He,np)8Be(a)4He 9.5+0.1 >600 >1.4 7Li(3He,p)9B 11.2 >600 >1.4 
7Li(3He,d)8Be(a)4He 11.7+0.1 

amax: maximum value of the cross section. 
£,„ax: energy at which is obtained. 
*: excited nucleus. 

such that the burnup rate of these fuels is equal to their 
production rate [11]. The fusion energy yield comes 
principally from the D—T, D—D and D—3He reac-
tions. The absence of a breeding blanket is an advan-
tage. 

The fusion reaction of Eq. (7) also takes place at 
higher temperatures, Γ > 30 keV, but this reaction pro-
vides a relatively "clean" sequence, because little triti-
um and few neutrons are produced. This D—3He fuel 
cycle can achieve a reduced level of activation in reac-
tor structures, yielding a low inventory of radioactivity 
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Fig. 3. Plot of fusion reaction rate parameter (ση) as a function 
of the plasma temperature [8]. 

in the fuel system [12]. A principal disadvantage is the 
lack of a 3He source on earth. Apparently it is abun-
dant on the moon, and a proposal has been made to 
mine the moon to collect 3He [13]. 

The D- 6 Li fuel cycle is extremely complicated, 
having two D—D branches, five D—6Li branches and 
six 6Li—6Li branches, all of which are exothermic 
[12]. Although there are slight advantages of D- 6 Li 
over D - D reactors, D—6Li is less reactive than D—T, 
D - D and D-3He. 

The p—nB fuel cycle is the only proton-based fuel 
cycle with adequate reactivity for serious consider-
ation. Although neutron production is the lowest in 
this fuel cycle of the four cycles considered here, con-
densable and radioactive ash deposition could intro-
duce both technological and radiological problems in 
the vacuum systems. The ignition prospects appear 
good for bremsstrahlung losses and a removal [14], 
but no steady-state burn has yet been projected for this 
fuel cycle. 

4. Muon catalyzed fusion (μ€Κ) 

Muon catalyzed fusion (μΟΡ) is an intramolecular nu-
clear fusion which was first predicted by Sakharov in 
1948, several years before any concepts of thermo-
nuclear fusion were suggested. The idea of energy ap-
plications was discarded for a long time because no 
ways were recognized of efficient use of muon within 
its lifetime (2.2 μβ), but a discovery of the resonance 
mechanism of muonic ddμ and dtμ molecule formation 
has shed light on the μΟΡ study again. In recent 
experiments at LAMPF (USA), PSI (Switzerland) and 
UT-MSL/KEK (Japan), fusion yields exceeding 100 
per muon were observed for the liquid deuterium-triti-
um system. The μΟΡ research has attracted quite new 
physical interest and is rapidly developing in theories, 
experiments and future applications [15]. 

Nuclear fusion reactions occur when two nuclei are 
within a few fm (10~15 m). Under moderate conditions, 
however, nuclei with positive charge hardly approach 
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Fig. 

Fig. 5. Level schemes of resonant dtμ formation. 

each other because of the strong Coulomb repulsion. 
In D2 molecules, for example, the equilibrium in-
ternuclear distance is 74 pm, and in this case the fusion 
rate is as low as 10"70 to 1CT50 s - 1 . As described in 
the previous section, we usually use high temperature 
plasmas to make the nuclear fusion occur. When a 
negative muon (μ") is replaced for the electron in the 
deuterium atom, the diameter of the neutralized muon-
ic atom is reduced to about 1/200 of normal deuterium 
atom, because the mass of muon is 207 times as heavy 
as electrons. In the muonic DT molecule ^ ίμ) with 
the internuclear distance of about 500 fm, the fusion 
rate is enhanced to approximately 1012 s"'. Although 
the lifetime of muon is 2.2 μβ, the fusion yields ex-
ceeding 100 per one muon have been experimentally 
observed for liquid deuterium-tritium systems in sev-
eral laboratories [16—20]. 

The muon is one of the cosmic rays. For laboratory 
use, we can obtain intense muon beams from high-
energy accelerators. Namely, bombardment of protons 
or heavy ions with kinetic energy of 300 MeV or more 
on targets such as beryllium and graphite generates 
pions (π±). The pions with the lifetime of 26 ns decay 
to muons (μ-). The negative muon (μ ) is obtained 
only through the decay of negative pion (π") in a vac-
uum. Figure 4 shows a μΟΡ cycle in a deuterium-triti-
um mixture. A negative muon from an accelerator 
thermalizes in the D—Τ mixture and quickly forms a 
ground-state muonic dμ atom within 10~10 s. The 
muonic atom is tiny and neutral. Since the ground-
state energy level of ίμ is deeper by 48 eV than that 
of dμ, the dμ transfers to ίμ at the rate of 10~8 s~\ 
colliding with the surrounding DT and T2 molecules. 

The neutral ίμ easily penetrates into D2 or DT mol-
ecules and interacts with the deuterium nucleus to 
form a muonic dtμ molecule. Binding energies of 
muonic hydrogen atoms are typically of several 
100 eV, so that the normal process of dtμ formation 
proceeds via the Auger mechanism. Unfortunately, 
however, the rate of Auger process (~5 Χ104 s"1) is 
rather small compared with the decay rate of muon 
(Ao = 4.5 X105 s-1)· In the late 1950's this led to a 
disappointing disbelief of μΟΡ for energy production. 
In 1967, however, Vesman suggested a resonance 

0.2 0.4 0.6 0.8 1.0 12 
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Fig. 6. Observed α-sticking probabilities (ω,) plotted against the 
density of D - T mixtures: Ο LAMPF [16, 17], • and Δ PSI 
[18, 19], and · UT-MSL/KEK [20]. The curve is derived from 

theories. 

mechanism which could greatly enhance the dtμ for-
mation rate [21, 22], The resonance mechanism is pos-
sible due to a weakly bound energy level (—0.64 eV) 
of the dtμ molecule as depicted in Fig. 5. The excess 
of energy released by the dtμ formation is given to the 
electronic excitation of the resonant molecule 

The rate of this process, called "Vesman 
mechanism", is a few 10 to 100 times higher than λο. 

Once the muonic dtμ molecule is formed, the 
intramolecular D—Τ fusion occurs at the rate of 
1012 s " \ giving rise to a neutron and an a particle. The 
negative muon μ" is liberated from the molecule in 
the fusion reaction, and then forms the Ιμ atom again. 
Thus, the μϋΡ cycle continues within the lifetime of 
the muon (2.2 μβ). The number of μΟΡ cycle depends 
mainly upon the μ~ sticking on a particles. Determi-
nation of the α-sticking probability (cus) is essential in 
evaluating the energy production possibility with the 
muon catalyzed fusion process. A number of theoreti-
cal and experimental studies have been carried out on 
this subject [16—27]. Figure 6 shows the α-sticking 
probabilities observed by several research groups. Re-

Muonic atom 
format ion 

muon 
Resonant muon 
molecule 
format ion 

Fusion 

4. Schematic expression of a muon catalyzed fusion ^ C F ) 
cycle in D—Τ mixtures. 
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Table 2. Physical properties of tritium 

Mass 3.016049 u 
Nuclear spin 1/2 
Magnetic moment 1.50461 · 10 26 Am2 

Ionization energy 13.55 eV 
Dissociation energy (T2 —> 2 T) 4.59 eV 

β decay 100% 
Half-life 12.3 y 
Maximum β~ energy 18.6 keV 
Average β~ energy 5.7 keV 
Decay heat 91.1 aW/Bq 
Specific activity of T2 255 TBq/g 
Specific volume of T2 at STP 10.3 fL/Bq 

cently, Nagamine's group has reported an updated 
experimental result that the ω5 value is around 0.4% 
or less in a high density D - T system. The result re-
vealed that the μΟΡ cycle per muon was more than 
200 and that the energy production would be essen-
tially possible [20], 

5. Tritium and its production 

Tritium is a radioactive hydrogen isotope. It was dis-
covered in 1938. Following the discovery of deuterium 
in 1932 by Urey e t a l . [28], efforts were made to dis-
cover hydrogen of mass three by two groups; one in 
Cambridge University and the other in Princeton Uni-
versity. In 1934, the Cambridge group led by Ruther-
ford reported the production of hydrogen-3 by bom-
barding a deuterium target with fast deuterons [29], In 
the same year, the Princeton group reported positive 
evidence for the existence of hydrogen-3 in natural 
sources [30], However, both groups thought that the 
newly discovered hydrogen isotope was stable [31, 
32], In 1938, tritium was suggested to be radioactive 
by Bonner's group from observing the formation of an 
excited 3He in the product of the D(d,p)T reaction 
[33], In 1939, Alvarez and Cornog demonstrated that 
tritium produced by the D(d,p)T reaction was defi-
nitely radioactive and had a long half-life [34], Current 
determination accords the half-life of tritium 
12.3232±0.043 mean solar years where there are 
365.25 days/year [35, 36]. 

Natural tritium is produced by cosmic radiation in 
the upper atmosphere, where fast neutrons, protons 
and deuterons collide with molecules to induce triti-
um; e.g. 14N + n —> T + 12C. The natural occurrence of 
tritium originated from cosmic radiation was 0.5 to 5 
tritium units (1 tritium unit, denoted 1 T.U., equals a 
ratio of 1 tritium atom to 1018 atoms of hydrogen) be-
fore March 1954 [37, 38], Since this time of the begin-
ning of thermonuclear-weapon testing, samples of rain 
water have contained more than 500 T.U. of tritium 
[39], Natural tritium was first detected in the atmos-
pheric hydrogen by Faltings and Harteck [40] and was 
later shown to be in rain water by Libby's group [41], 

Table 3. Tritium producing reactions with relatively high cross 
sections 

Reaction Q - v a l u e Energy region Cross section 
of incident 

particles 
MeV eV 10"24 cm2 

D(n,-/)T 6.258 <0.625 5 X 10~4 

3He(n,p)T 0.765 -0 .025 5.33 Χ 103 

6Li(n,a)T 4.794 <0.625 9.53 Χ 102 

7Li(n,n'a)T -2 .465 ( 3 - 6 ) X106 8.6 X 1 0 2 

10Be(n,2a)T 0.88 (1—5)X 106 3.2 X 1 0 2 

6Li(d,5Li)T 0.59 2.4 X106 9.5 X10 2 

7Li(d,6Li)T -1.00 4.1 X106 1.6 X10"1 

9Be(d,8Be)T 4.59 (1.5-7.7) X106 2.3 X10 2 

12C(d,"C)T -1 .25 20 X10fl 1.0 X10"2 

19F(d,,8F)T -4 .17 8.7 X106 3.9 X 1 0 3 

Tritium decays to 3He by the reaction, 
Ή 3He + β~ + ν, (10) 

emitting low-energy pure /^-radiation. The average en-
ergy of the β~ particle is 5.685±0.008 keV [42, 43] 
and the maximum energy is 18.54±0.1 keV [44]. The 
β~ particle is the most conspicuous missile shot forth 
from the decaying tritium nucleus. The β particles 
bounce off the molecular electron clouds and leave a 
bit of energy in each collision. This goes on until the 
electron is thermalized. Eventually it finds a positive 
charge with which to combine [43]. 

Tritium is unusual in not emitting a y ray in ad-
dition to the β~ particle. No electromagnetic radiation 
comes from the nucleus. However, the beta particle 
produces radiation as it plows through the nearby mat-
ter. There are two kinds of radiation: brems Strahlung 
and fluorescence [45]. Bremsstrahlung is X-ray radi-
ation given off by the ß~ particle as it decelerates near 
a molecule. Its spectrum is continuous, as is the ß~-
particle spectrum. The bremsstrahlung yield increases 
with the atomic number of the adsorbing material. The 
fluorescence radiation is produced from particular 
atomic transitions. The beta particle knocks out an 
electron from an atom. The other electrons then cas-
cade down through the energy levels to fill the hole 
left by the collision. As the electrons drop to lower 
energy levels, they emit X rays. We should note that, 
once produced, X rays are more penetrating than ß~ 
particles [43]. The physical properties of tritium are 
summarized in Table 2. 

The environmental impact of the released tritium 
has been the subject of many years of investigation. 
The tritium is much more hazardous in its water form 
(HTO, DTO, T20) than in its hydrogen gas form (HT, 
DT, T2). The potential hazard from inhalation is 25000 
times greater for HTO than for HT [46]. However, the 
low energy ß~ particles and its short biological half-
life in the body (6—12 days) lead to low radiotoxity. 
The tritium gas oxidation rate at ambient temperatures 
is very low (half-life of 6.5 days). The kinetics of the 
conversion depend on the tritium concentration in air. 
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Fig. 8. Pictorial expression of fundamental tritium breeding 
mechanism. 

Table 4. Properties of tritium breeding materials of current 
interest 

Type of blanket Material Properties 

Melting Density Li-atom 
point g cm 3 density 

Κ 1022 cm 3 

Liquid blanket Li 459 0.53 4.4 
Li17Pb83 508 9.5 0.56 

Solid-state Li 2 0 1711 2.02 8.16 
blanket LiA102 1883 2.61 2.38 

Li5A104 1320 2.22 5.34 
Li2Si03 1474 2.52 3.38 
Li4Si04 1529 2.39 4.81 
Li2Ti03 1820 3.46 3.80 
Li2Zr03 1873 4.15 3.27 
LisZrO« 1568 2.99 5.93 

The presence of a gamma radiation field may inhibit 
the conversion, and fields of 80% neutrons and 20% 
gamma have been observed to lead to a substantial 
limitation of the water formation rate in air [47]. 

Once a D - T fusion reactor is operated success-
fully, the fuel tritium is produced or bred in a blanket, 
but we have to produce large amounts of tritium for 
the first inventory beforehand. Nuclear reactions to 
produce tritium are summarized in Table 3. Of these 
reactions, the following reactions would be practically 
applied to the large scale production: 

3He+ η —> Τ + ρ 
6Li+ η —» Τ + 4He 

D+ η Τ + γ 
235U+ η FP 

7Li+ η —» Τ + 4He + η' . 

(10) 

(11) 

(12) 

(13) 

(14) 

Reactions (10)—(13) are exothermic and induced 
by thermal neutrons. Reaction (10) has a relatively 
high cross section against thermal neutrons (5330 b), 
and is frequently used for producing tritium in basic 
research. However, this reaction should not be applied 
to the tritium production for fusion reactor fuel, 
because the natural abundance of 3He is only 1.3 
X10~4% or less. We usually utilize reaction (11) for 
producing fusion fuel tritium, irradiating lithium-con-
taining materials such as 6Li-Al alloys in a nuclear re-
actor [48, 49]. In the past, several kilograms per year 
of tritium have been produced in this manner for the 
weapon use. This reaction is plausible to produce large 
amounts of tritium fuel for the first inventory of fusion 
reactors. 

Although the cross section of reaction (12) is rath-
er small, large amounts of tritium are accumulated in 
a heavy water reactor for a long period of operation. 
In these days, 2.5 kg per year of tritium is recovered 
from CANDU reactors in Canada [50]. Nuclear fission 
of reaction (13) accompanies the ternary fission which 
produce tritium. Although the probability is very low, 
significant amounts of tritium would be accumulated 
in a core of current fission reactors. The tritium recov-
ery from nuclear fuel reprocessing is anticipated to be 
a way of ensuring the fuel tritium. 
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Fig. 9. Systematics in cross section of the (n,t) reactions at 14.6 MeV [68]; the open circles are partial cross sections. 

Reaction (14) is endothermic (Q = -2 .47 MeV) 
and is effective only for fast neutrons having kinetic 
energies higher than 2.16 MeV. In Fig. 7 the excitation 
functions for the 6Li(n,a)T and 7Li(n,n'a)T reactions 
are compared [4]. The 7Li(n,n'a)T reaction greatly 
contributes to the tritium breeding in a blanket of fu-
sion reactors. The fundamental tritium breeding mech-
anism is depicted in Fig. 8. 

Of many lithium-bearing materials, only a few 
types of materials would be the most promising for 
practical use. Table 4 lists the candidate breeding ma-
terials of current interest. Lithium metal and Li17Pb83 
will be used in the liquid state (liquid blanket) and the 
oxidic materials with a higher melting point such as 
Li20 are the candidate for solid-state blankets [3, 51]. 
The high lithium-atom density is favorable for the 
blanket materials. Although the lithium-atom density 
is relatively low, Li17Pb83 can give a viable tritium 
breeding rate because of an excellent neutron multipli-
cation by the (n,2n) reaction in the constituent lead 
[52]. The tritium recovery from breeding materials is 
a key factor in establishing the viability of blanket 
concept, and a number of fundamental as well as tech-
nological studies have been carried out on the behavior 
of tritium produced in lithium containing materials 
[53-63], 

Tritium is produced also in the first-wall materials, 
such as graphite, B4C and SiC, by the (d,t) reactions 
listed in Table 3. The use of low-Z materials has been 
suggested for structural component which are in direct 
contact with the plasma; e.g., limiters in tokamak de-
vice [64, 65], Graphite is an important candidate for 
first wall components and, in fact, graphite and carbide 
coatings are most widely used in today's fusion ma-

chines [66, 67], In addition, 14-MeV fusion neutron 
produce tritium by the (n,t) reactions in structural ma-
terials. Figure 9 shows systematics of the (n,t) cross 
sections at 14.6 MeV compiled by Qaim and Stöcklin 
[68], 

6. Activation products of fusion reactors 

During the operation of a D—Τ fusion reactor, there 
will inevitably develop an inventory of induced radio-
activity, or activation products, in the first wall, blan-
ket and other components. Neutron-activation products 
are formed when 14-MeV fusion neutrons strike the 
main constituents and impurities in the reactor materi-
als. The amounts and assortment of radioactivity are 
dependent on the nature of the neutron fluence and, 
more importantly, on the structural materials. Between 
20 and 30% of radioactivity in the structural materials 
is associated with the first wall; and over 95% of it is 
in the first-wall/blanket components [69], The relative 
concentration of radioactivity in various candidate 
structural materials is shown in Figs. 10 and 11 [70]. 
It is clear that several materials provide a lower inven-
tory of radioactivity than stainless steel; most notably 
the V-20% Ti alloy and the SiC ceramic which can 
be termed a low-activation material. Aluminum is a 
material of practical interest. Furthermore, it has been 
proposed that isotopic tailoring may be employed in 
the long term to reduce the activation in the steel [71]. 

The biological hazard potential (BHP) of radio-
activity induced in the structural material, represented 
by 54Mn, 58Co and ^Co, is about 100 times as high as 
that of tritium. However, the radiotoxity of the struc-
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tural materials is several order of magnitudes less haz-
ardous than that of 242Pu and 238U, present in fission 
reactor waste [72], From radiological point of view, 
we should also pay attention to activation products 
such as 13N, 16N, 40C1, 41 Ar and 37S in the atmosphere 
around the fusion reactor, although the toxity of these 
radionuclides is very low because of their short life-
time. 

A major difference between fusion and fission is 
that most of waste from nuclear fusion is produced on 
the power plant site. This is not the case for fission 
where substantial amounts of waste are generated dur-
ing fuel acquisition and processing. A fusion reactor 
would be easier to control because the fuel is continu-
ously supplied from outside. In case of an emergency, 
the fusion reaction could be stopped quickly by turn-
ing off the fuel supply switch. A fusion reactor does 
not pose the danger of a meltdown, as a fission reactor 
does. 

Conclusively, the safe handling of huge amounts 
of tritium must be one of the prime technological sub-
jects of developing D—Τ fusion reactors. The clue to 
solving a variety of problems will be found in the plas-
ma experiments on the TFTR and JET devices fueled 
with tritium [73-75]. 
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