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Abstract 

This study aims to assess the likelihood for criticality in the far field of a repository for direct 

disposal of commercial light water reactor used nuclear fuel. Two models are used in 

combination: (1) a neutronics model to estimate the minimum critical masses of spherical, water-

saturated depositions of fissile material; (2) a transport model to simulate the dissolution of waste 

packages arranged in an array and the subsequent transport of fissile solutes through fractured 

bedrock to a single accumulation location. The neutronics model shows that heavy metals from 

different types of used fuel present the same minimum critical mass behavior in the parameter 

space of initial enrichment and burnup, dictated largely by the fissile content. However, the 

magnitude of the minimum critical mass varies significantly within that parameter space, and 

secondary effects like the presence of absorbing nuclides play a minor role. The transport model 

employs various subsurface transport scenarios, and for each scenario the mass of each isotope 

and the overall fissile content of the accumulation is reported from the time of canister failure up 

to one hundred million years at various distances from the repository edge. Taking the results of 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

† Deceased 



!

 

 

 

the two models in concert, it is shown that even if the accumulation of a critical mass is possible 

under conservative conditions, these conditions are unlikely to be present in the vicinity of a 

carefully-engineered repository. Based on the results of each model, recommendations for risk 

mitigation in terms of waste characteristics and repository design are given. 
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Abbreviations 

BWR  Boiling water reactor 

CSA  Criticality safety assessment 

FEPs  Features, events, and processes 

HLW  High-level waste 

HM  Heavy metal (uranium plus plutonium) 

HMVF  Heavy metal volume fraction 

LWR  Light water reactor 

MOX  Mixed oxide fuel 

PWR   Pressurized water reactor 

TTB  Transport-to-Biosphere code 

UNF  Used nuclear fuel 

UOX  Uranium oxide fuel 

VVF  Void volume fraction 

YMR  Yucca Mountain Repository 
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1! INTRODUCTION 

Underground criticality is a plausible phenomenon resulting from the transport and 

accumulation of fissile radionuclides from extensively compromised waste packages in a 

repository for used nuclear fuel (UNF). If a deposition of fissile material in the repository far 

field attains the appropriate moderating conditions from the host rock and groundwater, positive 

reactivity feedback mechanisms can, in theory, lead to rapid fission power generation that can 

compromise the natural barrier. Although highly-radioactive fission products are otherwise well-

contained in the engineered and natural barriers, this rapid energy release (when criticality is 

autocatalytic) may, in theory, serve as a direct exposure pathway for fission products to the 

biosphere [1]. Even if a sustained criticality event is non-autocatalytic, fission products will be 

generated that can reach the biosphere; therefore, a criticality safety analysis (CSA) is necessary 

to increase confidence that a repository and the surrounding geologic formations remain 

subcritical at any time. As a part of a CSA, scenarios are developed to identify the features, 

events, and processes (FEPs) describing geologic behavior that could result in the accumulation 

of fissile material away from the repository. Once a site is selected, location-specific scenarios 

can be screened by some engineering measures based on geological characteristics and on-site 

measurements. Those scenarios where criticality cannot be excluded should be further 

investigated to assess repository performance and fissile material accumulation [2]. An example 

of this approach is the detailed scenario and transport model development and analysis for the 

Yucca Mountain Repository (YMR) [3,4]. 

In the absence of site-specific information, the generic conditions under which criticality is 

achievable should be investigated first and the geologic processes required for such conditions to 

be met can be examined in further studies [2]. This approach allows for the establishment of a 
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scientific basis for future CSAs and engineering-informed decisions when repository site, design, 

and geologic conditions are known.  

In a hypothetical CSA, neutronic analyses are first utilized to study the conditions required to 

achieve criticality in the far field of a geologic repository. The minimum critical mass is then 

used as a screening criterion: if a minimum critical mass of a deposition of fissile material in the 

far field is larger than the entire inventory of the repository, the deposition cannot become critical. 

Thus, the FEPs required for a critical formation can be eliminated from further consideration [2]. 

If instead criticality is conceivable, and a critical mass less than the repository inventory can be 

achieved, deterministic transport models are used to produce quantitative estimates of fissile 

mass accumulation in the far field of a geologic repository. Subject to the assumptions and 

conditions employed in the models, the comparison between minimum critical masses and 

estimated total accumulation allows for an informed juxtaposition needed to assess repository 

performance in the criticality safety context. 

Previous work in this area has focused on detailed analysis of criticality risk from a single 

source term. Excess weapons-grade plutonium, used naval reactor fuel, and most recently, the 

damaged fuel from the Fukushima Daichii nuclear reactors in Japan, have been of particular 

interest due to the higher fissile content and thus smaller critical masses [1,5–7]. This study, 

instead, focuses on the direct disposal of UNF discharged from commercial light water reactors 

(LWR)—either from uranium dioxide or uranium-plutonium mixed oxide (MOX) fuel—as it 

represents a larger quantity of fissile material with wide variety of compositions derived from the 

type of reactor the fuel is used in, the initial enrichment and burnup, and other factors. The scope 

of this paper is to determine if criticality can be excluded or not for the far field of an LWR UNF 

repository by (1) determining the minimum mass of fissile material necessary to achieve 
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criticality in a deposition in the repository far field as a function of the UNF composition, and (2) 

estimating the mass that could be accumulated in the far field as a consequence of the transport 

of radionuclides through the host rock.  

Section 2 of this manuscript describes the neutronics model and reports the estimates for the 

minimum critical mass of the deposition as a function of UNF composition. Section 3 describes 

the transport model and illustrates results obtained for representative compositions of used fuel 

in terms of the mass of fissile material accumulation in the far field. Section 4 takes the results of 

the criticality analysis and of the transport analysis in concert and presents an integrated 

discussion on far-field criticality risk from the direct disposal of commercial LWR UNF. 

2! MINIMUM CRITICAL MASS IN A FAR-FIELD DEPOSITION 

2.1!Postulated scenario for fissile material accumulation 

The minimum critical mass is determined for a fictitious deposition of fissile material located 

in the far field of a hypothetical, water-saturated geologic repository. It is postulated that at some 

time after repository closure, groundwater will corrode and infiltrate the canisters, gradually 

dissolving the used fuel and transporting it beyond the vicinity of the canister. From this point, 

the radionuclides in the used fuel will be carried by groundwater into the geologic formations 

surrounding the repository and eventually precipitate to form a deposition. After canister failure, 

uranium and plutonium may become separated from neutron absorbing materials included in the 

canister or present in the UNF itself because the transport behavior of uranium and plutonium 

typically differ from that of neutron absorbing materials.  Thereafter, they can intermix with 

neutron moderating materials such as rock and water. 
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In oxidizing environments, uranium is mobilized in the hexavalent state and can be 

transported away from the repository, whereas plutonium will likely precipitate in the vicinity of 

the canister given its very low solubility and the strong sorption with rock [8]. Over time, 

however, plutonium isotopes (in particular, Pu-239 with a half-life of 24,100 years) will decay to 

uranium isotopes and be transported along a similar pathway, adding to the fissile content of the 

radionuclide plume. Unless the concentration or composition of the plume is significantly 

altered—for example, by a high degree of dispersion or a criticality event during transport—it 

may become subject to localized geochemical environments that favor tetravalent uranium, 

where the resulting precipitate may continue to grow until a critical mass is reached. This study 

did not consider the possibility that uranium and plutonium might accumulate and form critical 

masses separately from each other. 

2.2!Neutronics model 

A neutronics analysis is performed to determine the minimum mass required to achieve 

criticality in a far-field deposition. It is conservatively assumed that all of the uranium in the 

repository feeds into a single, water-saturated deposition. Any plutonium that has not yet decayed 

to uranium isotopes at the time of analysis is lumped into the deposition to ensure that all fissile 

contributions are included. Plutonium and uranium are assumed to precipitate uniformly as 

oxides and will be collectively referred to as heavy metal (HM). The repository and surrounding 

geologic formations are assumed to be water-saturated. 

The computational model represents the deposition as a spherical, homogenous mixture of 

heavy metal, host rock, and groundwater in variable ratios.  A 1-m thick layer of water-saturated 

host rock is assumed surrounding the deposition to account for neutron reflection. The host rock 

for the neutronics model is assumed to be sandstone (grain density 2.71 g/cm3) with composition 
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given in Table 1. From the neutronics perspective, sandstone is conservative due to low 

concentrations of neutron-absorbing elements and minerals. Later, in Section 3, the model for 

radionuclide transport through granite, a common repository host rock, is described. 

The temperature is assumed constant at 20˚C, although the ambient temperature will 

certainly be higher due to both the natural geothermal gradient and decay heat. To accurately 

determine the temperature of the system, complex analyses are required for heat and mass 

transfer based on site-specific information [5]. These are outside the scope of this work and the 

lower temperature is assumed to be conservative for the purpose of this study, as the resonance 

Doppler effect reduces reactivity with increasing temperature in systems with low fissile content 

such as the heavy metals in LWR used fuels. 

Table 1: Composition of sandstone host rock in the far-field deposition [5]. 

Component Weight fraction (%) 
SiO

2
 78.70 

TiO
2
 0.25 

Al
2
O

3
 4.80 

Fe
2
O

3
 1.10 

FeO 0.30 
MnO 0.03 
MgO 1.20 
CaO 5.50 
Na

2
O 0.45 

K
2
O 1.30 

H
2
O 1.30 

P
2
O

5
 0.08 

CO
2
 5.00 

 

Compositions for heavy metals stemming from the used fuels are calculated for pressurized 

water reactor (PWR) and boiling water reactor (BWR) fuel assembly types as a function of initial 
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enrichment and discharge burnup using the ORIGEN-ARP program [9], a module of the 

SCALE6.1 software package [10]. Three cases are considered: UO2 (UOX) fuels from PWR and 

BWR, and MOX fuels from PWR. For UOX fuels, the weight fractions of U-234 and U-236 in 

the fresh fuel are assumed to be proportional to the initial enrichment of U-235—0.0089 times 

and 0.0046 times, respectively [11], whereas the remaining fraction is U-238. For MOX fuel, the 

plutonium composition is fixed (Table 2) so the fissile content is controlled by the fraction of 

plutonium that varies between 4% and 8%. Am-241 is included in the fuel with mass equal to 1% 

that of the plutonium loading [12]. The remainder of the fuel is natural uranium (0.71% U-235). 

The combinations of reactor, fuel and assembly type considered are summarized in Table 3. The 

discharge burnup considered for all used fuels ranges from 10-60 GWd/t. 

Depletion calculations assume three cycles with specific power of 38 MW/t for PWR, and 

four cycles with specific power of 26 MW/t for BWR [13]. The moderator density in the BWR is 

assumed to be an averaged value over the fuel active length of 0.438 g/cm3 [3]. The moderator 

density in the PWR is assumed to be 0.7556 [3]. 

The capacity factor (CF) is set at 70% to reflect the range of pre-Fukushima Japanese LWR 

capacity factors and is used to determine an equally-sized downtime between cycles [14]. After 

discharge, decay takes place over 200,050 years: 50 years before emplacement in a repository, 

and 200,000 years [5] in the repository and during the transport to the deposition. This time 

frame is sufficient for most of Pu-239 to decay into U-235, which is more mobile in groundwater. 

The calculations assume a single representative fuel assembly for either PWR or BWR fuels, as 

shown in Table 3, preliminary assessments of the effects of assembly type on the minimum 

critical mass showed that its impacts can be ignored.  
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!
Table 2: Isotopic composition of plutonium in fresh (zero-burnup) MOX fuel [12]. 

Isotope Weight fraction (%) 
Pu-238 1.5 
Pu-239 60.1 
Pu-240 24.5 
Pu-241 8.8 
Pu-242 5.0 

 

Table 3: Parameters applied in ORIGEN-ARP for each case considered in the burnup study [10]. 

Fuel UOX MOX 
Reactor PWR BWR PWR 
Fuel assembly W17x17 GE8x8 17x17 
Moderator density (g/cm3) 0.756 0.438 0.756 
Specific power (MW/t) 38 26 38 
Cycles 3 4 3 

 

The deposition neutronics are simulated with MCNP6 version 1.0 [15] using ENDF/B-VII.0 

cross sections library at 300 K for all components with the exception of Mg, S, K, Ca, and Ti, for 

which the ENDF/B-VI.8 library was used, and Si, Cl, and Fe, for which the ENDL92 (LLNL) 

library was used. 

The amounts of fissile material, water, and host rock in the deposition can be defined by 

introducing two free variables [5]: (1) the void volume fraction (VVF) that represents the void 

space in the deposition available to be occupied by heavy metal and water, thus, the volume 

fraction of the solid phase of the rock is given by 1-VVF; (2) the heavy metal volume fraction 

(HMVF) that is the fraction of total volume occupied by heavy metal. The volume fraction of 

water in the deposition can be obtained as the difference between VVF and HMVF. By definition, 
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the HMVF cannot be greater than the VVF; when HMVF and VVF are equal, the pore space is 

completely filled with heavy metal [5]. 

The minimum critical mass for the deposition is identified with respect to the distribution of 

host rock, water, and heavy metal in the deposition [5].  For each composition of heavy metal, an 

iterative search is performed to identify the minimum critical mass as a function VVF and 

HMVF. As a conservative criterion, criticality was assumed when keff = 0.98. The 95th percentile 

for error between the accepted keff and the criticality criterion is ±0.0057. The VVF range 

considered is limited between 20 and 80%. Regarding the upper bound (labeled as VVFmax), rock 

with porosity of ~80% does not technically exist. Nevertheless, this situation may represent a 

highly fractured zone in which large amounts of empty space have been sealed off or a case 

where the incoming plume material replaces host rock minerals by desilicification [16] or a 

similar process, exchanging host rock for fissile material. Furthermore, including high values for 

porosity is expected to be conservative when estimating critical mass as water is a better 

moderator than rock. 

In this work, the repository inventory is assumed to be 32,000 t of initial heavy metal, which 

corresponds to the source of high-level waste examined in the safety assessment of the direct 

disposal of used nuclear fuel in Japan [17]. This value also represents the upper bound for the 

minimum critical mass of the deposition. That is, if a deposition with 32,000 t of heavy metal 

stemming from some combination of initial enrichment and discharge cannot be critical in any 

configuration of materials, then it will be omitted from further consideration. 
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2.3!Results 

Minimum critical masses for far-field depositions stemming from the disposition of used 

fuels were analyzed in the space of initial enrichment and discharge burnup. Figure 1 shows 

minimum critical mass (base-10 logarithm) contours for depositions containing various types of 

used fuel; the black dots mark the points at which MCNP calculations were performed.  The 

blank region represents the fact that depositions from used fuel with these combinations of initial 

enrichment and discharge burnup cannot become critical, even with the mass of the entire 

repository inventory. The minimum critical mass exhibits linear behavior as a function of initial 

enrichment and burnup. This tendency is common for any UOX fuel type shown in Table 3 and 

can be explained by considering the quantity of fissile material remaining in the used fuel after 

discharge in this parameter space. For UOX fueled-PWR (Figure 1 (a)), the minimum critical 

mass distribution follows closely that of the fissile content of the heavy metal in the deposition, 

which are shown in Figure 2. Such a relationship reflects the fact that LWR used fuel reactivity 

decreases linearly when increasing burnup [18] and increases linearly when increasing initial 

enrichment [11]. The similarity between the behavior of the contours in Figures 1 (a) and 2 

indicates that initial enrichment and discharge burnup are the primary fuel cycle variables that 

affect minimum critical mass. 

The magnitude and slope of the contour lines vary depending on reactor and fuel type. The 

deposition from UOX PWR used fuel (Figure 1 (a)) can achieve a minimum critical mass lower 

than 1 ton when the porosity of the deposition host rock is 80%. This is roughly the amount of 

heavy metal contained in two PWR assemblies. In general, the deposition from PWR used fuel 

achieves smaller minimum critical mass than that from the BWR used fuel for any combination 
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of initial enrichment and burnup. The deposition from the MOX PWR used fuel (Figure 1 (c)) 

shows the lowest minimum critical masses given initial enrichment and discharge burnup. 

 

 (a) UOX PWR                                                   (b) UOX BWR 
 

 

(c) MOX PWR 

Figure 1: Minimum critical mass (base-10 logarithm) contours for depositions containing various 

types of used fuel; the black dotes mark the points at which MCNP calculations were performed. 

The minimum critical mass was obtained by searching the VVF-HMVF parameter space, with 

upper bound VVFmax = 0.8. The blank region represents the fact that depositions from used fuel 

with certain initial enrichment and discharge burnup cannot become critical, even with the mass of 

the entire repository inventory. 
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Figure 2: Fissile content per unit mass of heavy metal from UOX PWR W17x17 at 200,050 years 

after discharge. 

 

The characteristics of the depositions with minimum critical mass for three representative 

cases are summarized in Table 4. For all cases, the minimum critical mass occurs with the 

maximum possible VVF. Because the pore space is completely filled with water and heavy 

metal, increasing the porosity of the deposition increases reactivity due to improved moderation. 

 
Table 4: Properties of representative UNF and characteristics of critical depositions 

Property UOX PWR UOX BWR MOX PWR 
Initial fuel enrichment (wt%) 4.5 4.0 4.5 
Discharge burnup (GWd/t) 45 45 45 
Fissile content at 200,050 y (wt%) 1.8 1.2 2.3 
Minimum critical mass (t) 0.469 15.8 0.250 
VVF 0.8 0.8 0.8 
HMVF 0.2 0.26 0.18 
Unreflected radius (cm) 38.67 114.52 32.46 

 

Figure 3 shows the deposition minimum critical mass versus discharge burnup for the three 

types of used fuel shown in Figure 1 when the initial fissile content is fixed at 4.0 wt% in all 

fuels. As burnup increases, the minimum critical mass increases too, due to the increased 
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consumption of fissile material in the fuel. At low discharge burnup, used fuels achieve similar 

minimum critical masses. As burnup increases, the minimum critical masses of each used fuel 

variety become more distinct. At increasingly high discharge burnup, used fuel from certain 

assemblies could not attain a critical mass even with the entire mass of the repository (this limits 

the extent of some of the curves). For example, the minimum critical mass for a deposition of 

heavy metal from the UOX BWR assembly is 15.82 t with discharge burnup of 45 GWd/t, but at 

higher burnup, the required mass of heavy metal very rapidly exceeds the repository inventory. 

The smallest minimum critical masses shown on the plots are on the order of tens of kilograms 

and stem from the deposition of highly enriched but barely irradiated used fuels. 

 

Figure 3: Minimum critical mass (solid lines, solid markers) and fissile content at 200,050 years 

after discharge (dashed lines, open markers) for heavy metal from different used fuel types, reactor 

types, and fuel assembly types with fresh fuel fissile content fixed at 4.0 wt%. 

 

In general, BWR used fuel requires a higher minimum critical mass than PWR used fuel. 

This effect arises because of increased conversion of fertile U-238 to fissile Pu-239 in PWR. For 

example, PWR fuel with 4% initial enrichment, and burnt up to 40 GWd/t features an average 
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conversion ratio of 0.76 versus 0.68 for BWR fuel under equivalent conditions; therefore, PWR 

UNF fissile enrichment is greater than that of BWR UNF, as shown in Figure 3. The MOX PWR 

used fuel achieves a significantly smaller minimum critical mass than UOX used fuel from both 

PWR and BWR, especially at higher discharge burnup. The reason is that MOX used fuel is 

increasingly more reactive than UOX used fuel at higher burnup due to more fissile material 

remaining in the heavy metal after discharge. In other words, MOX UNF maintains significantly 

higher fissile content as burnup increases (Figure 3). This is also due to a greater conversion ratio 

in MOX PWR (e.g., with initial fissile enrichment of 4.0 wt% and discharge burnup of 40 

GWd/t, a MOX PWR achieves a conversion ratio of 1.04); therefore, the fissile enrichment of 

MOX UNF is the largest among these three used fuel cases, as shown in Figure 3. 

Although the fissile content of the heavy metal in the far-field deposition is the primary 

factor in determining the minimum critical mass, it is not the only one. Figure 4, as an example, 

shows the minimum critical mass of depositions with equal fissile content, set at 1.8 wt%, after 

variable burnup (the initial enrichment is varied to obtain 1.8% fissile content in the deposition). 

As burnup increases, the minimum critical mass also increases. This happens because as burnup 

increases, the content of non-fissile isotopes of uranium and plutonium such as U-236, U-234 

and Pu-242 become large and affect the reactivity of the heavy metal in the deposition. The most 

significant neutronic effect comes from the accumulation with burnup of U-236 (from capture on 

U-235 and decay of Pu-240, half-life 6,563 years), a weak neutron absorber (Figure 4). 
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Figure 4: Minimum critical mass and fractional neutron absorption by U-234, U-236, and Pu-242 as 

a function of discharge burnup for constant heavy metal fissile content (1.8 wt%) in the deposition.  

 

In general, rock is a far less effective moderator than water. Figure 5 shows the minimum 

critical mass for a deposition of UOX-PWR used fuel with 4% initial enrichment in sandstone as 

a function of discharge burnup and VVF. As VVF decreases, there is less volume that can be 

occupied by water and heavy metal. Thus, lower porosity results in a deposition with lower 

reactivity and greater minimum critical mass, which is why for a given burnup, the minimum 

critical mass of a deposition with VVF of 0.2 is greater than that of one with VVF of 0.5. As a 

result, depositions of heavy metal with insufficient fissile content may not be critical at all. For 

example, when the maximum VVF is limited at 0.2, used fuel with discharge burnup greater than 

35 GWd/t, cannot become critical even if the entire mass of uranium disposed in the repository is 

released and precipitated in a far-field deposition. 
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Figure 5: Minimum critical mass as a function of discharge burnup with variable maximum VVF 

for heavy metal from UOX-PWR used fuel. 

 

In this section, the conditions for used fuel criticality in the far field have been examined in 

terms of fissile material composition for the spherical, homogeneous deposition in sandstone. 

Because criticality cannot be totally screened from consideration under the conservative 

assumptions imposed in the neutronics analysis, a nuclide transport analysis is necessary to 

determine the processes of dissolution, transport, and precipitation of fissile radionuclides 

required to form a critical mass. 

3! TRANSPORT OF FISSILE MATERIAL AND ACCUMULATION IN THE FAR 

FIELD 

It is important to understand the conditions in which radionuclide transport processes can 

contribute the required magnitude of precipitate for a minimum critical mass, as well as the 

proportion of fissile nuclides within such a precipitate, as characterized in Section 2. This section 

employs a conservative transport model to estimate the quantity of heavy metal precipitates 
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resulting from failed UNF in the far field of a hypothetical granite repository. Granite is selected 

due to its prevalence as host rock in proposed repository systems. Rather than selecting a single 

set of conservative parameters that govern radionuclide transport, parametric studies covering a 

wide range of possibilities are employed. The purpose of these ranges is to potentially capture 

the worst-case (most conservative) scenario in granite and demonstrate that variable rock 

properties can be applied to this type of analysis. In particular, masses between 0.1 and 100 

metric tons, and fissile content of at least 1 wt% are examined as indicative of a potential 

criticality based on the results of the evaluation for critical mass in the far field shown in the 

previous section. The time frame of investigation is bounded at 100 million years. 

3.1!Model Description 

A conceptual diagram of the transport model for nuclide migration analysis employed in this 

study is shown in Figure 6. The repository model assumes a simple square array of waste 

canisters, each surrounded by a porous bentonite buffer in a geologic host medium intersected by 

fractures. In this analysis, a series of calculations are performed with respect to the following 

array configurations on a plane defined by XY coordinates: Case (1) an entire array of PWR 

UOX used fuel, Case (2) an entire array of BWR used fuel, Case (3) an array of PWR MOX used 

fuel with the same canister characteristics as UOX fuel and Case (4) an array where one-half is 

occupied by BWR UOX used fuel and the other half by PWR UOX used fuel. In all cases the 

total inventory is set at 32,000 t, as in the neutronics analysis. Observation points are set in the 

far field on the Y-axis, which separates the two sections in the mixed repository case (see Figure 

6).  

 UNF is emplaced in the repository after 50 years of interim cooling. A hydraulic gradient 

causes the flow of groundwater to flow at a certain velocity v and to chemically interact with the 
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waste forms after a concurrent canister failure point of 1,000 years after disposal. Nuclides are �

released from the surface of the waste package congruently with the solubility-limited 

dissolution rate of the UOX fuel. At the surface, the nuclides either diffuse into the saturated 

bentonite or form a uniform precipitate. The precipitate remains on the surface until the 

concentration gradient allows for further dissolution. Once in the bentonite, no precipitates are 

assumed to form. As nuclides diffuse to the surface of the buffer, they immediately infiltrate the 

alluvial entrances of parallel planar fractures.  

 

Figure 6: Conceptual diagram of transport model for nuclide migration analysis of individual 

emplacements interacting with planar fractures at various distances from a common observation 

point. The specific case depicted here is Case (4) where one half of the array is occupied by BWR 

used fuel and the other half by PWR used fuel.  
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Fractures are separated by a set distance 2a with openings 2b (see Figure 6) and these 

dimensions, along with the surface area of the buffer and the pitch, determine the inlet flux of 

radionuclides from each emplacement. The fractures are assumed to be saturated with 

groundwater and contain no solid material, and solutes within are transported by advection and 

dispersion in the longitudinal direction whereas transverse dispersion and inter-canister effects 

are neglected. Such an assumption allows for the concentration plume to be maximal, even for 

the plumes from canisters downstream. Orthogonal infiltration into the porous rock matrix 

occurs through diffusion, and sorption within the pores is governed by different geochemical 

characteristics of the rock matrix (and likewise for the buffer). For the purpose of probing an 

upper-bound mass, a precipitate forms from the fracture solutes at a common point in the far 

field, where the mass flux from each individual canister is superimposed at this location. This 

point in the far field does not necessarily have the same geochemical characteristics of the 

fractured region. 

In order to model radionuclide transport, this study employs the Transport-to-Biosphere, or 

TTB, code [19]. Based on the analytical simplifications used by TTB, the waste forms and their 

surrounding buffers are modeled as spheres of the same interfacial surface area as the actual 

components, such that the areal dependency of diffusive mass transport is conserved. Since a 

canister contains multiple assemblies separated by steel inserts, the surface area of the waste is 

assumed to be that of the canister itself, as in the postulated scenario the area between the fuel 

pins and inserts is completely saturated with solute and is not important in controlling the release 

rate. Dispersion and diffusion are assumed to ensure complete mixing of solutes at the fracture 

entrance, and the direct infiltration of nuclides into the rock matrix from the buffer surface is 
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ignored, allowing for a steep concentration gradient at the alluvial entrance. The coefficient of 

longitudinal dispersion (DL) is assumed to be common for all elements. 

TTB was originally developed to model nuclide transport in arbitrary-length decay chains 

from dissolving high-level waste (HLW) glass. In this study, it is adapted to modeling nuclide 

transport from UNF in a direct disposal scenario. Uranium oxide fuel has a much higher 

concentration of uranium than HLW; therefore, the release of U is limited by its solubility and 

precipitates remain on the surface of the waste until the concentration gradient allows to continue 

dissolution. To cohere with the framework of conservatism, the mechanism of U precipitate 

formation on the surface of the waste is ignored. Instead, a fixed leach period is calculated 

assuming the upper-range solubility and lower-range sorption distribution coefficient (Kd) of 

uranium, and all actinides are assumed to be released congruently at the corresponding 

dissolution rate. The leach time is subsequently altered to reflect changes in uranium solubility.  

3.2!Parameter Space 

The LWR used fuel is characterized by the ORIGEN-ARP burnup data, as listed in Table 3. 

Three reference cases are described in Table 4: UOX PWR W17x17 with 4.5 wt% initial 

enrichment; MOX PWR 17x17 with 4.5 wt% fissile enrichment; and BWR GE8x8 with 4.0 wt% 

initial enrichment. All reference cases have burnup set at 45 GWd/t, which is roughly the 

nominal burnup for LWR. The information for uranium fissile content and total heavy metal 

fissile content from the depletion simulation, along with the assumed physical canister properties, 

are shown in Table 5. Averages of the UOX fuels are shown to compare with results from the 

Case (4) calculations where each fuel type occupies half of the repository. A secondary value of 

the uranium fissile content is listed that lumps the masses of all uranium precursors (including 
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Pu-239) into the (U-233+U-235)/total U ratio, which is taken to serve as an upper bound for the 

precipitate. The total mass of heavy metal accounts for all actinides.  

 
Table 5: Canister and waste properties at the time of failure, 1,050 years after UNF discharge 
Property PWR UOX 

canister 
Case (1) 

BWR UOX 
canister 
Case (2) 

PWR MOX 
canister 
Case (3) 

PWR/BWR 
UOX average 

Case (4) 
Uranium fissile content, 
(233U+235U)/U (wt%) a 1.143 0.691 0.580 0.917 

Uranium fissile content with 
precursors 
(233U+235U+239Pu)/U (wt%) a 

1.782 1.160 2.410 1.471 

Fissile content, 
(233U+235U+239Pu+241Pu)/HM,  
(wt%) a 

1.766 1.146 2.300 1.456 

Canister height (Hc) (m) b 4.780 4.780 4.780 4.780 
Canister radius (rc) (m) b 0.420 0.484 0.420 0.420/0.484 
Number of fuel assemblies 
stored per canister b 2 7 2 2/7 

Used fuel canister loading 
(t/canister) c 1.10 1.49 1.05 1.10/1.49 

Heavy metal canister loading 
(t/canister) c 0.922 1.26 0.929 0.922/1.26 

TTB spherical equivalent 
fuel radius (rf) (m) c 1.044 1.129 1.044 1.044/1.129 

TTB spherical equivalent 
buffer radius (rb) (m) c 1.817 1.879 1.817 1.817/1.879 

Buffer thickness (tb) (m) b 0.7 0.7 0.7 0.7 
a: obtained by decay calculation from compositions data of discharged fuel obtained in Section 2. 
b: from [17] for PWR and [20] for BWR  
c: calculated from canister dimensions 

 

Engineering-informed decisions are made to exclude most isotopes in the UNF with 

miniscule quantities and half-lives shorter than the expected failure time of 1,000 years. 

However, all fissile isotopes, including U-233 and Pu-241, are included regardless of half-life in 

order to probe an upper bound of fissile content in any temporal or spatial context. The sequence 

of nuclides in the decay chains chosen for TTB calculation consist of five different actinides, 

where the common decay series terminology is used: 
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!! 4n:     Pu-240 " U-236 " 

!! 4n+1: Cm-245  " Pu-241 " Am-241 " Np-237 " U-233 " 

!! 4n+2: Cm-246 " Pu-242 " U-238 " U-234 " 

!! 4n+3: Am-243 " Pu-239 "U-235 " 

Actinides with relative short half-life have not been tracked directly in these chains (meaning 

it was assumed they decay instantaneously to their daughters) for numerical stability. 

For the bentonite buffer and granitic host rock, parameters controlling transport are observed 

to encompass a wide range of variation. In lieu of a full uncertainty analysis, cases based on 

overall mobility are made to emulate the following scenarios: 

1.! Uranium is highly mobile relative to precursor species, with upper range solubility and 

lower range sorption distribution coefficients. 

2.! All species have solubility and sorption distribution coefficients in the middle range 

relative to their full extent of variation 

3.! Uranium is highly immobile relative to precursor species, with lower range solubility and 

upper range sorption distribution coefficients. 

These parameter spaces are specified in Table 6, 7, and 8, where data for rock are based on 

granite whereas those for the buffer are based on bentonite clay. Although Kd values in Table 8 

may be indicative of colloid-facilitated transport for Pu and other transuranic (TRU) elements, 

the process is not phenomenologically considered in the pure solute model. The sandstone is 

assumed for neutronics model to evaluate the minimum critical mass in accumulation locations 

as shown in Section 2.2. The chemical compositions of granite and sandstone are similar; 

therefore, the transport parameters extracted from granitic data are assumed to be relevant to the 

overall scenario.  
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The release rates from the BWR waste are higher than those of the PWR waste due to a 

higher mass loading. As stated previously, the leach time is altered to match the modeling 

scenario based on the changes in uranium solubility; therefore, uranium release rates are 

calculated iteratively through the TTB precipitate model as 9.59#10-7, 8.05#10-7, and 7.91#10-7 

mol/yr from UOX BWR, UOX PWR, and MOX PWR used fuel, respectively, for the mobile 

uranium case. In order to simulate the solubility effect, these release rates are reduced by an 

order of magnitude for the intermediate-mobility case, and another order of magnitude further for 

the immobile case.  For all elements and cases, fracture retardation is set at 1.0 since water is the 

only constituent of the fracture volume. 

Parameters used for the TTB calculation are shown in Table 9. The array size (186 by 186 

canisters for UOX and MOX PWR, 159 by 159 for UOX BWR, and 170 by 170 for mixed) is 

determined based on the value of heavy metal loaded in a canister (Table 5) and assuming a total 

UNF load of 32,000 t. Canisters are separated by a pitch of 20 meters to correspond with the 

fracture density assumed in previous studies [19]. The square shape is meant to limit specific 

geometric effects as much as possible while still being relevant to a repository tunnel layout. 

  

Table 6: Transport parameters and release rates for the various cases uranium high-mobility case 

!
!
!
!

Element Solubility 
(mol/m3)  

Water diffusion 
(m2/yr)  

Buffer Kd 
(m3/kg)  

Buffer 
retardation (#)  

Rock Kd 
(m3/kg)  

Rock capacity 
factor (#) 

U 1.00#10-5 2.00#10-2 1.00#10-1 4.91#102 1.00#10-4 2.67#10-1 
Np 1.00#10-9 2.00#10-2 1.00#102 4.90#105 1.00#102 2.57#10-5 
Pu 1.00#10-7 2.00#10-2 1.00#101 4.90#104 2.50#101 6.44#104 
Am 1.00#10-6 2.00#10-2 1.00#101 4.90#104 2.50#101 6.44#104 
Cm 1.00#10-6 2.00#10-2 1.00#101 4.90#104 2.50#101 6.44#104 
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Table 7: Transport parameters and release rates for the medium-mobility uranium case 

Element Solubility 
(mol/m3) 

Water 
diffusion 
(m2/yr) 

Buffer 
Kd 

(m3/kg) 

Buffer 
retardation (#) 

Rock Kd 
(m3/kg) 

Rock 
capacity 
factor (#) 

U 1.00#10-6 2.00#10-2 5.00#100 2.45#104 1.00#10-3 2.58#100 
Np 1.00#10-7 2.00#10-2 5.00#100 2.46#104 5.00#10-1 1.29#103 
Pu 1.00#10-6 2.00#10-2 5.00#100 2.46#104 2.50#100 6.44#101 
Am 1.00#10-5 2.00#10-2 1.00#100 4.90#103 1.00#100 2.58#101 
Cm 1.00#10-5 2.00#10-2 1.00#100 4.90#103 1.00#100 2.58#101 

!

Table 8: Transport parameters and release rates for the low-mobility uranium case 

Element Solubility 
(mol/m3) 

Water 
diffusion 
(m2/yr) 

Buffer Kd 
(m3/kg) 

Buffer 
retardation 

(#) 

Rock Kd 
(m3/kg) 

Rock 
capacity 
factor (#) 

U 1.00#10-7 2.00#10-2! 1.00#102 4.90#105 1.00#102 2.57#105 
Np 1.00#10-5 2.00#10-2! 1.00#10-1 4.91#102 1.00#10-3 2.58#100 
Pu 1.00#10-5 2.00#10-2! 1.00#102 4.90#103 2.50#10-2 6.44#101 
Am 1.00#10-4 2.00#10-2! 1.00#10-1 4.91#102 1.00#10-2 2.58#101 
Cm 1.00#10-4 2.00#10-2! 1.00#10-1 4.91#102 1.00#10-2 2.58#101 

!

Table 9: Input parameters for TTB code [19]. 

Items for direct TTB input Symbol Value 
Fracture half-spacing (m) a 0.5 
Fracture half-aperture (m) b 0.000315 
Bentonite tortuosity $b 1 
Rock tortuosity $p 0.055 
Bentonite porosity %b 0.30 
Rock-matrix porosity %p 0.01 
Fracture-filling material porosity %f 1 
Rock density (kg/m3)  &p 2600 
Bentonite density (kg/m3) (wet) &b 2100 
Groundwater velocity in the fracture (m/yr) v 1 
Dispersion coefficient of fracture (m2/yr) DL 1 
Waste form pitch (m)  20 

!
!
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3.3!Results 

Calculations in TTB are carried for each array configuration and for each of the three 

transport cases at observation distances of 10, 100, and 1000 meters, wherein the precipitates 

resulting from fracture transport from every canister are superimposed. Results for UOX PWR 

UNF at the observation distance of ten meters are shown in Figure 7. The mobile uranium case 

always leads to a larger precipitate mass: one metric ton accumulates in two million years with a 

fissile mass fraction of about 1.8 wt%, and 100 metric tons accumulates in 70 million years at 

about 1.7 wt%. Uranium is the only species present at the accumulation location above one gram, 

U-235 dominates the fissile composition, and U-234 is in secular equilibrium with U-238.  

The intermediate transport case illustrates the effect of the increased retardation of uranium 

isotopes due to a higher Kd, in both the buffer and the rock matrix. Np-237 is the only non-

uranium isotope to appear at the accumulation location in an appreciable amount (>1g) for this 

case. However, accumulation and arrival of fissile isotopes are more limited, as 60 million years 

are needed to accumulate just one metric ton of precipitate with 1.7 wt% fissile content. Despite 

the increased mobility of Pu-239 and Pu-241, the fissile content does not exceed that of the 

mobile uranium case per given point in time or space.  

The high-mobility TRU case has a greater diversity of nuclides reaching the accumulation 

location along with a much higher proportion of fissile nuclides overall. However, the precipitate 

mass does not exceed the hundreds of milligrams, which makes this case incapable of forming a 

critical mass. 
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!(a) High-mobility uranium!

!
(b) Medium-mobility uranium 

 
 (c) Low-mobility uranium 

 
Figure 7: Precipitate isotope masses in metric tons and fissile content as a function of time after 

canister failure at 10 m observation distance from a UOX PWR UNF repository (Case 1) for 

different uranium mobility values. 
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Since the mobile uranium case is most applicable to the generation of precipitates large 

enough for a critical mass, results for total mass and fissile content further into the far field are 

plotted in Figure 8 for UOX PWR, MOX PWR, and UOX BWR UNF arrays. For the various 

distances, the trend in fissile content essentially converges around one million years. For any 

given time after one million years, the fissile fraction in any array is the highest at 10 m due to 

greater contributions from Pu-239 decay, and peak values only slightly decrease with distance. 

The gradual decline in the fissile fraction over long times is caused by the combined effect of the 

decay in U-233, and the lag in additional U-235 from the decay of immobile Pu-239. In other 

words, the U-234 and U-238 isotopes eventually dominate the plume of actinides.  

The overall magnitude of precipitate mass between UOX and MOX fuel from the PWR arrays 

is essentially identical. However, the fissile content of MOX fuels is significantly higher than 

that of UOX fuel, especially after around 105 years. This is caused by the decay of Pu-239 to U-

235. Although the U-236 fraction is also higher, the dominating proportion U-238 is the same as 

the UOX case due to the assumptions involved in determining the uranium release rate. 
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(a) UOX PWR (Case 1)      

                                       
(b) UOX BWR (Case 2) 

 

 
(c) MOX PWR (Case 3) 

 
Figure 8: Total precipitate mass and fissile isotope fraction as a function of time at selected 

observation distances from a repository for different types of UNF in case of highly mobile uranium. 
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The results for all repository types considered are summarized in Table 10 for the high-

mobility uranium scenario. For the BWR repository, a given tonnage of precipitate is 

accumulated sooner in time due to the higher mass loadings of those canisters, as can be 

observed in Figure 8. However, since the fissile content of this UNF is lower, the precipitates are 

also of a lower fissile content, which decreases the likelihood of criticality per given tonnage 

relative to the UOX and MOX PWR repository.  The fissile contents of the MOX used fuel 

accumulations are largest, with a 1 metric ton precipitate of about 2.4 wt% fissile content 

accumulating around six million years. Results for the mixed UOX repository configuration are, 

as expected, in between the PWR repository and BWR repository. This suggests that mixing 

UOX UNF of different fissile contents can result in a dilution effect in far-field precipitates. 

Nevertheless, such benefit can only be obtained from a uniform mix as segregating UNF types in 

different areas of the repository would create a bias in the accumulation direction that put one 

waste type downstream of groundwater flow. Overall, the fissile content eventually decreases 

with time and distance due to the lagging arrival of U-235 from Pu-239 decay since Pu-239 

remains sorbed in the rock matrix and is not released into the fractures. The closer the 

observation point to the edge of the repository, the sooner a given mass will accumulate with 

higher fissile content. 

 

!

!

!

!
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!

Table 10: Summary of transport results for the mobile uranium scenario up to 108 years as a 
function of observation distance and repository type. 

Re
po

sit
or

y 
ty

pe
 

A
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at
io

n 
m

as
s (

t) 
Observation distance 

10 m 100 m 1,000 m 

Time 
(Myr) 

eU
 a 

 (wt%) 
etot

 b 

 (wt%) 
Time 
(Myr) 

eU
 a 

 (wt%) 
etot

 b 

 (wt%) 
Time 
(Myr) 

eU
 a 

 (wt%) 
etot

 b 

 (wt%) 

UOX 
BWR 
UNF 

0.1 1.79 1.170 1.157 2.17 1.169 1.156 7.32 1.166 1.151 
1 5.65 1.167 1.153 6.29 1.167 1.152 14.9 1.160 1.146 

10 18.5 1.158 1.143 19.7 1.157 1.142 34.6 1.145 1.130 
100 69.2 1.115 1.101 71.6 1.113 1.099 n/a n/a n/a 

UOX 
PWR 
UNF 

0.1 1.96 1.796 1.776 2.32 1.795 1.774 7.59 1.790 1.768 
1 6.19 1.792 1.770 6.88 1.791 1.769 15.4 1.781 1.759 

10 20.0 1.776 1.754 21.3 1.774 1.752 35.9 1.756 1.735 
100 71.8 1.709 1.688 74.1 1.706 1.685 n/a n/a n/a 

Mixed 
UOX 
PWR/
BWR 
UNF 

0.1 1.87 1.456 1.440 2.24 1.455 1.438 7.44 1.451 1.433 
1 5.90 1.453 1.435 6.58 1.452 1.434 15.1 1.444 1.426 

10 19.2 1.440 1.422 20.4 1.439 1.421 35.2 1.424 1.407 
100 70.6 1.387 1.369 72.9 1.384 1.367 n/a n/a n/a 

MOX 
PWR 
UNF 

0.1 1.96 2.412 2.415 2.31 2.398 2.411 7.57 2.402 2.402 
1 6.17 2.404 2.404 6.86 2.402 2.403 15.4 2.392 2.392 

10 20.0 2.386 2.386 21.3 2.384 2.384 35.8 2.363 2.363 
100 71.7 2.303 2.303 74.1 2.299 2.299 n/a n/a n/a 

a: fissile enrichment of uranium 
b: fissile enrichment of all heavy metal in the precipitate 

4! DISCUSSION 

The neutronics and transport models described in Sections 2 and 3, respectively, can be used 

to discuss the likelihood of a criticality event in the far field. The results of these calculations 

must be understood within limitations of each model and the mostly conservative nature of the 

assumptions. For the critical mass neutronics model, these assumptions serve to underestimate 

the minimum critical mass; for the transport model, they overestimate accumulation. Such 

assumptions allow this deterministic work to provide a means to establish the credibility of far-

field criticality, despite the significant uncertainties of the two analyses. If, under conservative 
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assumptions, criticality could be shown to be impossible, the possibility of a criticality event 

could be eliminated from consideration. Given the independence of the neutronics and transport 

calculations, the models can be compared by assuming that considering them together does not 

decrease the level of conservatism in each model independently.  

The comparison between the neutronics and transport models is made by considering the 

results for the representative used fuel cases introduced in the preceding sections. There, three 

representative fuel compositions are specified: UOX PWR UNF with 4.5 wt% initial enrichment 

and 45 GWd/t discharge burnup; MOX PWR used fuel with the same conditions; UOX BWR 

UNF with 4.0 wt% initial enrichment and 45 GWd/t discharge burnup.  The results of the 

transport calculations show that anywhere from 0 to 100 t of uranium could accumulate in the far 

field up to 108 years after failure of the canister.  The maximum fissile content at the 

accumulation is predicted to be around 2.4 wt% for a MOX PWR UNF repository, 1.8 wt% for a 

UOX PWR UNF repository, about 1.2 wt% for a UOX BWR UNF repository. Considerably 

higher fissile content is achieved when assuming uranium is immobile relative to other nuclides. 

Despite this, the scenario was discarded because the maximum accumulated mass was much 

lower than that required for criticality. These results depend on subsurface conditions, distance, 

transport time, and conditions leading to uranium mobility.  

According to the calculation results using the neutronics model shown in the Section 2 and 

summarized in Table 4, 200,000 years after emplacement the representative UOX and MOX 

PWR, and UOX BWR used fuels have minimum critical masses of 469 kg, 250 kg, and 15.8 t, 

respectively (Figure 1). The residual fissile content of these heavy metals 1.8 wt% fissile (Figure 

2),  2.3 wt% fissile, and 1.2% fissile, respectively. These results suggest that within the 

timeframe and the distance from the repository considered in this study criticality of used nuclear 
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fuel in the far field cannot be completely excluded. These results are in agreement with those 

produced in similar studies, which found that accumulations of fissile material from multiple 

UOX and MOX LWR packages in different repositories were small but in some scenarios, the 

possibility of criticality could not be excluded [21,22].  

The results are highly sensitive to the employed assumptions, which are conservative and are 

expected to overestimate the likelihood of criticality. In particular, the neutronics model allows 

very large values for the void fraction in the host-rock (VVF) and smaller, more realistic values 

would considerably increase the critical mass (e.g., a 0.2 VVF for the representative PWR UNF 

requires a critical mass above 32,000 t, the total mass stored in the repository). Similarly, when 

the transport model considers that in general uranium is largely immobile in saturated bedrock, 

the mass of fissile material accumulated in the far field drops significantly. No used fuel 

simulated in the neutronics model has a minimum critical mass less than tens of kilograms as 

shown in Figure 1, which is far greater than the hundreds of milligrams accumulated in the case 

of immobile uranium.  

Many strategies can be employed to mitigate the risk of far-field criticality. The quantity of 

fissile material in the waste can be reduced, either by used fuel recycling or increased burnup. 

Increasing burnup also has the benefit of generating more neutron-absorbing isotopes of 

uranium. Careful repository design could mitigate far-field criticality. One way to mitigate the 

risk is to ensure that canisters containing low-enriched used fuel surround canisters containing 

highly enriched used fuel. Another alternative is to co-dispose in the same canisters highly 

enriched UNF and low-enriched UNF. This ensures that any local deposition from multiple 

canisters will experience some dilution. Similarly, depleted uranium could be used to backfill 

some or all canisters, guaranteeing fissile dilution. Repository siting can also play a significant 
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role. Highly fractured or porous host rocks are neutronically undesirable in that they allow for 

optimized arrangement of fissile material and water in the accumulation. A host rock that 

contains neutron-absorbing minerals, like iron oxides in granite [5] or chlorine in evaporite [23], 

can suppress reactivity.   

5! CONCLUSIONS AND FUTURE WORKS 

This study investigates the minimum mass of fissile material necessary to achieve criticality 

in a deposition in the far field of an LWR UNF repository as a function of composition, along 

with whether such a critical mass can be accumulated as a consequence of radionuclide transport. 

The results of the bounding analysis introduced in this study suggests that underground criticality 

resulting from the transport and re-concentration of fissile material from UNF cannot be 

completely excluded from a repository performance assessment without simulations honed to 

specific site characteristics and data. Given the findings presented here, the susceptibility and 

sustainability of a hypothetical critical formation is now subject to further scrutiny from both the 

hydrological and neutron transport perspectives. Nonetheless, the relaxation of conservatism 

does not imply an increase in realism. Until a site for long-term used fuel disposition is proposed, 

the forward approach to repository modeling must handle the unknown phenomena with careful 

consideration to the performance metric and uncertainty of the key parameters. 

There is ample opportunity for future work that can increase confidence in the conclusions 

presented here. One such avenue is an exploration into the effects of the underlying assumptions 

and parameter values on the accumulation and neutronics of far-field depositions. For example, 

in this study, the neutronics are evaluated at 200,000 years after UNF emplacement in a 

geological repository, but the minimum critical mass may be sensitive to the time at which 

criticality is investigated. Additionally, the neutronics analysis assumes uranium from plutonium 
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decay reunites with uranium from the UNF. However, if the plutonium decays and accumulates 

separately, depending on its composition, it may form a deposition of highly enriched heavy 

metal that can form a small critical mass  

Further future works could probe the thermal evolution of hypothetical critical masses on a 

systematic and fundamental level. The propensity for autocatalytic criticality has been 

expounded to a sufficient degree to propose the possibility but to also suggest a high degree of 

improbability. Once again, because the data have shown significant dependence on composition 

and geometry, further elaboration on the specific mechanism of achieving a rapid release of 

energy is probably not warranted for low-fissile content accumulations without details on 

specific geochemistry, fracture distributions, and hydrology. These factors themselves have 

uncertainties on the geological time scale that shroud insights on engineering design. Rather, the 

role of long-term, sustained criticality can be examined in the scope of the natural analogs such 

as the Oklo natural reactors [24] as means for altering the host rock and affecting the migration 

of fission products from the initial configuration.  
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