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Colloid Formation During Waste Form Reaction: 
Implications for Nuclear Waste Disposal 

J. K. Bates, J. P. Bradley, A. Teetsov, C. R. Bradley, 
M. Buchholtz ten Brink 

Insoluble plutonium- and americiumbearing colloidal partides formed during simulated 
weathering of a high-level nuclear waste glass. Nearly 100 percent of the total plutonium 
and americium in test ground water was concentrated in these submicrometer particles. 
These results indicate that models of actinide mobili and repository integrity, which 
assume complete solubili of actinides in ground water, underestimate the potential for 
radionuclide release into the environment. A colloid-trapping mechanism may be neces- 
sary for a waste repository to meet long-term performance specifications. 

Recent emphasis in the U.S. high-level 
nuclear waste disposal program has focused 
on determination of the suitability of the 
potential site at Yucca Mountain, Nevada 
(I). The current reference design (2) calls 
for spent nuclear fuel from commercial re- 
actors and for high-level waste glass to be 
contained in an engineered barrier system 
(EM) that is surrounded by the natural 
host rock. Ideally, this multiple barrier 
system (waste form, EFS, rock) limits ra- 
dionuclide release from the waste material 
and retard radionuclide migration due to 
chemical and physical interactions with the 
rock. 

Evaluation of the total svstem oerfor- 
mance has been based on the' premiL that 
the release of actinides [for example, Pu and 
Am (3)] from the waste form will be con- 
trolled by the solubility of individual ele- 
ments in ground water and that subsequent 
radionuclide transport will be determined 
by factors such as water flow and by radio- 
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nuclide retardation processes such as sorp- 
tion (4-7). Under this scenario, the waste 
form itself can react relatively rapidly, yet 
the transport of radionuclides will be limit- 
ed by geohydrologic factors. 

In this report we demonstrate limita- 
tions of the solubility-controlled assump- 
tion by examining the release of Np, Pu, 
and Am from waste glass under simulated 
storage conditions. Although it is known 
that radionuclides may form colloids (8) 
that could affect trapport properties (9, 
lo), it has generally been assumed that 
colloids result from hydrolysis of dissolved 
species in solution (radiocolloids) or from 
adsomtion of dissolved radionuclides onto 
suspeided mineral particles in the ground 

m. 1. (A) Bright-field electron micrographs of 
two colloid (residue) particles [labeled (i) and 
(ii)]. (B) Corresponding backscattered electron 
images. Bright areas indicate high concentra- 
tions of brockie (ideally Ca-Th phosphate). (A) 
and (B) demonstrate that particle (i) contains 
mostly clay with minor brockie, whereas parti- 
cle (ii) contains predominantly brockite. (C) The 
a-tracks in nuclear emulsion (with extrapolated 
trajectories) superimposed on a bright-field im 
age of particles (i) and (ii). The smaller particle, 
(ii), contains more (Pu- and Am-bearing) brock- 
ite and therefore produces more tracks. 
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water (pseudocolloids) (5-7). Both of these 
processes of colloid formation occur inde- 
pendently of waste form and EBS, and they 
may be considered secondary processes. 
However, because glass is a metastable sol- 
id, it may transform into a more stable 
phase assemblage under repository storage 
conditions (1 1, 12). This assemblage may 
be a new source of colloidal material, 
termed primary colloids, and forms by a 
process that is dependent on the waste 
form. The radionuclide content, the sourc- 
es, and the mechanism of formation of 
these colloids must be accurately known to 
assess transport of radionuclides from the 
EBS to the accessible environment. 

Glass may be exposed to a variety of 
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conditions after disposal in a geologic reposi- 
tory because the EBS environment changes as 
the waste cools. For example, at the potential 
Yucca Mountain site, depending on when the 
outer containment barrier is breached, glass 
may be contacted by water vapor, small 
amounts of sorbed liquid water, or small 
amounts of flowing water if water enters and 
trickles through the metal container (2). A 
test method developed to simulate these con- 
ditions (13) has been applied to a prototype 
glass (1 4, 15). The method involves dnpping 
water onto a cyhhically shaped glass-metal 
assemblage that is suspended in an enclosed 
test vessel. The water flows over the glass, 

Tabk 1. Masses of Np and (Pu + Am) in the 
unfiltered solution (top two raws) and the per- 
cent of the startina radioactivii after each pass 
through filters of secreasing &re size. ~ k o r  in 
the absolute measurements is -15% of the 
amount present. Absolute radioactivity levels in 
the test solutions differ between test #I and 
test #2 because water flow patterns were dif- 
ferent. Immediately upon termination of the 
tests, a small aliquot was removed with minimal 
disturbance of the solution (initial aliquot). For 
test #I, the solution was then stored at room 
temperature for 6 weeks. At that time, another 
aliquot was taken from the stagnant solution 
(delayed aliquot), and the remaining solution 
was filtered. For test #2, filtering was per- 
formed after removal of the initial aliquot. 

Fraction 

Initial 
Delayed 

(10-*g) (10-log) 
17.4 6.0 108 1087 
16.3 119 

(Percent passage) 
100 100 4- 0.6 
100 100 4 0.6 
100 100 3 0.4 
85 100 2 0.3 
85 72 2 0.3 
70 70 1 0.01 
70 65 0.05 0.00 

collects at the base, and drips from the assem- 
blage at a rate of about 5 ml per year (one drop 
every 1 to 2 weeks). Water that collects in the 
bottom of the test vessel provides information 
about the form of the radionuclides, the rate 
by which they are released from the glass, and 
the synergistic e k t s  that occur in the glass- 
metal-water system. Such tests have been 
ongoing for 50 months. 

During the most recent liquid collection 
period, the test solution was filtered to deter- 
mine whether the actinide fraction was asso- 
ciated with particulate material or could be 
considered truly dissolved. Solution was 
passed sequentially through filters having 
pores ranging from 1.0 pm to 1 nm in diam- 
eter. The filters and the liquid that passed 
through each filter were analyzed for radionu- 
clides. We then dissolved the filters, dried the 
resulting suspension, and exposed it to films 
sensitive to a particles to locate the source of 
a activity (1 6, 17). When a tracks were 
observed, the particles producing those tracks 
were identified and dd to a transmis- 
sion electron microscope (TEM) grid. The 
structure and composition of the radioactive 
particle were then determined (Figs. 1 and 2). 

The radionuclide concentrations on the 
filters and in the liquid that passed through 
each filter were detennined with a spectros- 
wpy. The results of the tests (Table l) indi- 
cate that 70% of the Np passed through all 
filter siaq this fraction of Np can be consid- 
ered truly dissolved. On the contrary, >99% 
of the Am and Pu was retained as colloidal 
solids. Additionally, results for test #1 were 
essentially unchanged on settling (Table 1). 
This suggests that the filtered material had 
accumulated in solution as suspended material 
and was stable in this form during the test 
period (39 weeks) and during an additional 6 
weeks of settling. In these tests, most of the a 
radiation was due to the decay of 241Am; 
however, in samples where 23% was also 
detected, its behavior mirrored that of Am. 
Thus, we discuss Pu and Am release together. 

Fig. 2. (A) Bright-field electron micrograph of dispersed colloid residue supported on a thin (<20 nm 
thii) carbon film. The residue is a mixture of clay and bmkite. (B) Corresponding backattered 
electron image (10-)lm scale bar). The bright spots reveal the p o s l i  of s u b m i i e r  M e  
inclusions within the clay. The original material trapped on the filter with 1 -miarneter pores had a size 
distribution only slightly larger than 1 pm and had to be crushed and d i  to resolve the M e .  

In general, the ratio of radioactivity of the 
filtered to the dissolved fraction was greater 
than 1000:l. 

The b t i o n s  and mineralogy of the 
aemitting particles on TEM grids were deter- 
mined with analytical electron micmwpy 
(AEM) (18). Gnnpositional analyses were 
performed with x-ray energydqersive spec- 
troswpy (EB), and crystal structures were 
investigated with lattice fringe imaging and 
electron difhction. A sample of wlloid-con- 
taining residue was also analyzed by x-ray 
difFraction. The colloids are a matrix of clay 
that contains submicrometer inclusions (Fig. 
2). The clay is an Fe- and Na-rich alumino 
silicate (with minor wncenmtions of Ca, Ti, 
and Ni that has a basal lattice spacing of 10 
to 12 A . This basal spacing, combined with 
x-ray dihction data, s w t s  that the clay is 
Na-rich smectite (1 9). The submimeter 
inclusions contain mostly Ca, Th, P, and 0, 
and minor amounts of U and Pb. Electron 
dillkction (Table 2) and x-ray dihction data 
indicate that the inclusions are the mineral 
brockite [ideally (Ca,Th)P04.H20 (20)l. 

We compared the densities of the a tracks 
originating from brodrite-rich versus clay-rich 
material to establish that the Am (and Pu) are 
carried in the brockite inclusions rather than 
the clay matrix. (Both Am and Pu are present 
at levels 40.1% by weight and are therefore 
undetectable by EDS.) Figure 1C shows tracks 
emanating from two colloid particles. Particle 
(i) is almost four times larger than particle 
(ii), but it produces only a third as many 
tracks as particle (ii). Bright-field and back- 
scattered electron images (Fig. 1, A and B) 
and EDS analyses indicate that particle (i) is 
clay-rich, whereas particle (ii) is b d t e -  
rich. Thus, the a activity and hence Am (and 
Pu) concentrations are associated with the 
brockite and not the clay. 

Tabk 2. Measured electron diffraction pararn- 
eters from a Pu- and Am-bearina inclusion 
compared to those of brockiie [G~,T~)PO,. 
H,Ol. 

Inclusion spacing 
(A,t 

Brockiie spacing* 
(A, 

6.06 6.06 
4.32 4.37 
3.25 3.47 
2.94 3.03 
2.72 2.83 
2.29 2.37 

2.15 
2.05 1.92 

1.86 
1.78 1.75 

1.69 
1.65 1.67 

1.55 
1.49 1.46 

1.35 
1.31 

*+2.5% error. tFrom Fisher and Meyrawitz (20). 
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Flg. 3. Backscattered electron image of a cross 
section of glass exposed to water vapor. As the 
glass hydrates, elemental segregation occurs, 
secondary phases (1) form on the original sur- 
face (2) of the glass, and a hydrated layer (3) 
simultaneously penetrates the glass. Calcium, 
phosphorus, thorium, and other actinides redis- 
tribute within the hydrated layer to form discrete 
brockite inclusions (4) as small as 10 nm in 
diameter. Actinide redistribution preferentially 
concentrates Th, U, Pu, and Am from the glass 
in the inclusions, which are subsequentty mo- 
bilized as colloids. 

The Am- (and Pu-) bearing colloidal 
particles form by a mechanhn distinct from 
those that form radiocolloids and pseudo- 
colloids. Whereas radiocolloids and pseudo- 
colloids develop from solution, the colloids 
studied here are fragments of a hydrated 
layer that spalled from the glass surface 
during aqueous alteration. This spallation 
mechanism can generate primary colloidal 
particles with elevated radionuclide levels. 
Whereas radiocolloids and pseudocolloids 
typically may be expected to incorporate 
only a small fraction of the actinide content 
of the waste (9), the radioactivity associated 
with primary colloids can be highly concen- 
trated within specific actinide-rich com- 
pounds that form directly from the waste. 

WeexaminedthespaUationmechanismof 
d o i d  formation by exposing a glass, of com- 
position similar to that described above, to 
water vapor. Exposure to water vapor is 
known to accelerate glass reaction (21) and 
thus provides an ideal method to examine 
redistribution of elements during glass reac- 
tion. Water vapor is also likely to be more 
prevalent in the Yucca Mountain environ- 
ment than liquid water. In the presence of 
water vapor, a thin film of water sorbs onto 
the glass surface, where it becomes cancen- 
trated in catiom leached from the glass. Min- 
eral phases nucleate from the film and farm on 

ogous to the hydrated layer that forms during 
the dripping water tests, its mineralogy should 
be similar to that of the primary colloids 
filtered from the ground water. Scanning elec- 
tron rnicmsapy (SEM) and AEM were used 
to study polished thick-flat and ultramicro- 
t d  thin sections of the vapor- 
specimen. Inclusions were identified that ex- 
hibited the same compositional d dithc- 
tion characteristics as the Pu- and Am-bear- 
ing inclusions in the colloids, and the clay in 
the hydrated layer was Na-rich smectite (Fig. 
3).This'3nn3pobinphasesconfirms 
thatthereactedglasslayeristhesourceofthe 
primary colloidal particles. 

These observations have several d c a -  
tions. First, because the majority of Np 
remained in solution. ND wrformance in the - . *  

repository appears to be adequately treated 
with current assumptions of solubilitycon- 
trolled transport. Second, because the Pu- 
and Am-bearing colloids are readily generat- 
ed from reacted glass, transport of Pu and 
Am may be dominated by movement of 
these colloids. Thus, the EBS system should 
be designed to inhibit colloid transport in 
case of unexpected liquid water contact with 
the waste. Assessments of the ability of the 
environment near the repository to retard 
radionuclide transport should also consider 
colloid migration and trapping processes. 
Finally, a conservative performance assess- 
ment should be based on the identity and 
transport properties of specific actinide-bear- 
ing phases that result from waste form reac- 
tion. The colloid phases generated and their 
transport properties will likely vary, depend- 
ing on the type of waste form (spent fuel or 
glass) and on the glass composition. 

The approach taken in this study, that is, 
examination of radionudide-bearing waste, 
combined with methods for identifying and 
characterizing submicrometer colloidal parti- 
cles, also has applications to cleanup of sites 
contaminated with hazardaus wastes (23). 
The identity of small radionuclide-bearing 
phases may help in determining transport 
rates, developing remediation methods, and 
supporting risk assessment studies. 
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