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ABSTRACT 

Evaluations were done to determine conditions that 
could permit nuclear criticality with fissile uranium in low- 
level-waste (LLW) facilities and to estimate potential 
radiation exposures to personnel if there were such an 
accident. Simultaneous hydrogeochemical and nuclear 
criticality studies' were done (1)' to identify some realistic 
scenarios for uranium migration and concentration increase 
at LLW disposal facilities, (2) to model groundwater 
transport and subsequent concentration via sorption or 
precipitation of uranium, (3) to evaluate the potential for 
nuclear criticality resulting fiom potential increases in 
uranium concentration over disposal limits, and (4) to 
estimate potential radiation exposures to personnel resulting 
from criticality consequences. The scope of the referenced 
work was restricted to uranium at an assumed 100 wt % "'U 
enrichment. Three outcomes of uranium concentration are 
possible: 

1. 

2. 

3. 

uranium concentration is increased to levels that do pose 
a criticality safety concern; 
uranium concentration is increased, but levels do not 
pose a criticality safety concern; or 
uranium concentration does not increase. 

I. INTRODUCTION 

Many combinations of variables may support nuclear 
criticality in a waste matrix, herein called soil, and will 
influence a radiation dose determination. These variables 
include: 

- the composition of the soil (e.g., SiO,, concrete debris, 
contaminated combustibles, iron scrap, etc.); 

- the enrichment of mass compared with the total 
uranium mass (e.g., less than 5 wt % "'U fiom 
commercial power reactor fuel fabrication processes, 
approximately 93 wt % TJ for research reactor fuel or 
weapons fabrication processes, 0.7 wt % ='U for natural 
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uranium processes, less than about 0.2 wt % 235U from 
enrichment process tails); 

- the density of the soil (e.g., grams of compacted debris 
per cubic centimeter, tons of compacted debris per cubic 

- the density of the ='U within the soil (e.g., grams of u5U 
per cubic centimeter); 

- the degree of neutron moderation in the soil (e.g., 
typically grams of H,O per cubic centimeter, grams of 
H,O per gram of soil, hydrogen to "W atom ratios); 

- the degree of neutron reflection (e.g., thickness and 
density of reflecting materials such as concrete, soil, 
moist or saturated soil); 

- the geometry or distribution of the "W in the soil (e.g., 
neutronically infiite deposits, finite geometries 
typically characterized as spheres, infinite-length 
cylinders, and finite thickness slabs of infinite length and 
width); and 

- the neutronic interaction of one deposit with another 
deposit of similar or dissimilar characteristics. 

Yard); 

The ranges of the above variables were selected from 
historic records, state license conditions,2 and naturally 
occurring environmental conditions at the Envirocare of 
Utah, Inc., Clive, Utah, LLW facility. 

II. CONSIDERED EVALUATIONS 

A. Nuclear Criticality 

The nuclear criticality evaluations began with the State 
of Utah license condition for "'U contaminated waste (i.e., 
770 pCi of "'U per gram of soil-like waste) at the Envirocare 
facility in Clive, Utah. Because no license condition restricts 
the wt % "'U, the nuclear criticality evaluations considered 
100 wt % enriched uranium (ie., pure "'U) to safely envelop 
lesser uranium enrichments. 

Homogeneous, one-dimensional (1-D) bounding and 
simplifying computational assumptions were used for the 



nuclear criticality evaluations of the various parameters. 
Nuclear criticality evaluations were done for simple finite- 
media geometries and infinite media assuming various 
densities of the 235U isotope and water for two generic soil 
media (both having a dry and uncontaminated density of 1.6 
g of soil media per cubic centimeter): “SiO, soil” (the most 
conservative media because pure SiO, is the soil composition 
least likely to absorb neutrons, by that enhancing the 
potential for criticality) and a “nominal soil” composed of 
minerals and secondary phases representative of a world- 
average soil composition.” The infiinite-media neutron- 
multiplication constant, k,, was determined for mixtures of 
nominal soiP5U/water and SiO, soiVusU/water. 
Additionally, sphere diameters, infinitely long cylinder 
diameters, and thicknesses of slabs (infinite in two 
dimensions) were determined for finite-media geometry 
neutron-multiplication constants, k ,  equal to a fiducial 
“critical” value of 0.95. The value of 0.95, rather than I .O, 
was selected as a critical value to account for methods and 
data uncertainty conservatively. The finite-media geometry 
calculations included a 2-m-thick “neutron reflector” on the 
surfaces of each type geometry. The neutron reflector 
consisted of uncontaminated soil having an identical water 
content as that of the contaminated soil. The calculations 
were done with XSDRNPM, a I-D discrete-ordinates neutron 
transport theory deterministic code in SCAL.E.4 XSDRNPM 
was executed by the CSAS module to provide the infinite- 
media neutron multiplication constant, IC, and the finite- 
media neutron multiplication constant, b, values reported in 
this study. Problem-dependent processing of the 238-energy 
group ENDFB-V cross sections, to account for temperature 
effects and resonance self-shielding, was performed using the 
NITAWL and BONAMI codes. SCALE was used in the . 
calculation of benchmarks and applications analyses. 

Two sets of realistic geologic parameters were 
considered for various densities of =’U. Calculated critical 
densities of 235U for various finite-media geometries were 
translated into concentration factors (CF) (Le., the ratio of the 
required u5U density to sustain criticality divided by the 
maximum authorized 235U density allowed for burial at 
Envirocare of Utah, Inc.). These CFs were then compared 
with results fkom the hydrogeochemical modeling to learn if 
criticality is plausible for various uranium-concentrating 
hydrogeochemical scenarios. 

B. Consequence Evaluation 

The actual number of fissions that occur (the so-called 
fission yield) is a difficult quantity to determine. The 
approach taken in this study was to assume that the 
concentration of fissile material occurs under wet conditions, 
followed by a dry-out period during which the critical 
conditions are initiated and continue until the event is 

terminated due to the evaporation of the full inventory of 
water. Using a widely accepted rule of thumb that 10’’ 
fissions are required to boil 1 L of water: the amount of 
water present under the various cases was used to estimate. 
postulated fission yields. 

Potential, direct radiation exposures were estimated for 
two postulated simple types of criticality accidents based 
upon a vertical hydrogeochemical concentration of fully 
enriched uranium disposed within an assumed SO,-soil 
waste matrix. One of the postulated criticality accident 
uranium distributions was for an increase of the allowed 
uranium disposal density by a factor of 3.6. This resulted in 
a slab-like distributed region of uranium that was fairly near 
the ground-level surface of a burial (e.g., about 3.6 m below 
the surface). The other postulated criticality accident 
uranium distribution was for a different increase of the 
allowed uranium disposal by a factor of 10.5. This resulted 
in a slab-like distributed region of uranium that was fairly 
deep within the assumed 10-m-deep disposal trench (e.g., 
about 4.5 m below the surface). Two potential personnel 
locations were evaluated for radiation exposures. One 
position was centered over the concentrated deposit 1 m 
directly above the disposal-site grade. The other position 
was 1 m above the disposal-site grade but displaced about 90 
m from the assumed critical concentrated disposals. The 
concentrated disposals were assumed to have disk-like 
cylindrical geometries with vertical axes. Also, the disk-like 
deposits were assumed to be centered between the disposal 
trench floor and the disposal-site grade (i.e., about 5 m below 
the surface of the disposal-site grade). Directdoseradiation 
transport calculations were done to estimate the neutron and 
gamma radiation doses near the soil surface as a consequence 
of two postulated critical configurations at differing uranium 
concentration values - one at the near-minimum 35U critical 
density and the other at the near-maximum y5U density. The 
near-maximum density is based on the potential 
maximum increase in uranium concentration determined 
from the hydrogeochemical models. The calculations were 
performed using the DOR‘P code that solves the two- 
dimensional (2-D) discrete-ordinates radiation transport 
equations. The DORT calculations used the SCALE coupled 
27-neutron and gamma group cross sections. The code was 
used in a two-step procedure for computational efficiency. 
The first step solved an effectively 1-D criticality problem to 
obtain the size and energy distribution of the neutrons and 
gamma rays leaking through the ground above the deposit. 
The second step solved the 2-D air-over-ground problem 
with the leakage source (a tabulation of the neutrons/ gamma 
rays leaking from the ground) from the fist step 
corresponding to 1 m above ground surface directly over the 
center of the assumed deposit and 90 m away from the 
vertical centerline of the assumed deposit. 



111. RESULTS OF EVALUATIONS 

Examinations of hydrogeochemical modeling 
simulations and criticality safety evaluations showed that, 
based on historical operations, increasing uranium 
concentration to levels of concern is not expected within 
known commercial LLW sites with uranium blended with 
soil, However, obtaining levels of concern for cunent 
authorized disposal limits is theoretically possible (based on 
1-D hydrogeochemical models). The theoretical potential for 
criticality concern is expected since in nature it is observed 
that uranium ores occur and soil-forming processes 
concentrate other elements. What is useful about this work 
is that it examined the potential effects of hydrogeochemical 
concentrating influences and their results on the nuclear 
criticality safety of various concentrations of LLW fissile 
material disposal configurations (Le., effectively infimite and 
finite spherical, cylindrical, and planar type geometries). For 
instance, it has been observed that smaller hydrogeochemical 
CFs permit critical slab-like geometries than the larger CF for 
critical sphere-like geometries. 

A. Criticality Evaluation Results 

Some limited comparative results are provided in Tables 
1 and 2 for both soil types considered. It is noted fiom these 
limited results that the critical parameters for "Nominal-Soil" 
are only about 1.5 times larger than "Si02-Soil" systems 
having similar 235U and H,O concentrations. This is to say 
that "real-world" soil compositions may provide only minor 
improvements to system subcriticality. 

Another observation fiom this study is that critical slab- 
like' configurations are more readily achieved by 
homogeneous hydrogeochemical processes than cylindrical 
configurations. Likewise, a critical cylindrical configuration 
is more readily achieved than a spherical configuration. For 
instance, the areal density of an infinite slab of nominal soil 
at 0.006 g of 2)sU/cm3 is critical at 5.286 kg of ysU/mz in a 
planar configuration. However, the "'U linear density of the 
infinite cylinder requires a projected areal density of about 
7.8 kg of 23sU/m' (i.e., 12.9 kg of USU/1.65-m cylinder 
diameter x 1-m cylinder length = 12.9A.65 kg of '-W/m2, or 
7.8 kg of "5U/m2 ). Thus achieving criticality in a cylindrical 
geometry requires substantial lateral migration as well as 
vertical migration of the ='U. Achieving criticality in a 
spherical geometry requires a projected areal density of about 
9.34 kg of y5U/m2 (i.e., 39.985 kg of 23sU/4.28 m2 of 
projected area of the sphere = 39.985/4.28 kg of 235U/m2, or 
9.34 kg of "sU/m2), a density that requires significant lateral 
migration of =W. In summary, a unidirectional migration 
of special nuclear material (SNM) into a slab-like 
configuration requires less concentration of "TJ to pose 

nuclear criticality safety concerns than do cylinders and 
spheres. 

The Si0,-soil results are similar to the nominal soil 
results. The critical areal density for the infinite slab is 3.156 
kg/m2. The approximate projected areal density of the 
infinite cylinder is 4.85 kg of usU/mz (i.e., 4.748 kg of 
"'U/0.9796 m2 of projected area). The approximate 
projected areal density of the sphere is 5.87 kg of 235U/m2 
(i.e., 9.106 kg "W1.55 m2 of projected area). 

A sample surface-response plot for 23sU contaminated 
Si0,-soil in infinite-slab configurations is provided in Figure 
1. Figure 1 is the summary of the 192 calculations used to 
define the surface. Similar plots were generated for each of 
the two types of soils, three geometries each and infinite 
media neutron multiplication constants, IC. 

B. Consequence Evaluation Results 

A slab-like disk deposit of 18-m diam was the assumed 
geometry for the postulated critical systems. Two extreme 
circumstances were considered for estimating fissions yields. 
Both circumstances were constrained by the limiting disposal 
areal density (Le-, about 5.2 kg 23sU/m2 given the limiting 
disposal value of 700 pCi "'U/g of soil-like waste, using a 
dry, uncon taminated soil density of 1.6 g soil/cm3, and a 10- 
m trench depth). The first circumstance was a 250-cm-thick 
disk deposit at a low concentration factor (LCF) condition 
(i.e., 3.6 times the allowable disposal density, or 0.002154 g 
"sU/cm3 of soil at 1.6 g soil/cm3) that was the apparent 
minimum critical concentration that would initiate a 
criticality accident in an overly moderated condition and stop 
upon drying. The second circumstance was a 94-cm-thick 
disk deposit with a high concentration factor (HCF) condition 
(i.e., 10.5 times the allowable disposal density, or 0.0063 g 
usU/cm3) that was the apparent maximum critical 
concentration that would initiate a criticality accident in an 
overly moderated condition and end upon drying. 

Given the considered two extreme 23sU densities (i.e., 
LCF = 0.00215 g 23sU/cm3 and HCF = 0.0063 g "sU/cm3), 
the concomitant water content in the soil (about 0.0444 g 
H20/cm3 and 0.171 g H20/cm3) and the thickness of the 18- 
m-diam deposits (about 2.48 m and 0.942 m), the volumes of 
water to be evaporated were determined to be about 2.8 x lo4 
L and 4.1 x lo4 L for the LCF and HCF, respectively. Thus 
the fission yields were estimated to be about 2.8 x 10,' 
fissions for the LCF and 4.1 x l@' fissions for the HCF. No 
credit was taken for the heat capacity of the soil that would 
increase the fission yields by a small fraction. 

, 
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Table 1. Selected nominal-soil results 
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Figure 1. Si0,-soil critical infinite slab areal density vs H20 and ='U concentration log plot 

Using the models, methods, and sources described 
above, the dose results under the assumed fission yields for 
the HCF case (i.e., 4.1 x lo2' fissions) and the LCF case 
(i.e., 2.8 x lo2' fissions) were determined. The results are 
shown in Table 3 for all the analyzed conditions. 

These results show that total doses are higher for the 
LCF case than for the HCF case by a factor of 3. The total 
dose-per-fission values (not shown) for the LCF are about 
a factor of 4 higher than for the HCF. This higher dose is 
because the LCF deposit is thicker and therefore closer to 
the ground surface. This higher LCF dose per ffision is 
offset by the LCF fission yield, which is about 30% smaller 
than the HCF fission yield. 

Also shown in Table 3 are the neutron and gamma-ray 
dose components. These values add to the total dose and 
are given primarily for completeness. Note that the neutron 
doses near the deposit account for about 60% of the total 
dose for both HCF and LCF cases, while the neutrons 
comprise about 80% of the total dose at the 90-m location. 
Thus it appears that the neutron dose portion of the total 
dose increases with distance away from the deposit, 

although the total dose decreases at a rapid rate with 
increasing distance from the axis of the critical deposit. 

IV. SUMMARY OF LIMITATIONS AND 
CONCLUSIOKS 

A. Limitations 

Because of the broad parametric phase space of the 
study (i.e., soil types, soil densities, range of "*U 
contamination density in soil, degree of water moderation, 
and geometric configrations) and various combinations of 
the parameters, the study was confined to the grid of 
parameters used in the nuclear criticality evaluation. The 
parameter grid was selected to span the parametric ranges of 
concern but was, by necessity, limited in the number of 
cases evaluated. 

Much uncertainty exists in these temporal estimates 
because soil conditions have not been explicitly modeled 
and can vary both spatially and temporally. Analogs 
provided by studies of soil-fonning processes suggest that 
increasing the concentration is a long-term process (e.g., 
requiring thousands of years). 



High or low Distance (m) from Neutron dose (rem)b Gamma-ray dose 
concentration deposit centeP (rem) 

High 0 34.4 21.7 

Low 0 98.6 58.8 

High 90 0.045 0.012 

Low 90 0.131 0.034 

B. Conclusions 

Total dose 
(rem) 

56.1 

157.4 

0.057 

0.165 

Nuclear criticality evaluations based upon licensed soil- 
contamination limits specified for Envirocare revealed a 
theoretical possibility of a nuclear criticality accident, given 
reasonable soil assumptions and hydrogeochemical 
influences on the concentration of SNM, specifically 23sU. 
The length of time required to concentrate uranium is 
expected to be long (e.& many years). This slow approach 
to criticality will firher mitigate rapid approaches to critical 
or supercritical conditions. 

However, reviews of disposalhurial records fiom 
Envirocare reveal that concentrations of zsU in the waste 
material are more than a factor of 10 less than licensed 
concentrations of T J  and that the average enrichment is 
below the minimum 1% required to achieve nuclear 
criticality. Thus the likelihood of a criticality accident is 
vanishingly small. 

This study resulted in the identification of evaluation 
concepts usehl to performing safety analyses for LLW 
facilities. 

1, Minimize those factors that enhance the concentration 
of uranium. 

0 Reduce water idiltration. Water increases 
mobilization and transport rates; unsaturated 
conditions greatly reduce opportunities for 
concentration. 

0 Where possible, reduce enrichment of usU. The 
presence of nonfksile uranium decreases the 
extent of usU mobilization. The regulations do not 
specify any enrichment factors, so 100% 
enrichment is permissible. 

0 Minimize opportunities to create isolated zones of 
extreme reducing potential if possible because 
uranium precipitates readily under reducing 
conditions. Unsaturated conditions would tend to 
create more oxidizing environments, but fiuther 
study is needed to determine the importance of 
micro-environments within disposal cells. Also, 
avoid organic matter in waste cells to prevent 
methanogenesis. 

2. Limit the areal density of uranium by limiting the depth 
of the disposal cell. Results demonstrate that criticality 
concerns can be minimized even if worst-case 
hydrogeochemical transport and concentration 
mechanisms are assumed. If the depth of the disposal 
cell is limited so that there is not a sufficient mass of 
ysU within a cross section of a vertical flow pathway, 
criticality cannot occur. 

The simplified models used in this study have brought 
researchers closer to understanding the potential for 
criticality at an LLW facility using conservative but realistic 
conditions. The approach followed here, integrating 
hydrogeochemical modeling and nuclear criticality safety 
expertise, provides a rationale and basis for formulating 
LLW disposal practices and limits to minimize criticality 
safety concerns. 

REFERENCES 

1. L. E. Toran, C. M. Hopper, M. T. Naney, C. V. Parks, 
J. F. McCarthy, and B. L. Broadhead, The Potential for 
Criticality Following Disposal of Uranium at Low- 
Level Waste Facilities Volume 1: Uranium Blended 
with Soil, NUREGICR-6505, Vol. 1 (ORNLITM- 
13323N1), Lockheed Martin Energy Research Corp., 
Oak Ridge Natl. Lab., 1996. 



2. Utah Department of Environmental Quality, Division 
of Radiation Control, Radioactive Material License, UT 
2300249 to Envirocare of Utah, Inc., 1995. 

3. G. Sposito, The Chemistv of Soils, Oxford University 
Press, New York, 1989. 

4. SCALE: A Modular Code System for Pegorming 
Standardized Computer Analyses for Licensing 
Evaluations, NUREG/CR-O200, Rev. 4 
(OIUWNUREGI CSD-2/R4), Vols. I-111, available 
from the Radiation Shielding Information Center as 
CCC-545,1995. 

5. G. Tuck, “Simplified Methods of Estimating the 
Results of Accidental Solution Excursions,” Nucl. 
Technol. 23, 177-199 (1974). 

6.  W. A. Rhoades and R. L. Childs, “The DORT Two- 
Dimensional Discrete Ordinates Code,” Nucl. Sci. Eng. 
99,88-89 (1988). 


