field on the two types of planes. General-
ly for the olivine structure it is necessary
to know the concentration of the major
elements with reasonable accuracy, but
in the present case, where we have al-
ready established that 50 percent of the
Mg atoms occupy each M site, the analy-
sis becomes particularly simple. The
number of x-ray counts from any ele-
ment Y in a spectrum is given by

Ny = kyCyly + ky(1 — Cy),  (2)

where I, and I, are, respectively, the
electron intensities on the M1 and M2
planes integrated over time and thick-
ness, Cy is the fraction of element Y on
the M1 sites, and ky is a constant which
depends on the efficiency of the spec-
trometer. From one spectrum taken un-
der such conditions that the electron
wave field is modulated (I; # I,) and one
with a uniform wave field (I; = I,), the
occupancy C, for an element A can be
shown to depend only on Ng;, Ny, and
N, as obtained from the two spectra.
The analysis used to determine Cr.,
Cwma, and Cy; in Table 1 is essentially as
described above. However, in order to
improve the statistical accuracy, three
spectra were used for each measure-
ment. For two of the spectra the incident
beam directions were as in Fig. 1, and for
the third spectrum strong reflections
were avoided so that I; = I, [see (5)
. for details]. Despite the variations in
R(Si/Mg), R(Si/Fe), and R(Si/Ni), which
result from slightly different experimen-
tal conditions of thickness and orienta-
tion, the site occupancies derived from
these R values agree closely. From Table
1 we obtain Cg. = 49.6 = 1 percent,
Cvmo =1 = Spercent,and Cn; = 97 = §
percent.

Except for Fe, these site preferences
agree with those predicted by Burns (6)
for an Mg-olivine. It is, however, well
known that theory fails to predict the Fe
occupancy, and the surprising result that
both Fe and Mg have similar site prefer-
ences between dissimilar sites has been
confirmed in other experiments, such as
that by Burns (6) on natural olivine with
the use of optical absorption spectrosco-
py. Studies of synthetic and heat-treated
Mg-Mn (7) and Mg-Ni (8) olivines show a
much lower degree of ordering, an indi-
cation that the complete ordering of Mn
and Ni found in our study is characteris-
tic of a rock that is slowly cooled. The
two main factors governing site prefer-
ence in olivines are thought to be cation
size and crystal field stabilization ener-
gy. For Fe, these factors are believed to
compensate each other completely. It is
known that Mn?" experiences no crystal
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field effect, and the size of Mn®" relative
to Mg®>" indicates that the Mn atoms
should occupy the larger M2 site. Since
there is little size difference between Ni
and Mg, Ni appears strongly influenced
by crystal field effects. However, the
prediction of cation site preferences is
far from simple, and a large number of
factors may influence the result (9).

Our results demonstrate that the orien-
tation dependence of electron-induced
characteristic x-ray emission can be used
to determine quite accurately the cation
distribution in olivine and also that of the
trace elements. To our knowledge, no
other single technique is capable of doing
this for the small areas, low concentra-
tions, and neighboring elements used in
this study. Few assumptions have been
made, the main one being that the local-
ization of the various K, processes is the
same. A small systematic error may thus
be introduced. However, the results of
other workers (/0) suggest that this effect
is unlikely to affect Cx by more than 1
percent. For more complicated struc-
tures, dynamical calculations can be
used in conjunction with quantitative
analysis. Tt is expected that the method

will be useful for the elucidation of many
crystal structures in addition to the spi-
nel, olivine, and sphalerite structures
already studied (5, 11).
J. TAFT®

J. C. H. SPENCE
Department of Physics,
Arizona State University,
Tempe 85287
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Hydration Aging of Nuclear Waste Glass

Abstract. The aging of simulated nuclear waste glass by contact with a controlled-
temperature, humid atmosphere results in the formation of a double hydration layer
penetrating into the glass and in the formation of minerals on the glass surface. The
hydration process described here provides insight into the aging kinetics of naturally
occurring glasses and also suggests that simulated aging reactions are necessary for
demonstrating that nuclear waste forms can meet projected Nuclear Regulatory

Commission requiremients.

Two facets of glass hydration are of
current interest. The extent of surface
hydration offers archeologists a method
of dating prehistoric (/, 2) and more
recent man-made (3) artifacts. The re-
verse process, the aging of simulated
glass through induced hydration, can
help to provide a sound, demonstrable
technical basis for predicting the long-
term performance of nuclear waste glass
).

The hydrated layer (perlite) that forms
on natural glasses has a higher water
content (~ 3.5 percent by weight) than
the bulk glass (~ 0.1 percent). This layer
has been observed microscopically un-
der polarized light and with either N
(5) or PF (6) nuclear resonance depth
profiling. The hydrated layer forms by
the exchange of mobile alkali metal ions
from the bulk glass with protons, during
which process the silicate network is
believed to remain virtually unchanged

(7). Tsong et al. have shown (8) that, in
obsidian, surface hydration is accompa-
nied by dealkalization and a buildup of
calcium and magnesium in the outermost
layers. The reaction kinetics ascribed to
both field samples and simulated labora-
tory glasses were initially shown to fol-
low a ¢"? diffusion-type rate equation,
where ¢ is time (/, 2). However, other
experimenters, using field samples, have
had difficulty reproducing this rate law
and report a time dependence ranging
from ¢ to £ (9).

These disparate results have been at-
tributed to an incomplete knowledge of
weathering conditions and to less-than-
rigorous segregation of glasses having
different compositions. Clearly, compo-
sition, temperature, and water vapor
concentration affect layer formation. It is
possible that the differences between
natural and simulated hydration cannot
be reconciled (10), but certainly the dat-
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ing of natural specimens on the basis of
hydration is valid only if the glass com-
positions and past climatic conditions
are specified and if the hydration kinetics
of the glass are established (9).

Glass hydration is also of interest to
those engaged in the management of
nuclear waste. The transport of radioac-
tive nuclides from waste packages in a
repository to the biosphere is most likely
to occur as a result of direct contact with
ground water. Proposed Nuclear Regula-
tory Commission regulations (//) con-
template a period of waste confinement

Layer 2 Layer 1

Double layer

Fig. 1. A series of SEM photomicrographs of hydrated (202°C) SRL 131 glass: (a) cross section

of at least a thousand years during which
no transport would occur. Nevertheless,
most release studies to date have fo-
cused on freshly cut waste forms (/2).
However, contact of waste with ground
water, if it occurs, will probably take
place after the waste has aged in the
repository environment. Thus, studies
with unaged waste might not be address-
ing the issues germane to reducing the
technical uncertainties of waste disposal.

Some aging effects (for example, de-
vitrification and irradiation damage)

have been studied individually (/2), but,

e

showing a single hydrated layer, 6 hours exposure, scale = 5 um; (b) surface showing analcime
formation, 6 hours, scale = 50 pm; (c) cross section showing a double-layer formation, 24
hours, scale = 5 wm; (d) surface showing analcime formation and surface alteration, 24 hours,
scale = 50 pm; (e) cross section showing advanced double-layer formation, 192 hours,
scale = 8.5 um; and (f) surface showing analcime and tobermorite formation, 192 hours,

scale = 95 pm.
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as far as we are aware, no detailed
studies have been reported on aging as a
result of hydration. Hydration will be a
primary mode of aging waste glass in an
unsaturated zone, given conditions of
elevated temperatures, available ground
water, and a breached containment.

Work reported here on the hydration
of typical nuclear waste glasses under
controlled conditions suggests that alter-
ations due to aging may have significant
effects on the leaching of glass. These
results may also impact on the reported
divergence in the time dependence of
the hydration layer thickness observed
for natural glasses.

Two borosilicate glasses, 211 and 131,
developed by Savannah River Labora-
tory (SRL) for the encapsulation of nu-
clear defense waste, were used in this
study (/2). The major components of
glasses 131 and 211 (in percentage by
weight by oxide) are as follows: Si, 45
and 44; Na, 13 and 15; Fe, 14 and 11; B,
11 and 8; Ca, 1 and 5; Mn, 3 and 3; Al, 3
and 3; Li, 4 and 3; and Ni, 2 and 2. The
homogeneity of the glass has been estab-
lished on the basis of an energy-disper-
sive x-ray analysis (EDAX) for the ma-
trix elements and neutron activation
analysis for the waste elements.

Hydration tests were done at 120°,
202°, and 240°C. These tests differ from
hydrothermal leach tests in that only
enough water was used to yield saturated
water vapor conditions when at tempera-
ture, and at no time was the glass con-
tacted by liquid water. The glass samples
were suspended by a Teflon thread and
held in the center of a tantalum-lined
reaction vessel. We terminated the tests
by quenching the vessel in water to avoid
the formation of condensate on the sam-
ples. One-half of each sample was
mounted and polished, and the cross
section was studied by scanning electron
microscopy (SEM) and EDAX. The sur-
face of the other half was studied by x-
ray diffraction (XRD) in addition to SEM
and EDAX. A detailed description of the
procedures used in these experiments is
given in (13).

A sequence of cross-section and sur-
face photomicrographs is shown for hy-
drated SRL 131 glass in Fig. 1. In this
series, with hydration at 202°C for 6
hours to 14 days, several different crys-
talline species were observed to form on
the glass surface, until after 14 days the
surface was completely covered with a
white, fibrous layer. The trapezohedral
crystals, evident after only 6 hours, are
analcime, a mineral belonging to the zeo-
lite family and having the composition
NaAlSi,Oq - H,O. The individual crys-
tals grow to a size of 100 um. The fibrous
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mineral, evident only after 8 days of
hydration but completely covering the
surface after 14 days, is tobermorite,
Cas(OH),Sig06 * 4H,0, one of the main
constituents of concrete. The glass sur-
face itself also appears to be altered (Fig.
1, ¢ and d) and is transformed into a
secondary crystalline layer up to 5 pm
thick. This mineral layer has not been
identified unambiguously but belongs to
the montmorillonite group of clay miner-
als. The XRD results indicate that this
layer is similar to stevensite, (Mgygs,
Mny g, Feg.02)Si401o(0OH), + (Ca,Mg)g.o7-

The structure of montmorillonite-type
minerals is always unbalanced because
of atomic substitutions in their expand-
able layer structure. The resulting defi-
ciency of net positive charge is balanced
by exchangeable cations adsorbed be-
tween the unit layers and around their
edges. As with minerals of the montmo-
rillonite group, analcime is able to incor-
porate waste elements into its structure.
The cesium analog to analcime is pollu-
cite, and a continuous series of sodium-
cesium compositions is possible during
mineral formation. Once incorporated,
the cesium.is locked in the mineral and is
nonexchangeable.

Similar minerals form on the surface of
SRL 211 glass, but the advent of tober-
morite formation and complete coverage
of the glass surface occurs much faster
than for SRL 131 glass. A calcium ele-
mental profile (EDAX) of the SRL 211
layer cross section that had been hydrat-
ed for only 6 hours indicates a rapid
buildup of calcium near the glass sur-
face.

The cross sections of the reacted
glasses show that the hydrated layer
consists of two parts: a thicker (inner)
layer that is nearly depleted of sodium
and partially depleted of aluminum and
calcium and a thinner (outer) montmoril-
lonite-type layer as discussed above. The
thicker layer appears to be very similar
to the bulk glass, but the interface be-
tween the layer and the glass, as marked
by the sodium profile, is very sharp.
When a thick hydration layer is formed
on the glass surface, cracking occurs,
possibly during humid conditions but
certainly on quenching and drying. Such
cracks may not exactly reproduce those
formed during waste storage but would
provide additional channels through
which liquid water could contact the
glass, whereupon leaching could occur
or be accelerated.

The thickness of the hydrated layer
was taken to be the total depth from the
“surface’ of the glass to the maximum
extent of sodium depletion (Fig. 1) and
includes both layers. This thickness is
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Fig. 2. The time-temperature relationship of
two nuclear defense glasses hydrated at
202°C. The dashed lines indicate that the
reaction rate has increased but that the func-
tional relationship between time and tempera-
ture is not known.

plotted as a function of time in Fig. 2 for
both SRL 131 and SRL 211 glasses hy-
drated at 202°C. Each curve has two
distinct regions, an initial segment that is
linear with ¢'2 and a second region with a
steeper slope for which there are not
enough data to establish the fuinctionality
in ¢t. The change in hydration rate might
be related to the cracking that occurs as
the layer becomes thicker or might be
due to a change in the mechanism that
occurs with the appearance of tobermor-
ite on the surface. Data at this time are
insufficient to establish a detailed expla-
nation. Similar curves have been ob-
tained for glass hydrated at 240°C, and
thése show the onset of the steeper por-
tion of the curve occurring sooner than
for glass hydrated at 202°C. At 120°C or
below, observation of the second part of
the hydration process would require ex-
tended exposure.

From the values of the hydration rate,
k, determined at 120°, 202°, and 240°C for
the first portion of the time-temperature
curves, it is possible to fit the data to the
Arrhenius equation,

k= Ae ERT

where A is a constant, E is the activation
energy of reaction, R is the gas constant,
and T is the temperature. Although the
data are limited, the reiation of In & ard
/T is linear and for SRL 131 glass yields
an E of 17,900 cal/mole and an A of
1.9 x 10" pm? per 1000 years, This sug-
gests that the mechanism of the initial
hydration reaction does not change be-
tween 120° and 240°C. This conclusion is
reinforced by the observation of the
same surface features for glass hydrated
at each temperature.

Although there are differences in coni-
position between natural rhyolitic glass
and nuclear waste glass that may influ-
ence the hydration mechanism, the E

values for waste glass derived from the
first portion of the curves ar¢ very simi-
lar to those calculated for obsidian (2),
that is, F ranging from 19,200 to 21,600
cal/mole with A ranging from 1.4 x 10'°
to 18 x 105 wm? per 1000 years, and
with 12 kinetics the same as those deter-
mined in layer thickness by Friedman
and Long (2). However, if we replot the
present results using the error lintits per-
tinent to earlier data (9), a single rate,
linear in £*?, can be obtained, in concert
with other reported values (9). Clearly,
care must be exercised when determin-
ing the time-temperature relationship for
glass hydration.

The results obtained in this work also
have several important ramifications for
the long-term containment of nuclear
waste glass.

1) Hydration of nuclear defense waste
glass occurs rapidly, even at moderate
temperatures (100° to 200°C) similar to
those that may be found in repositories,
and this hydration radically alters the
surface of the glass that might eventually
contact ground water. Using the present
data and extrapolating the Arrhenius be-
havior to 90°C for 1000 years, we predict
a layer thickness of more than 175 pum as
well as encasement of the entire hydrat-
ed glass in a matted, claylike mineral.

2) The observed cracking of thick lay-
ers suggests that leach tests encompass-
ing humid-dry cyclinig of hydrated glass
may yield results different from the re-
sults for fresh glass and may simulate an
important repository scenario.

3) The apparent Arrhenius behavior
of the glass hydration process suggests
that realistic long-term aging of glass
may be simulated if one accelerates the
reaction process by increasing thé tem-
perature. Such tests, if done in combina-
tion with other simulated aging reac-
tions, would be valuable in demonstrat-
ing whether a waste form can meet pro-
jected Nuclear Regulatory Commission
requirements.

J. K. BATES
L. J. JARDINE*
M. J. STEINDLER
Chemical Engineering Division,
Argonne National Laboratory,
Argonne, Hlinois 60439
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Evidence of High Natural Radiation Doses in Certain

Mid-Water Oceanic Organisms

Abstract. Concentrations of the naturally occurring radioactive nuclide polonium-
210 were determined in mid-water crustaceans and fish from depths to 1500 meters.
Unusually high levels were found in certain categories of organisms, indicating that
these organisms were exposed to a particularly high natural radiation dose. The
results have implications in terms of possible radiation effects, as a baseline against
which artificial radioactive nuclides can be compared, and as a potential technique
for studying the feeding behavior of mid-water organisms.

Radon emanated from the carth’s
crust decays in the atmosphere and gives
rise to a natural radioactive fallout of its
descendants 2'°Pb, 2'°Bi, and the alpha-
particle emitter 2'°Po (/). This fallout is
deposited over the oceans as well as the
continents, and *'°Po is particularly con-
centrated by most marine organisms (2).
As a result, the natural radiation dose
received by such organisms is usually
substantially higher than that received
by man. The published data for *'°Po in
marine organisms were reviewed in 1974
(2) and expanded in subsequent publica-
tions (3-8). Almost all of these data were
obtained from animals collected in sur-
face or shallow waters; very limited in-
formation has been available concerning
material from greater depths in the ocean
7, 8).

We report here 2'°Po concentrations in
several crustaceans and fish from depths
to 1500 m and in a few deep benthic
crustaceans. The extremely high concen-
trations we found in some cases imply
that certain categories of marine animals
are exposed to a natural radiation dose
which is, to our knowledge, the highest
yet reported. These data are of interest
for several reasons. (i) The implications
of the exposure of a section of the bio-
sphere to a particularly high natural radi-
ation dose over the entire period of bio-
logical evolution could be of fundamental
importance. (ii) Low-level radioactive
waste is already being dumped in the
oceans on a small scale, and subseabed
disposal in deep ocean sediments has
been discussed as a high-level waste
disposal option (9). The possible hazards
arising from the uptake of artificial radio-
elements into marine organisms will

have to be assessed carefully, and such
assessment will be difficult because of
the lack of data on radiation effects at the
low activity levels likely to be encoun-
tered. Comparison with the natural radi-
ation dose seems inevitable, and since
210po provides more than 90 percent of
this dose to most marine organisms (2) it
is important that our knowledge of 2'’Po
concentrations in mid-water and deep-
sea organisms be as complete as possi-
ble. (iii) The involvement of 2'°Po in the
oceanic biological cycle is extensive, and
the nuclide has been shown to be a useful
tracer of marine biological processes (6,
8). The data reported here support our
earlier suggestion (6, 8) that 2!°Po studies
can provide useful information about the
feeding behavior of certain organisms.
Polonium-210 determinations were
made by the standard technique of acid
digestion, spontaneous deposition of
219pg from an acid solution onto a silver
disk, and counting of the *'“Po alpha
radioactivity on the disk with ZnS(Ag)
scintillation phosphors (8, /10-12). The
technique is simple, efficient, and highly
reproducible; experience with several
hundred marine organism samples over a
period of many years has shown that our
deposition efficiency for 2'°Po is 98 + 2
percent. For an individual sample, the
major contribution to the error is the
statistical counting error. Most of our
errors are between S and 10 percent. The
results of more than 70 measurements on
whole animals are reported in Table 1.
Almost all the samples were provided by
colleagues in other institutions (13).
The data in Table 1 are to be compared
with published data for 2!°Po in the same
types of organisms from surface and

54 0036-8075/82/1001-0054$01.00/0  Copyright © 1982 AAAS

shallow waters. Our data for amphipods,
copepods, euphausiids, and mysiids
show 2"%Po concentrations that are gen-
erally comparable with those reported
for surface samples; the significance of
any differences cannot be established
until more data are available, A typical
value for 2'°Po in entire fish, mostly from
surface waters, has been given as 1.5
pCi/g (2); the range of published values,
covering more than 50 samples, is from
0.3 to 26 pCi/g (2). (All values are given
on the basis of dry weight.) Only our
Gonostomatidae are at the typical level;
the other three families have medians at
or beyond the upper end of the range for
surface fish. Pent;feath et al. (7) reported
that 2!°Po concentrations in organs and
tissues from fish (Alepocephalidae, Ga-
didae, Macrouridae, and Squalidae)
caught between 500 and 1250 m were
generally similar to those observed for
surface fish. Our data indicate that cer-
tain categories of mid-water fish contain
consistently high levels of 2'°Po. On the
basis of four species of shrimp caught
below 600 m, we suggested (8) that mid-
water shrimp are significantly higher in
20po than those from surface waters.
Nine more species are represented in the
shrimp from 610 to 1500 m in Table 1,
and Table 2 shows the 2!°Po concentra-
tion for each of the 13 species from
below 600 m. In the mid-water penacids
219po ranges from 25 to 117 pCi/g with a
median of 43 pCi/g; in eight species of
pelagic penacids from surface waters (8)
the range was 6.6 to 23.6 pCi/g with a
median of 15.7 pCi/g. Of the mid-water
penacids those from the genera Genna-
das and Bentheogennema all have higher
210pg [evels than those from the genus
Sergestes. The same feature is observed
in the penacids from 50 to 760 m (not
listed in Table 2): a single Gennadas
species has a 2'°Po concentration of 98
pCi/g, while four species of Sergestes
have 11 to 33 pCi/g. The mid-water car-
ids (9 to 21 pCi/g; median, 14 pCi/g) also
have higher ?'°Po levels than five carid
species from surface waters (8) (1.3 to
10.4 pCi/g; median, 5.2 pCi/g). The pen-
aeid-carid difference discussed previous-
ly (8) is again observed; penaeids, which
are more primitive in the evolutionary
sense, have higher 2'°Po levels than car-
ids at all three depths (Table 1). The two
bathypelagic shrimp samples from 4000
m have *'°Po levels typical of surface
rather than of mid-water shrimp; more
measurements are needed to determine
whether this is generally the case.

The following categories of marine or-
ganisms from the mid-water region (600
to 1500 m) appear to have consistently
high whole-animal ?'°Po contents: carid
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