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mal annealing of such tracks could trigger the 
formation of tiny crystallites, which would 
grow upon heating in accelerating glass devitrifi- 
cation. The formation of such track crystallites 
in dielectric minerals has been discussed else- 
where [J. C. Dran, J. P. Duraud, M. Maurette, 
L. Durrieu, C. Jouvet, C. Legressus, Geochim. 
Cosmochim. Acta 3 (Suppl.), 2883 (1972)]. 

8. An extensive fracturing of the storage glass 
probably results from the cold-water showering 
of their host metallic containers, which is in- 
tended for decontamination purposes. We have 
evaluated an upper limit for the contribution of 
this effect by dropping into cold water a hot 
(500?C) chunk of glass loaded with a 0.5 percent 
(by weight) uranium. The use of a scanning elec- 
tron microscope to both measure the size distri- 
bution of the residual fragments and evaluate 
their degree of residual fracturating yields the 
value of 0.20 m2 g-1 
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within the silica network. Even at room 
temperature Na+ is fairly readily de- 
tached by the application of heat, al- 
though detachment can also be effected 
by irradiation, which may thus act in a 
second role, additional to its function in 
the activation of catalytic centers. 

After electron transfer at an active 
site, to which the ion has diffused, the 
now neutral Na atom will react with at- 
mospheric moisture according to the re- 
action 

Na + H20--> NaOH + H (1) 

yielding H2 as a gaseous reaction prod- 
uct. The terminal structure, now trun- 
cated by removal of the Na+, acts ef- 
fectively as a cation that dissociates an- 
other H20 molecule in the reaction 
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Disposal of High-Level Radioactive Waste 

Abstract. Materials containing alkali metals or alkaline earths are sensitized by 
bombardment with either ions, electrons, or photons to chemical attack by atmo- 
spheric moisture. The implications of this effect on the proposed immobilization and 
long-term storage of high-level nuclear waste in glass or similar materials is dis- 
cussed. 
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cussed. 

Recent observations in this laboratory 
have led to the recognition of a new 
mechanism, through which a large range 
of materials containing alkali metals or 
alkaline earths can be rendered suscep- 
tible to chemical attack and breakdown 
by atmospheric moisture. As reported in 
(1, 2), this degradation process can be in- 
duced by particle bombardment or by ir- 
radiation with energetic photons, and the 
effect has been shown to occur both in 
ionic crystals and in glasses. Although 
the breakdown mechanism was discov- 
ered in the course of experiments quite 
unrelated to the problem of nuclear 
waste disposal, the fact that it is effective 
in vitreous as well as in crystalline mate- 
rials has obvious implications for the 
current proposal to incorporate high-lev- 
el radioactive waste in massive glass 
blocks for permanent storage. It is the 
purpose of this report to draw attention 
to these implications and to point out the 
need for further investigation before this 
disposal technique is adopted. 

The various chemical reactions in the 
breakdown process will occur only if 
they are promoted at catalytically active 
centers on the surface of the material. 
These centers are activated by the irra- 
diation at sites of suitable structural ir- 
regularity, such as may occasionally be 
produced by incidental mechanical sur- 
face damage. In crystalline materials the 
sites are primarily associated with crys- 
tallographic ledges (1), whereas in vit- 
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reous substances they are usually found 
at the boundary between separated 
phase particles and the main matrix of 
the glass (2). To achieve activation, the 
sites must receive a minimum irradiation 
dose D, enabling them to act as locations 
for electron transfer, so that a cation M+, 
which diffuses from its normal position 
in the solid to an active center, can there 
be neutralized to an atom M. 

I shall illustrate the degradation mech- 
anism by discussing the breakdown of a 
simple sodium silicate glass. As a first 
step, let us consider Na+ associated with 
a nonbridging terminal structure of the 
well-known type [-Si-O-Si-O-Na+] 
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Fig. 1. Corrosion sites on crown glass (Schott 
type B 270). The photograph was taken 24 
hours after exposure to laboratory air, follow- 
ing bombardment by 1.6-keV Ar ions. The 
bombardment intensity was 2.5 x 1014 ions 
per square centimeter per second; the total 
ion dose was 1.5 x 1017 ions per square cen- 
timeter. Scale bar, 100 ,um. 
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[-Si-O-Si-O-1 + H20 --> 

[-Si-O-Si-OH] ? OH- 
[-Si-O-Si-O-1 + H20 --> 

[-Si-O-Si-OH] ? OH- (2) (2) 

At a suitable surface site the OH- radical 
formed in this way is able to break a si- 
loxane bond in the continuous network 
of the glass, a reaction represented by 

[-Si-O-Si-] + OH---> [-Si-OH] + 
[-Si-O-] (3) 

The [-Si-O-] thus produced now reacts 
with another H20 molecule in the man- 
ner of Eq. 2, so that a cyclically repeated 
corrosion reaction is set into motion. 

A similar process takes place with al- 
kali metals other than Na and, with a 
slight modification, also with the alkaline 
earths. Apart from the evolution of H2, 
the overall result is the formation of 
products that are not only water soluble 
but also readily detachable from the bulk 
of the glass. This is clearly undesirable; 
particularly since, when we are dealing 
with a waste storage glass, among the 
major constituents of these soluble deg- 
radation products will be substances 
such as 137Cs and 90Sr, whose immobili- 
zation the glass is intended to ensure and 
which contribute a large portion of the 
total radioactivity within the waste dur- 
ing the first 100 years or so of its storage 
(3). 

To illustrate the degradation effect, 
Fig. 1 shows the accumulation of corro- 
sion sites on the surface of a crown glass 
(Schott type B 270). As discussed in (2), 
the decomposition occurs preferentially 
at the location of minority phase parti- 
cles, and since in the multiconstituent 
glasses now under investigation for 
waste storage, phase separation is very 
pronounced (4-9), the irradiated glass 
surface is likely to be rich in areas sus- 
ceptible to attack. One important class of 
phases known to exist in these materials 
is the molybdates, arising from the reac- 
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tion of the fission product Mo with the 
alkali isotopes present. Molybdates ap- 
pear in the form of crystalline particles, 
ranging in size up to about 100 ,um (9), 
and the crystallites act as hosts for 1Cs 
and 90Sr, which tend to concentrate there 
and are liable to be released when the 
molybdates are attacked. In the case of 
CaMoO4, the breakdown by this irradia- 
tion effect has already been observed in 
this laboratory (1). Corrosion spots of 
the type shown in Fig. 1 are easily re- 
moved by immersion in water. The deg- 
radation of the glass should therefore in 
the first instance manifest itself as an ir- 
radiation-enhanced leach rate, particu- 
larly of the alkali metals and alkaline 
earths, as distinct from other nonalkali 
constituents. Among the tests usually 
applied to evaluate the performance of 
proposed nuclear waste glasses, there is 
usually a determination of the leach rate 
(5, 7-9), and the question arises of why 
this accelerated leaching of the alkali 
metals does not appear to have been no- 
ticed in earlier investigations. 

To explain this, I would note first that 
in most publications no separate data are 
given for irradiated and nonirradiated 
samples, so that the experiments are in- 
trinsically not able to detect a change in 
the leach rate due to irradiation. Instead, 
the investigators are content to demon- 
strate that under their experimental con- 
ditions the rate is sufficiently low for ef- 
fective immobilization of the radioiso- 
topes. The validity of this assessment for 
conditions of actual waste storage is dis- 
cussed in more detail below. 

Secondly, it must be remembered that, 
for breakdown to occur by the mecha- 
nism I propose, the glass surface must 
receive a minimum irradiation dose D. 
The unfortunately very scant informa- 
tion we have obtained so far on the nu- 
merical value of D relates to irradiation 
with Ar ions of energy about 2 keV, and 
it shows the minimum D to vary signifi- 
cantly with the composition of the mate- 
rial, ranging from a low of 1014 ions per 
square centimeter for a particularly sus- 
ceptible soda lime glass to well in excess 
of 1018 ion/cm2 for some borosilicate 
glasses. In the absence of more reliable 
data, let us adopt 1016 ion/cm2 as a repre- 
sentative value and assume that this val- 
ue also applies to irradiation by the alpha 
particles from 238Pu, 241Am, or 244Cm iso- 
topes with which test glasses are usually 
doped to simulate the effect of actual nu- 
clear waste. These alpha particles, with a 
typical energy of 5 MeV, have a range of 
about 50 ,/m, so that only particles origi- 
nating within that distance from the glass 
surface can contribute to the activation 
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Table 1. Summary of leach tests. 

n t Temper- Source (Ci/cm3) (days) ature Remarks 

Hall et al. (5) 1.7 353 100?C Glass stored for I year before leach test 
Merritt (7) 0.1 6000 7?C Leach test extends over 15 years 
Laude et al. (8) 0.1 6000 Ambient Leach test extends over 40 days 
Mendel et al. (9) 100 6 25?C Glass initially stored for 6 months; 

leach test extends over 140 days 

of catalytic surface sites. For simplicity, tions would also lead to a severe under- 
I shall assume that all particles emitted estimate when applied to practical stor- 
down to this depth are effective in doing age conditions. Devitrification, phase 
so. Neglecting cascade effects, the time t separation, and similar indices of waste 

required to activate a surface site is then glass performance are normally mea- 

given by sured at high temperature, albeit on non- 

D 600 radioactive samples, but leaching is gen- 
t - 6 x 10-14 = days (4) erally investigated by immersing the 

sample either at ambient temperature or 
where n is the specific activity of the at a temperature not exceeding the boil- 
glass in curies per cubic centimeter, and ing point of water. The mechanism that I 
the value of 1 x 1016 ion/cm2 has been in- propose does not require immersion; it 
troduced for D. proceeds rapidly with H20 in the vapor 

Table 1 shows the necessary activa- phase, and readily detectable reaction 
tion times calculated from Eq. 4 for the rates are achieved at room temperature 
specific sample activities used in four with partial pressures of H20 well below 
representative investigations. The total 1 torr. I would therefore expect very se- 
irradiation times are such that delivery of vere attack on a glass storage block sur- 
a full activation D can only be assumed face kept at a high temperature and ex- 
to occur with any degree of confidence in posed to the atmosphere, even if the rel- 
the experiments of Mendel et al. (9). ative humidity is low. 
These investigators are also the only From the foregoing, it is apparent that 
ones to furnish data for both irradiated breakdown according to the mechanism 
and nonirradiated samples, thus making I propose is likely to have escaped detec- 
a comparison possible, and by a fortu- tion in earlier work (i) because in most 
nate coincidence their leach rates are ex- cases the time between formation of the 
pressed in terms of the release of an al- radioactive glass and the leach rate de- 
kali, namely, K. The results show termination was too short for a full acti- 
unambiguously a radiation-induced dou- vation dose to have been delivered and 
bling of the leach rate, but, since even (ii) because the samples were exposed to 
this accelerated rate was deemed accept- H20 at temperatures much lower than 
able, Mendel et al. appear to have dis- expected under actual conditions of 
missed the effect as of little practical sig- waste storage and thus too low to reveal 
nificance. the full magnitude of the effect. 

This assessment was based on mea- At this stage, we have very few data 
surements made at 25?C and may well on D and we lack knowledge of the fac- 
need to be revised for a temperature of tors that control D and the rate constant 
several hundred degrees Celsius caused of the breakdown reaction sequence. In 
by self-heating in the massive waste order to gauge reliably the importance of 
glass blocks during the first 100 years of this degradation mechanism in connec- 
storage (3). The degradation process I tion with nuclear waste storage and to 
propose is known to be speeded up sig- minimize its effect by suitable formula- 
nificantly by an increase in temperature tion of the glass, it will be necessary to 
(2), apparently through the associated understand how these parameters de- 
marked increase in the diffusion rate of pend on the composition of the material. 
the alkali metals in glass. As Majkova Here a difficulty arises from the fact that 
and Trnovcova have shown (10), the in- this composition itself will change with 
crease in the diffusion rate is so rapid time when, through nuclear transforma- 
that at the initial storage temperature we tion, 137Cs and 90Sr decay within a few 
would expect the degradation of the ma- centuries to Ba and Zr, respectively. 
terial to occur at a rate exceeding that Composition changes of this kind could 
observed at room temperature by four to be locally magnified since these isotopes 
six orders of magnitude. Because of this, tend to concentrate in host phases, 
I believe that other leach rate determina- which then also become regions of par- 
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ticularly intense self-irradiation. It would 
seem prudent to investigate these and re- 
lated problems fully before we embark 
on the irr versible step of large-scale 
storage of nluclear waste in vitreous ma- 
terials. 
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The areal distribution of certain miner- 
al components such as quartz and illite in 
the sediments of the North Pacific sug- 
gests that wind may be the primary 
transport mechanism for these materials 
from the continents. The greatest con- 
centrations of these minerals are found 
in Pacific sediments at mid-latitudes 
(30?N to 40?N) beneath the prevailing 
westerly winds. A continental origin for 
the quartz fraction of both North Pacific 
sediments and Hawaiian soils is also in- 
ferred from oxygen isotope studies (1). 
The source for this eolian (wind-borne) 
material has been assumed to be the arid 
regions of central and eastern Asia-the 
Takla Makan, Gobi, and Ordos deserts 
and the regions where loess is deposited 
south of the Gobi and Ordos deserts. 

There are few data on dust in the at- 
mosphere over the North Pacific. High 
concentrations (up to 60 ,tg m-3) of dust 
have been measured over Japan (2). This 
material, generally yellowish, light 
brown, or red in color, and called Kosa 
in Japan, is observed most frequently in 
the spring, when large-scale dust storms 
occur in northern China and Mongolia. A 
mean atmospheric dust concentration of 
0.16 ,tg m-3 was reported for the equa- 
torial mid-Pacific from filter samples col- 
lected aboard the D.V. Glomar Chal- 
lenger in November and December 1973 
(3). In another ship-sampling program, a 
mean dust concentration of 2.1 /tg m-3 
was measured in the South China and 
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