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ABSTRACT 
This paper describes criticality and the 

geochemical processes involved for the transport 
of fissile material within a nuclear waste reposi
tory. Analyses concentrated on the assembly of a 
critical mass and potential bounds of additional 
fissile material burn-up. The case under study was 
that for direct disposal of highly enriched spent 
fuel in unsaturated, volcanic tuff. The systematic 
analysis described is the same approach used to 
examine other potentially disruptive scenarios in a 
nuclear waste disposal system and is termed "per
formance assessment". 

INTRODUCTION 
The overall process of assessing whether any 

system meets a set of performance criteria is 
known as a performance assessment (PA) [ 1,2]. In 
the U.S., PAs for evaluating geologic disposal of 
nuclear waste are tied by EPA standards to the 
process of stochastic modeling2 and are similar to 
probabilistic risk assessments (PRAs) performed 
for nuclear reactors. The alternate purpose of a PA 
is to ensure a safe disposal system, where safe is 
defined as the acceptable risk to society and risk is 
defined as the potential that something unwanted 
may occur. In general, to quantify risk, the follow
ing three questions must be answered [3,2]: what 
may occur, what is the probability of each occur
rence, and what are the consequences of each 
occurrence. 

The first question is answered by developing 

scenarios. The scenario discussed in this paper is 
the assembly of a critical mass of fissile material in 
or near a waste disposal container after long-term 
placement in a geologic repository. The second 
question can be answered by stochastic simulation 
of the physical processes necessary to assemble a 
critical mass. The third question requires a model
ing system for the operation of the natural reactor 
that includes the dynamic coupling of the nuclear 
reaction with criticality feedback mechanisms from 
the geologic disposal system. The description of 
such a system is beyond the scope of this present 
paper; however, empirical knowledge can par
tially answer the consequence question directly, 
so criticality incidents are also discussed briefly. 

TYPE OF NUCLEAR WASTE AND GEO
LOGIC MEDIA STUDffiD 

This paper is based in part on a study, commis
sioned by the United States Department of Energy 
(DOE), to guide the spent fuel technology devel
opment program at the Idaho Engineering Labora
tory (INEL) and elsewhere [1]. The potential for 
highly enriched spent fuel in 2 3 5 U (>20%) to as
semble into a critical mass was examined. Various 
disposal options for spent fuel are possible, but the 
option discussed here is direct emplacement into 
an unsaturated volcanic tuff repository. 

Highly Enriched Uranium Spent Nuclear Fuel 
The highly enriched fuels at INEL were placed 

in three categories represented by: (1) the Fort St. 

1 This work was supported by the United States Department of Energy under Contract DE-AC04-94AL85000. 
z The environmental regulations for disposal of commercial wastes are undergoing revision (Energy Policy Act of 

1992, Publ. L. 102-486), but will likely remain probabilistic. 
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Vrain reactor spent fuel from Colorado, which 
consists of particles of uranium and thorium car
bide coated with silicon carbide in a graphite 
matrix (28 metric tons of heavy metal [MTHM]); 
(2) the advanced test reactor (ATR) fuel, a ura
nium-aluminum metal alloy clad with aluminum 
(72 MTHM); and (3) the Shippingport fuel from 
the Light Water Breeder Reactor research pro
gram, zircaloy clad uranium dioxide (110 MTHM) 
(Figure 1). In transport calculations, an initial 
isotopic abundance for each fuel for the year 2030 
was used [1]. For the criticality calculations, 
which where performed before Appendix A [1] 
was available, the isotopic abundances from the 
1993 TNEL PA were used (Table I). 
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Figure 1. Proposed packaging of the three main 
categories of highly enriched uranium spent 
nuclear fuel stored at Idaho National Engineering 
Laboratory in large, 25.4-mm thick stainless steel 
multi-purpose canisters that are then overpacked 
with 20-mm thick Incoloy 825 and 100-mm thick 
carbon steel containers after [1]. 

Containers 
The proposed container for the highly en

riched fuel is a multi-purpose canister of 304L 
stainless steel that is 25.4 mm thick. To support 
the waste and to prevent a critical condition when 
fully flooded, borated stainless steel frames are 
included inside the canister. Current repository 
design assumes that the handling canister is to be 
overpacked with a 20-mm thick corrosion-resis
tant material (Incoloy Alloy 825) and a 100-mm 
thick corrosion-allowance material (i.e., Ameri
can Society for Testing Materials [ASTM] Type 
A-516, Grade 60 carbon steel) (Figure 1). These 
large containers are assumed to be placed horizon
tally in drifts within the repository. 

Unsaturated, Volcanic Tuff 
The U.S. is currently considering disposal of 

commercial spent fuel and defense-related high-
level waste in a mined repository 300-m deep in 
unsaturated, volcanic tuff at Yucca Mountain lo
cated near the Nevada nuclear test site. An aquifer 
lies -300 m below the repository. The porosity of 
the tuff at the repository horizon averages 13.9%, 
(from .4% to 48%) [4] and the current saturation is 
~ 65%. The possible variation in water infiltration 

Table I. Isotopic Breakdown of Fuel Types" 

Fuel Type Isotope Abundance 
(wt fraction) 

Highly enriched uranium 6 2 3 3 U 
234TJ 
235TJ 
2 3 6 0 

23SJJ 
Graphite c 2 3 3 U 

234TJ 
235IJ 
236TJ 
238TJ 

8.10472 x l O 8 

1.42952 x 10-4 

0.796461848 
0.109335371 
0.094059746 
0.200354712 
0.039614064 
0.533431563 
0.147565982 
0.078988601 

Weight fractions obtained from radionuclide 
data from the 1993 PA database (Rechard, Ed., 
1993). 
Highly enriched uranium fuel from the 
Advanced Test Reactor (ATR). 
Graphite fuel from the Fort St. Vrain reactor. 



at the surface from climate change was modeled as 
a sinusoidal function with a current infiltration of 
0.5 mm/yr, a maximum infiltration of 10 mm/yr, 
and a mean period of 100,000 yr. The hydrologic 
units for the study were idealized as a series of 
constant thickness layers of tuff tilted at 4.6° from 
the horizontal. 

Excess Weapons Plutonium and Fissile 
Uranium 

As a result of the Strategic Arms Reduction 
Treaties (START I and II) and unilateral pledges, 
more than 50 metric tons of plutonium and hun
dreds of tons of highly enriched uranium will 
become surplus as U.S. and Russian nuclear weap
ons are dismantled [5]. Unlike the highly enriched 
uranium spent fuel discussed in this paper, the 
weapons uranium is not contaminated with fission 
products so it could be blended with depleted 
uranium to produce standard low enriched fuel for 
commercial reactors. The more important ques
tion is what to do with the excess ^Pu. The 
National Academy of Sciences recommends ex
ploring three options for the 2 3 9Pu [5 ]. Two options 
include geologic disposal. Evaluating the feasibil
ity of these two options involves calculations 
similar to those reported here, except that pluto
nium rather than uranium is transported. (The 
results would apply directly if the lower solubility 
of the 2 3 9Pu delayed movement until it decayed to 
2 3 5U.) 

ASSEMBLY OF FISSILE MATERIAL 
Nuclear waste will not be purposely placed 

within the repository as a critical mass. Even when 
voids in the container are filled with water, con
tainers are designed to preclude criticalities by 
incorporating neutron absorbers, such as aborated 
stainless steel support structure for the spent nuclear 
fuel, or filler material to exclude most water. After 
disposal, neutron interaction between containers 
would be avoided for wet or dry containers either 
by ensuring sufficient spacing between containers 
and/or sufficient container shielding material. 
Assembly of fissile material into a critical condi
tion is by no means assured or "a given." There
fore, modeling of the process of assembling the 
fissile material is required. 

Given the design assumptions for the con
tainer, a critical condition can occur only if enough 
water is available to 1) promote corrosion of the 
container (and any other protective layer such as 
cladding) and alteration of the matrices containing 
fissile material or neutron poisons, and 2) move 
the neutron poisons and the fissile isotopes away 
from each other by transport in flowing liquids. 

Alteration of the Container and Fuel 
Separation of the fissile material from the 

poisons is not possible without degradation of the 
container and alteration of poison-containing ma
terials or fuel. The relative alteration rates of the 
poison and fissile containing materials must be 
known in order to make a determination of the 
likelihood of creating a critical assembly and of 
the nature of that critical assembly. If the alter
ation of the fissile material is faster than that of the 
poison material, then large amounts of water are 
necessary for transportation of fissile isotopes of 
low solubility from the container. Outside the 
container, reconcentration of the fissile material is 
necessary for a criticality. If the alteration of the 
poison material is greater than that of the fissile 
material and the altered poison is released in a very 
soluble form, then smaller amounts of water are 
necessary to wash the soluble poisons from the 
container, resulting in a critical assembly within 
the container. 

Alteration rates are highly dependent on 1) the 
temperature, 2) the amount of water present, and 
3) the availability of oxygen within and surround
ing the container. The amount of water and 
oxygen present, is not independent of the alter
ation process. Because oxygen is consumed dur
ing oxic corrosion and water is consumed during 
anoxic corrosion, the coupling of the local corro
sion with the flow of water and oxygen is required 
for the calculation of realistic corrosion rates. 

Transport of poisons and/or fissile isotopes 
Once the materials containing the poisons and/ 

or fissile isotopes are altered, the two must be 
moved relative to one another to permit a critical
ity. This may be accomplished either in the solid 
state by movement of particles or colloids, or in the 
dissolved state through advection and diffusion. 



The relative importance of particle or colloid 
movement is not known and may have a dramatic 
effect on the probability of a criticality. Transport 
within the dissolved state is better understood and 
considered here. The equilibrium solubility of 
boron is high at all temperatures and oxygen 
fugacities expected at Yucca Mountain, but the 
solubility of fissile isotopes is quite low and is 
temperature and oxygen dependent. In addition, 
other dissolved species such as silica and carbon
ate, have a dramatic influence on the solubility of 
uranium 

A coupled analysis, assuming sufficient oxy
gen to use exclusively oxic corrosion rates and 
oxic solubilities [ 1 ], showed two interesting points. 
First, between 10 to 1,000,000 times more ura
nium metal than borated steel is altered inside the 
container over 10,000 yr (Figure 2). In a natural 
form, boron is more soluble than uranium, but 
boron is tied up as a metal boride within borated 
stainless steel and is expected to be altered much 
more slowly than the uranium. Second, an average 
of 700 kg and a median of 30 kg of 2 3 5 U are 
removed from the 2,192 containers holding the 
nine types of waste over 10,000 yr in a repository 
in volcanic tuff (Figure 3). If all the fissile isotopes 
are assumed to be derived from the 145 containers 
with the fuels represented by the Shippingport and 
ATR fuels, this is equivalent to an average of 4.8 
and a median of 0.21 kg/container. Note that 
much of the release occurred in later years when 
the climate model assumed increased infiltration. 
If the present climatic conditions were used 
throughout the 10,000 years, much smaller re
leases would be predicted. 

In the above work, BRAGFLO_T, a two-
phase flow code that implemented a composite 
porosity model with coupled heat conduction and 
phase change, was used for evaluating fluid ve
locities. Included within BRAGFLO_T was a 
submodel, GASSNF, for evaluating gas and liquid 
consumption rates from corrosion. For evaluat
ing movement of radionuclides, NUTS, a dual 
permeability transport code, was used. Included 
within NUTS was a submodel, USATCONC, for 
evaluating failure of container layers, alteration of 
fuel matrices, and transport from the container [ 1 ]. 

2000 4000 6000 8000 10,000 
Time (yr) 

TRI-6342-4388-1 

Figure 2. Between 10 to 1,000,000 times more 
uranium than borated stainless steel is altered 
inside the containers (and thus ready for transport) 
over 10,000 year suggesting that if a critical 
condition were to occur it would more likely occur 
outside the container than inside the container 
based on the assumed alteration rates of uranium 
matrix and metal borides. 
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Figure 3. A comprehensive analysis predicted a 
mean value of 700 kg and a median value of 30 kg 
of equivalent fissile mass being released from the 
repository over 10,000 year in an unsaturated, 
volcanic tuff disposal system [1J. 



The coupled analysis did not explore the mecha
nism for reconcentration of the released fissile 
isotopes. A criticality calculation (using MCNP) 
[6], assuming Yucca Mountain repository tuff 
with 13.9% pore space filled with J13 well water 
with 10"4 moles per liter of highly enriched ura
nium and a linear sorption coefficient of 2 ml/g, 
shows the system to be subcritical (kef f <0.1). This 
suggests that precipitation is required for a criti
cality. Hence, it is important to evaluate the 
hydro-geochemical environment for the feasibil
ity of precipitation of sufficient fissile material for 
a criticality. Figure 4 shows a sample of the 
MCNP calculations performed that varied the rela
tive amounts of E^O, and uranium in various 
mineral forms, uniformly distributed within the 
tuff pores. To obtain atom ratios for the calcula
tions, the mineral phases present in the Topopah 
Spring Member of the Paintbrush Tuff Formation 
at Yucca Mountain [7], and the concentration of 
ion species in water at the J-13 well near Yucca 
Mountain [4] were used. Stable uranium minerals 
were used in the calculations based on the charac
teristics of the water such as pH, Eh, and tempera
ture (Table II). The uranium isotopic ratios used 
were based on the inventories in Table I. These 
calculations were simplified by ignoring the 
coprecipitation of other radionuclides, poisons, 
and major minerals and are thus expected to be 
conservative. Figure 4 shows that precipitation of 
0.4% by volume soddyite within a sphere of the 
repository tuff (pores are 2.9% filled with soddyite) 
results in a subcritical assemblage, but with pre
cipitation of 0.9% (pores are 6.5% filled), critical
ity is predicted with less than a total of 7 kg of 2 3 5 U. 
With a median of 4.8 kg 2 3 5 U released for each 
HEU (highly enriched uranium) container in 10,000 
yr, it is clear that either selective precipitation of 
uranium minerals must be demonstrated to be 
impossible within Yucca Mountain or limits on 
the amount of enriched uranium that may be placed 
per container must be set to prevent criticality. 

OPERATION OF CRITICAL ASSEMBLY 
One approach to examining a criticality in a 

repository is simply to assume a critical condition 
and examine the consequences. If the conse
quences are negligible, then a basis is established 
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Figure 4. Amounts of J-13 well water and Soddyite 
uranium uniformly precipitated as a sphere in 
volcanic tuffnecessary to obtain critical conditions. 

Table II. Uranium Potential Phases 

Mineral Density 
(Kg/m3) 

Composition Ranking 

Soddyite 5909 ( U O ^ C S i O ^ H p ) 1* 

Schoepite 4870 UCX^Hp) 2* 

Haiweeite 3350 Ca(U0 2) 2(Si 2) 5) 3:5H 20 3* 

Schoepite-dhy 6550 U0 3 :H 2 0 4 

Uranophane 3410 Ca(U0 2) 2(Si0 3) 2(OH) 2 5 

6 

7 

9 

Coffinite 7160 USiCV 8 
4 

Weeksite 4020 K 2(UO 2) 2Si 60 1 5:4H 20 10 

Rutherfordine 5720 U 0 2 C 0 3 

Uranite 10,970 UO„ 

Boltwoodite 4370 KROUO,SiOA 
3 2 4 

•Designates solid phases most stable for J-13 well 
water at Eh = 0.7V and pH range of 7 to 9. 
Temperatures ranged from 25°C to 100°C. 

for ignoring the scenario. When using this ap
proach, it is important to use reasonable initial 
conditions and to examine all the possible types of 
initial conditions. Assuming a critical assembly 
that is geochemically impossible may result in 
alarming unrealistic results. Even with this ap
proach, it is still necessary to consider how the 
fissile mass is assembled. 



A partial dynamic coupling of the nuclear 
kinetics of a critical mass with the surrounding 
geologic media has been performed [1]. It is 
beyond the scope of this paper to discuss and 
expand upon the analysis; rather, a few order-of-
magnitude estimates of the consequences are pre
sented. 

Types of Criticality Incidents 
Natural analogues, accidents, and experimen

tal criticalities can be used to bound the conse
quences of the critical condition. Four categories 
based on the degree of moderation and the rate of 
fissile material assembly can be distinguished, (1) 
moderated, slow rate of assembly, (2) unmoderated, 
slow rate of the assembly, (3) moderated, fast rate 
of assembly, and (4) unmoderated, fast rate of 
assembly. Examples are presented for all four 
outcomes; the probability of their occurrence 
within a repository varies substantially. 

Moderated, Low Rate of Assembly. The mod
erated, low rate of assembly type of criticality is 
represented by the natural Oklo reactors in West 
Africa [8]. Sixteen different natural reactors 
within the ore body have been identified that 
operated -two billion yr ago when natural ura
nium had a 2 3 5 U enrichment of about three weight 
percent. Pressurization of the water due to geo
logic conditions was such that the temperature 
could range between 410 and 725 K before the 
water turned to steam. The uranium enrichment 
and temperature profile correspond to a pressur
ized water reactor. Each assembly appears to have 
operated in a cyclic manner, becoming critical 
when sufficient water percolated down through 
fractures in the rock to serve as a moderator for the 
assembly and shutting down when the water turned 
to steam at elevated temperatures. The reactor 
behavior continued for -500,000 yr to 800,000 yr 
with significant burn-up of 2 3 5U. The Oklo phe
nomenon was unusual because other uranium de
posits with sufficient water show no evidence of 
forming natural reactors (e.g., the richest uranium 
ore deposit in the world at Cigar Lake in Canada 
that has been present for at least one billion yr [9]). 
If a criticality can occur in or near a repository, we 
believe the Oklo type of criticality behavior is the 
most likely, provided enough water becomes avail

able to change conditions within the repository 
and moderate the reaction. It should be noted that 
pressurization of water is not possible in the unsat
urated zone in Yucca Mountain and thus the power 
output would be much less than a pressurized 
system such as Oklo. 

Moderated, Fast Rate of Assembly. A moder
ated, fast rate of assembly corresponds to critical 
aqueous type accidents in nuclear fuel processing 
plants (i.e., 2 3 5 U or 2 3 9Pu aqueous solutions) [ 10] or 
moderated metal and oxide system accidents and 
experiments [11]. The reported events generated 
^lO 2 0 fissions (-350 kW-hr, burnup of -16 mg 
2 3 5U), with an average of about 101 8 fissions (~5 
kW-hr, burnup of -0.23 mg 2 3 5U). 

Unmoderated, Slow Rate .of Assembly. An 
unmoderated, slow rate of assembly would roughly 
correspond to what occurs in a breeder reactor. In 
a natural setting, it can only be surmised that the 
power output would be similar to that of the 
natural Oklo reactors. 

Unmoderated, Fast Rate of Assembly. An 
unmoderated, fast rate of assembly would likely 
correspond to accidents and experiments carried 
out at Los Alamos National Laboratory (e.g., 
Godiva Reactor). Some of the accidents yielded 
between 101 6 to 101 7 fissions. "Bethe-Tait" type 
calculations for fast reactors done for safety calcu
lations yield upper bounds of 101 9 fissions [12]. 

Bounding Estimates of Energy Release 
Examples of releases of energy (as repre

sented by fissions) for the moderated and 
unmoderated fast rates of assembly are compa
rable at between 1018 and 101 9 fissions, providing 
a rough empirical bound on the release from a 
critical event. For comparison, a 70,000 MTHM 
repository of spent fuel with an average burn-up of 
between 25,000 and 40,000 MWd/MTHM would 
represent on the order of 1031 fissions. Anincrease 
in the inventory of fission products from one 
critical event of 1018 fissions would be negligible; 
only radionuclides with very short half-lives would 
have any appreciable increase in comparison to 
the original inventory. The impact of one critical 
event every day for 10,000 yr would amount to 
-10 2 5 fissions or -10 2 7 fissions if one critical event 
occurred every day for one million yr. If one 
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assumes that the 289 containers with highly en
riched uranium spent fuel all go critical once a day 
for one million yr, the number of fissions is ~102 9, 
which is only 1% of the fission inventory repre
sented by a 70,000 MTHM repository. Bounding 
analysis performed, consistent with the manner in 
which fissile mass is envisioned to assemble, 
showed that the consequences of acriticality would 
be minimal in generating fission gases [13]. 

CONCLUSIONS 
The preliminary criticality analysis that was 

done suggests that the possibility of achieving 
critical conditions cannot be easily ruled out with
out looking at the geochemical process of assem
bly or the dynamics of the operation of a critical 
assembly. The evaluation of a critical assembly 
requires an integrated, consistent approach that 
includes evaluating the following: (1) the alter
ation rates of the layers of the container and spent 
fuel, (2) the transport of fissile material or neutron 
absorbers, and (3) the assembly mechanisms that 
can achieve critical conditions. The above is a 
non-trivial analysis and preliminary work sug
gests that with the loading assumed, enough fissile 
mass will leach from the HEU multi-purpose can
isters to support a criticality. In addition, the 
consequences of an unpressurized Oklo type criti
cality would be insignificant to the performance of 
an unsaturated, tuff repository. 
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