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ARTICLE

Conditions for criticality by uranium deposition in water-saturated geological formations

Xudong Liua∗, Joonhong Ahna and Fumio Hiranob

aDepartment of Nuclear Engineering, University of California at Berkeley, Berkeley, CA 94720-1730, USA; bJapan Atomic Energy
Agency, Geological Isolation Research and Development Directorate, Tokai-mura, Ibaraki 319-1194, Japan

(Received 17 April 2014; accepted final version for publication 7 August 2014)

This study focuses on neutronic analysis to examine the criticality conditions for uranium depositions in
geological formations resulting from geological disposal of damaged fuels from Fukushima Daiichi re-
actors. MCNP models are used to evaluate the neutron multiplication factor (keff) and critical mass for
various combinations of host rock and geometries. It has been observed that the keff for the deposition
become greater with (1) smaller concentrations of neutron-absorbing materials in the host rock, (2) larger
porosity of the host rock, (3) heterogeneous geometry of the deposition, and (4) greater mass of uranium
in the deposition. This study has revealed that the planar fracture geometry applied in the previous criti-
cality safety assessment for geological disposal would not necessarily yield conservative results against the
homogeneous uranium deposition.

Keywords: geological disposal; criticality; radioactive waste management

1. Introduction

The accident at the Fukushima Daiichi Nuclear
Power Station in March 2011 generated damaged fuel
in three crippled reactors, containing nearly 250 metric
tons (MT) of uranium and plutonium along with fission
products, minor actinides, and other materials such as
fuel cladding, assemblies, and in-core structural materi-
als [1]. While exact forms and conditions of such dam-
aged fuels are yet to be thoroughly investigated, they will
be eventually disposed of in a deep geological repository.

For a prospective repository, a criticality safety as-
sessment (CSA) should be performed to ensure that the
repository system including the engineered barriers and
far-field geological formations remains sub-critical for
tens of thousands to millions of years [2,3]. In CSA, the
list for the features, processes, and events (FEPs) related
to migration and precipitation of thermally fissile mate-
rials (TFM) in waste canisters that would lead to critical
configuration is developed for the post-closure period.
For example, in the CSA for the license application of
Yucca Mountain Repository (YMR) [2], the TFM de-
position in fractures of tuff below the repository horizon
resulting from multiple waste packages was considered
as one of the far-field criticality scenarios.

The central questions in CSA are (1) whether or not
critical configurations are conceivable with TFM under
geological and groundwater conditions for the prospec-

∗Corresponding author. Email: xdliu@berkeley.edu

tive repository, and (2) if such critical configurations are
conceivable, thenwhether or not such configurations can
actually be explained by the FEPs. Corresponding to
these two questions, CSA consists of two parts: the neu-
tronics analysis for evaluating critical mass of TFM [4]
and the analysis for transport and deposition of TFM in
the near and far fields [5]. For the first part, in the CSA
for YMR, various neutronics models were developed
[6–13] by considering compositions of TFM, groundwa-
ter, rocks, and geometries of TFM depositions for vari-
ous conditions in Nevada tuff rock.

This study focuses on the first of these two stages
of CSA, i.e. the neutronics analysis to explore the
conditions for TFM depositions generated from the
damaged fuel to become critical in the far field of a
water-saturated geological repository. Monte-Carlo cal-
culations have been carried out by MCNP6 [14] to
obtain the neutron multiplication factor (keff) and the
minimum critical mass of TFM within a parameter
space for various TFM-rock-groundwater systems that
might cover potential repository site conditions.

Because of lack of actual repository-site information
at the present time for the longevity of the CSA, it is cru-
cial that the analysis is performed with well-established
conservative models. In the previous studies for reposi-
tory criticality safety such as [6–11,15], the planar frac-
ture model was used for representing heterogeneity of

C© 2014 Atomic Energy Society of Japan. All rights reserved.
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TFM deposition in geological formations. However, the
conservativeness of the planar fracture model has never
been investigated in detail. In this paper, in addition
to detailed analysis on mechanism and parameters that
would affect neutron multiplication, the conservative-
ness of the planar fracture model has been investigated
by comparing various geometries.

2. Background and assumptions

As time elapses, Pu-239 decays to U-235 with the
half-life of 24,100 years. Similarly, other trans-uranic
isotopes will also eventually decay to uranium isotopes.
Because combined time for canister corrosion and dis-
solution of damaged fuel after canister failure tends to
be longer than their decay half-lives, minor-actinide iso-
topes (neptunium, americium, and curium) will have de-
cayed to plutonium and then to uranium isotopes while
they are still in the canister. The host rock of the reposi-
tory is assumed to be water-saturated.

The temperature of the uranium depositions in this
paper is arbitrarily assumed to be fixed at 20◦C. In
reality, however, due to decay heat and geothermal gra-
dient, ambient temperature is likely to be elevated. To
determine the temperature of the system, more detailed
analyses are required for heat and mass transfer, based
on site-specific information. For example, the contri-
bution of decay heat of the radionuclides of interest
is influenced by how long they remain in the system,
for which sorption retardation and solubility limitation
would play important roles. Also, the temperature
elevation due to geothermal gradient is influenced by
the site location and the depth of the uranium deposi-
tion. The primary objective of this paper is to develop
a mechanistic view for how different rock types and
geometries affect the neutronics, which will be crucially
important information to develop CSA models for
specific sites when they become known. Work required
to determine the ambient temperature should and
will be carried out, but out of the scope of this work.
Authors consider that this study with the assumption
of 20◦C still provides important insights without losing
the nature of the problem in a neutronics perspec-
tive, while avoiding unnecessary complexity in the
discussions.

Under repository conditions, transport mechanisms
of uranium and plutonium are known to be distinctively
different [15,16]. Plutonium exhibits very low solubility
in groundwater and strong sorption with rock. It would
adhere to colloids and be transported with groundwater
motion. Either in solute or colloid-facilitated transport,
most plutonium will stay within short distances (<a few
meters) from canisters placed in the repository [15].

Due to difference in solubility between U(VI) and
U(IV), hexavalent uranium tends to dissolve in water
in an oxidizing environment, such as under strong ra-
diolytic conditions in the vicinity of a waste canister,
and tetravalent uranium tend to precipitate in a reducing

environment, such as in organic-rich or iron-rich rock in
the far field.

Based on these qualitative understandings and as-
sumptions, we identify the following three stages.

(1) A canister containing damaged fuel before wa-
ter intrusion: until corrosion penetrates through
a canister, no water enters the canister. We can
practically screen out this stage from our consid-
eration because a canister should be designed to
be sub-critical, as was done in the Three-Mile-
Island defueling canister design [17].

(2) Plutonium deposition in its vicinity after wa-
ter intrusion: after corrosion has penetrated
through the canister, groundwater starts to en-
ter, and dissolution of damaged fuel progresses.
Plutonium would gradually dissolve in the wa-
ter perched in the canister, and get out of the
canister either by molecular diffusion and/or by
water motion. Due to extremely low solubility
and strong sorption with the backfill materi-
als around the canister, and due to colloid for-
mation, most of plutonium isotopes would stay
in the vicinity of the waste canister, and decay
to uranium isotopes, which will dissolve into
groundwater, and be transported further away
into the far field.

Compared with their critical concentrations [18] in
the aqueous phase, solubilities of uranium and pluto-
nium are so small that criticality event could not hap-
pen with them. However, as the TFM gradually spreads
from the failed canister to its vicinity, increasing amount
of effective neutron moderators, i.e. water and silica, are
included in this system. Also, because the amount of Pu-
240 decreases with its short half-life, more thermal neu-
trons will become available for fission reactions. For this
stage, a detailed neutronics analysis is necessary by cou-
pling with mass transport of actinides with decay-chain
feature. Results of a preliminary study [19] revealed that
mass transport especially in the time range between a
few thousands to tens of thousands of years, in which
Pu-240 decays, had important effects on neutron multi-
plication. We do not, however, discuss this scenario in
this paper.

(3) Uranium deposition in the far-field host rock:
250 MT of damaged fuel will be contained into
multiple canisters, and placed in a geological
repository together with other high-level wastes.
To simplify, however, we do not consider in this
analysis effects of other wastes co-disposed of in
the same repository. From the previous stage (2),
a plume of uranium from each canister is gener-
ated by uranium originally included in the dam-
aged fuel and by uranium generated by decay of
precursors. We have conservatively assumed that
uranium plumes from all damaged fuel canisters
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are lumped into a single uranium deposition in
the far field. In this study, the neutronics analysis
has been carried out for this uranium deposition
in the far-field host rock.

3. Method and geometries

The neutronics analyses have been performed by the
Monte Carlo code MCNP6 [14]. Cross-section libraries
in ENDF/B.VII [14] have been used for isotopes of ura-
nium and plutonium. For compositions of rock and
groundwater, natural isotopic abundance is assumed.All
the keff results from MCNP calculations have standard
deviation smaller than 0.002.

There are four categories of factors that affect neu-
tronics of the system for criticality analysis: (1) geom-
etry of the system, (2) chemical composition, density,
and porosity of rock, (3) mass and isotopic composi-
tions of uranium and plutonium, and (4) compositions
and densities of chemical compounds including uranium
and plutonium. This study mainly focuses on effects of
(1) and (2) on the keff and critical mass, while keeping (3)
and (4) fixed. For factors (2), (3), and (4), see Section 4.

Uranium is assumed to deposit in its oxide form in
either porous or fractured rock, such as roll-front sand-
stone or vein-type ore in existing natural uranium de-
posit [20]. Because the size of the uranium deposition in
porous rock [21] is of the order of the grain size of those
rock, i.e. tens of microns, which is much smaller than
typical neutronmean-free-path (several centimeters), we
can consider that uranium deposition in porous rock is
homogeneouslymixed with rock andwater in anMCNP
model.

For deposition in the fractured rock, two different
configurations have been considered for uranium depo-
sition andwater in the fracture, as shown inFigure 1. The
neutron shielding capability of the rock mainly depends
on its chemical composition and water content. In the
present numerical exploration, the thickness of infinite

neutron reflector has become the largest, around 70 cm,
with dry sandstone, indicating if two uranium deposi-
tions are more than 70 cm apart, they are neutronically
independent of each other.

Figure 1 shows the schematic of the MCNP model,
in which the spherical core is filled with one of the three
different geometries (shown right), surrounded by the
one-meter-thick rock as reflector. The reflector is “in-
finitely” thick for neutrons, so that no neutron leakage
could occur. Two types of heterogeneous cores and one
type of the homogeneous core are considered. The het-
erogeneous cores consist of layered plates. In fractured
geometry I, the core is filled with layers of rock (in or-
ange), heavy metal depositions (in black), and water (in
blue) alternately. The geometry of the fracture is charac-
terized by aperture b, and pitch distance d between two
adjacent fractures. The fractured system II is the same
as the fractured system I, except that the heavy metal de-
position layer and the water layer are homogenized into
one phase. In the homogeneous system all the three ma-
terials are homogenized.

The combination of rock, water, and heavy metal
is expressed by two independent variables: void vol-
ume fraction (VVF) and heavy metal volume fraction
(HMVF). For the heterogeneous systems, the VVF is
given by b/d, representing the averaged fracture volume
fraction, or the fracture porosity in rock. For the ho-
mogeneous system, VVF represents the void space frac-
tion that is filled with water and heavy metal precipita-
tions, equivalent to the porosity of a porous rock. The
HMVF is defined in a similar way, representing the vol-
ume fraction of heavy metal precipitations in the entire
core. The volume fraction of the solid-phase of the rock
then equals to (1-VVF), and the water volume fraction is
given by (VVF–HMVF). By definition, theHMVFmust
be smaller than VVF, because the volume of precipita-
tion cannot exceed the available void space in the rock.

Once the VVF and HMVF are given, the number
densities of each nuclide species for MCNP calculation

Figure 1. Three geometries for the MCNP simulations: (1) fractured system I, (2) fractured system II, and (3) homogeneous
system.
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4 X. Liu et al.

can be estimated by densities given in thematerials input
for each region. The radius of the core is determined by
the total heavy metal mass and HMVF. The reflector is
fixed to one meter thick, and consists of the same type
of rock.

In order to perform the parametric study, anMCNP-
input-file generator has been newly developed to com-
bine the materials and geometry input parameters, and
the output of ORIGEN calculations into MCNP input
file. For given compositions and geometry for rock and
heavy metal, calculations have been first performed for
various VVF andHMVF parameters, assuming that the
mass of heavy metal in the core is 250 MT. The discrete
keff results have been used to generate a keff contour plot
by interpolation. By defining a nominal sub-criticality
criterion keff < 0.98, the super-critical region can be
determined in the parametric space. Within the super-
critical parameter range, MCNP calculations have been
conducted to obtain the critical mass of heavy metal
deposition.

4. Input data

4.1. heavy metal compositions
The burnup calculations based on the detailed

Fukushima Daiichi reactor operation schedule and cor-
rected average thermal power are given by Ref. [1].
We also made independent calculations for compari-
son by the ORIGEN code but with different data li-
braries. Reference [1] used the cross section libraries de-
veloped specifically for the crippled reactors, while we
have used standard libraries for boiling water reactor
(BWR). Some difference has been observed in the mass
ratio between the U-235/Pu-239, but the total mass (U-
235 + Pu-239) agrees well.

The results in Ref. [1] are considered more accurate.
Therefore, in this study, heavy metal compositions given
by Ref. [1] have been utilized. The heavy metal composi-
tions at the accident time are summarized inTable 1. Iso-
topes with weight fraction below 0.01% are not shown.

The heavy metal compositions after 200,000 years
are tabulated in Table 2. These compositions have been

Table 1. Heavy metal compositions at the time of the
accident.

Uranium Isotopic weight Plutonium Isotopic weight
isotopes fraction (%) isotopes fraction (%)

U-235 1.81 Pu-238 1.25
U-236 0.33 Pu-239 61.97
U-238 97.86 Pu-240 21.18

Pu-241 3.93
Pu-242 11.67

Total mass 248.88 Total mass 1.84
Metric tons
of heavy
metal
(MTHM)

(MTHM)

Table 2. Heavy metal compositions after 200,000 years of
decay.

Uranium Isotopic weight Plutonium Isotopic weight
isotopes fraction (%) isotopes fraction (%)

U-235 2.25 Pu-239 6.78
U-236 0.48 Pu-242 93.22
U-238 97.25
Total mass 250.46 Total mass 0.054
(MTHM) (MTHM)

used as the input for the MCNP calculations. In this
case, only 3.7 kg of Pu-239 remains but the enrichment
of U-235 increases from 1.81% to 2.25%. The heavy
metal precipitations are assumed to be UO2 and PuO2,
with densities 10.97 and 11.50 g/cm3 [22].

4.2. Compositions of rock and groundwater
Observation at the Oklo natural reactors [23] indi-

cates that the highest grade uranium ore in sandstone
always coexists with hematite and illite [24]. Thus, iron-
rich minerals in the rock play crucial roles in both trans-
port and neutronics aspects. Uranium precipitations are
usually close to iron-rich minerals in the rock. Iron is
also a strong neutron-absorber that will decrease the
neutron multiplicity.

Based on these observations, two types of host rocks
(Table 3) are considered in this study: average sandstone
and magnetite-hematite-bearing pelitic gneiss contain-
ing 15% iron. The chemical compositions are given in
Ref.[25], where the crystallized water in the rock is also
included. The grain densities are calculated based on the
normative compositions, and the porosities of the rock
are considered in the range from 0% to 30%.

Groundwater is assumed to consist of H2Owith den-
sity 1 g/cm3, and soluble neutron absorbers such as chlo-
rine are neglected for conservatism. For each kind of
rock, homogeneous and heterogeneous geometries are
considered (see Figure 1). For the heterogeneous sys-
tems, the fracture aperture takes values of 0.1, 0.2, 0.5,
1.0, 2.0, 3.0, 4.0, 5.0, and 10.0 cm. In the fractured
geometry, a few percent crystallized water existing in the
host rock is included (see Table 3).

5. Numerical results

5.1. Effective neutron multiplication factor, keff
The numerical results for the effective neutron mul-

tiplication factor keff for the deposition containing 250
MT of uranium with the composition shown in Table 2
are first discussed in this section. Calculations have been
made for combinations of two rock types (sandstone and
iron-rich rock) as shown in Table 3, and three geometries
as shown in Figure 1.

Figure 2(a) and 2(b) shows the contour plots of
keff for fractured geometry I with b = 1.0 cm for the
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Journal of Nuclear Science and Technology 5

Table 3. Host rock compositions.

Sandstone Iron-rich rock: magnetite–hematite-bearing pelitic gneiss

Composition Weight fraction (%) Composition Weight fraction (%)

SiO2 78.7 SiO2 44.09
TiO2 0.25 TiO2 1.69
Al2O3 4.8 Al2O3 23.64
Fe2O3 1.1 Fe2O3 12.01
FeO 0.3 FeO 3.66
MnO 0.03 MnO 0.37
MgO 1.2 MgO 2.61
CaO 5.5 CaO 0.85
Na2O 0.45 Na2O 2.03
K2O 1.3 K2O 6.01
H2O 1.3 H2O 3.22
P2O5 0.08 P2O5 0.15
CO2 5.0

Grain density (g/cm3) 2.71 Grain density (g/cm3) 3.09

sandstone and for the iron-rich rock, respectively. Black
dots represent points at which MCNP computations
have been performed. Contour lines have been drawn by
interpolation among the nearest dots. The contour line

Figure 2. (a) keff contour plot for fractured sandstone with
fractured geometry I. (b) keff contour plot for iron-rich rock
with fractured geometry I.

in red color, referred to as the critical contour line here-
after, indicates the nominal criticality criterion, keff =
0.98. The triangular region results from the fact that the
HMVF cannot be greater than VVF. In either case of
rock, the keff value tends to be greater for a greater value
of VVF (i.e. to the right along the horizontal axis). A
maximum keff is observed as HMVF increases for a fixed
VVF.

These general tendencies can be explained by the
amount of water in the system. Fission neutrons have
greater chance to be thermalized with greater amount of
water. More detailed discussions on the criticality mech-
anisms are given in Section 6. If the VVF is 0.094 or
smaller for sandstone (Figure 2 (a)) and 0.265 for iron-
rich rock (Figure 2 (b)), then the uranium deposition
with enrichment of 2.25% in fractured geometry I is al-
ways sub-critical.We call this threshold VVF as themin-
imum critical VVF hereafter. The comparison between
sandstone and iron-rich rock shows importance of rock
compositions. For the iron-rich rock, the likelihood of
criticality event would be significantly smaller because
iron strongly absorbs neutron.

The minimum critical VVF can be found similarly
for every combination of rock type, geometry, and a cer-
tain mass of uranium deposition. The results are sum-
marized in Figure 3, where the minimum critical VVF
versus fracture aperture b for different rock types and
geometries are plotted for 250 MT of uranium deposi-
tion. The solid lines represent theminimum critical VVF
for sandstone and the dashed lines for the iron-rich rock,
respectively. Because the homogeneous geometry has no
dependence on b, the red horizontal line shows the re-
sults. The minimum critical VVF for the combination
of the iron-rich rock and homogeneous geometry is not
shown in the figure, because the system remains sub-
critical when VVF < 0.3.

For both rock types with fractured I geometry, the
minimum critical VVF becomes the smallest at aperture
b = 1.0 cm. For sandstone, in the range of b < 2.0 cm,
the minimum critical VVF for fractured geometry I is
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6 X. Liu et al.

Figure 3. Minimum VVF for keff > 0.98 for different rocks
and geometries, assuming all 250MT of uranium is deposited.

smaller than that for fractured geometry II. Conversely,
in the range of b> 2.0 cm, theminimum critical VVF for
fractured geometry II is smaller than that for fractured
geometry I. This result indicates that heterogeneity of
the uranium deposition has sensitive effects on neutron
transport. Detailed discussions on effects of heterogene-
ity and fracture apertures will be given in Section 6.2.
For iron-rich rock, the minimum critical VVF is much
greater than that for sandstone.

Similar tendencies were observed when considering
the multiplication factor keff for different geometries
with various fixed VVF values. For example, Figure 4

Figure 4. keff for different rock types and heterogeneous ge-
ometries with different fracture apertures.

shows the keff as a function of fracture aperture b for
the three geometries shown in Figure 1. For all the
geometries, the VVF is fixed at 0.24, while the HMVF is
chosen to optimize the multiplication. For both types of
rocks, in the small-b region, the keff decreases in the or-
der of fractured geometry I, fractured geometry II, and
homogeneous geometry. Both fractured geometries ap-
proach the homogeneous system when b approaches 0,
because the heterogeneity of fractured systems vanishes
when the fracture aperture is much smaller than thermal
neutron mean free path.

The keff starts to decrease for both fractured systems
when b is larger than several centimeters. The keff for
fractured geometry I decreases much more sharply than
fractured II, and eventually falls far below the homoge-
neous keff. Detailed discussions on this behavior at large
b are given in Section 6.2.

5.2. Critical mass
By reducing the mass of uranium deposit within the

super-critical parameter range while fixing the geome-
try, the critical masses can be calculated. For fractured
geometry I, the value of fracture aperture b is fixed at
1.0 cm as the reference value for the critical mass calcu-
lations.

Figure 5(a) and 5(b) shows the contour plots for the
critical mass for sandstone comparing two geometries as
indicated within the figures. The boundary of the plot is
extracted from the red contour line from the keff results
(Figure 2 (a) and 2(b)). The values for critical masses are
shown in a logarithm scale in units of MT of uranium,
and the contour lines for 1, 10, and 100 MT are shown
in black, red, and blue, respectively.

It is interesting to note that more than 700 MT of
uranium with the enrichment of about 3.7% was in-
volved in the sustainable chain reactions in reactor zones
1–6 ofOklo uraniumdeposit [21]. The highest grade ura-
nium ore found in Oklo contains up to 15% of uranium
by weight, which can be converted into the HMVF by
assuming dry sandstone as 0.047.1 With this value of
HMVF, the results shown in Figure 5(b) indicate that
100 MT of uranium deposited homogeneously in the
sandstone can become critical.

This comparison of the results in Figure 5 with the
Oklo phenomenon implies that uraniumdepositionwith
a mass of the order of a few hundred tons could actu-
ally exist in natural geological environment, and that a
uranium deposition with the mass in the range between
fractions of MT to a few hundred MT can become crit-
ical dependent on rock types, geometries, and uranium
enrichment. Thus, we cannot exclude the possibility of
critical configurations to occur in the far field originat-
ing from damaged fuel simply by the neutronics analysis.

In order to summarize the influence of various con-
ditions on criticality, the minimum critical VVF for dif-
ferent rock types, geometries, and masses of uranium
deposition are tabulated in Table 4. The rock type has
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Journal of Nuclear Science and Technology 7

Figure 5. (a) Critical mass contour plot for fractured sand-
stone. The values in the figure and in the side-bar scale are log-
arithm of MT of uranium included in the system. (b) Critical
mass contour plot for homogeneous sandstone. The values in
the figure and in the side-bar scale are logarithm ofMT of ura-
nium included in the system.

prominent influence on criticality due to the neutron-
absorbing constituents.

Observing each (horizontal) row individually, for
any combination of rock and geometry, the minimum
critical VVF decreases, as mass of uranium deposition
increases, indicating that with greater mass of uranium
included, the criticality is achieved in a wider range of
rock porosity. Comparing different rock types with fixed

geometry (fractured geometry I; see rows 1 and 3), for
different uranium deposition masses, the minimum crit-
ical VVF for the iron-rich rock is always larger than the
sandstone by approximately 0.17. Then, comparing dif-
ferent geometries for the sandstone systems (see rows 1
and 2), the minimum critical VVF for fractured geome-
try I for sandstone is around 0.07 smaller than that for
homogeneous geometry for different masses of uranium
deposition.

It is observed that the uranium mass has significant
influence only in a small mass range. The decrement of
minimum critical VVF is decreasing as the mass of ura-
nium deposition is getting larger. The minimum critical
VVF is decreased by 0.01 when the depositionmass is in-
creased from 100 to 250MT, while the minimum critical
VVF is decreased by 0.1 from 1 to 10MT. This is because
with greater mass of the deposition, the neutron leakage
is getting lower, which makes the system approaching
an “infinite” system in terms of neutron leakage. Con-
sequently, the keff will be more determined by the com-
position instead of its size, which is almost equal to kinf,
and almost independent of the mass or size of the ura-
nium deposition.

In summary, the systems keff will increase, when (1)
the rock contains fewer neutrons absorbing materials,
(2) the rock has larger porosity, (3) the deposition has
heterogeneous geometry, and (4) the deposition contains
larger amount of uranium.

6. Discussions

6.1. Influences of uranium mass
For a fixed VVF, there is the HMVF that gives the

maximum keff because the void volume is filled with the
uranium deposition and water (see Figure 2). For the
fractured geometry I (Figure 1), these are expressed by
the layer thickness of respective materials. With increase
in the layer thickness of HMVF, the thermal neutron
absorption in the uranium deposition increases, while
the thermal neutron flux decreases because the moder-
ation decreases. These two competing effects result in
the maximum HMVF for a fixed VVF. For example,
for sandstone with b = 1.0 cm and VVF = 0.24, the
maximum keff occurs at HMVF ∼0.12, or the H/U-235
number density ratio ∼120. Compared with the homo-
geneous uranium-water system, for which the optimized

Table 4. Minimum critical void volume fractions (VVF) for various combinations of
geometries and uranium deposition masses.

Mass of uranium deposition (MTU)

250 100 10 1

Rock type Geometry Minimum critical VVF

Sandstone Fractured geometry I 0.094 0.104 0.133 0.260
Sandstone Homogeneous 0.169 0.179 0.209 >0.300
Iron-rich rock Fractured geometry I 0.265 0.273 >0.300 >0.300
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H/U-235 ratio is about 300 [18], it is smaller because the
rock provides additional moderation.

In the keff calculations, the total mass of uranium is
fixed with 250 MT; the radius of the core is determined
in such a way that 250 MT of TFM is accommodated
with the given value of HMVF. Therefore, the neutron
leakage is also influenced by HMVF. This effect is con-
sidered less important, however, because the core radius
is usually as large as several meters, and well reflected.

6.2. Influences of different geometries
The influences of different geometries can be semi-

quantitatively explained by expressing the infinite mul-
tiplication factor of different systems by the four-factor
formula [26]

k∞ = p f εη, (1)

where p is the resonance escape probability, f is the ther-
mal utilization factor, ε is the fast fission factor, and η is
the thermal reproduction factor. To simplify the discus-
sion, the comparison is made only between fractured I
and the homogeneous systems, and to adopt the conven-
tion of neutronics analysis for reactors, in the discussion
hereafter, the uranium deposition is referred to as the
fuel, and the water and rock as the moderator.

Generally speaking, the resonance escape probabil-
ity p of heterogeneous systems is larger than that of a ho-
mogeneous system, due to two major effects [26]. First,
the separation of moderator and fuel allows some neu-
trons to slow down without contacting the fuel, and sec-
ond, the outer layer of the fuel shields the inner layer
from resonance energy neutrons, or the so-called self-
shielding effect. For the fractured geometry I, the first
effect is more important in the small b region. However,
with increasing fracture aperture, the thickness of the
fuel layer increases to keep the same HMVF. As a result,
the self-shielding effect becomes more prominent.

For the heterogeneous system consisting of uranium,
water, and rock, the thermal utilization factor f is given
by

f het = �F
a,thV

FφF
th

�F
a,thV

FφF
th + �M

a,thV
MφM

th

, (2)

where
∑X

a,th , V
X, and φX

th are the averaged macroscopic
thermal absorption cross section, volume, and averaged
thermal flux of fuel (X = F) or moderator (X = M) [26],
respectively. Recall the definition of VVF and HMVF,
and define the thermal disadvantage factor as the ratio
between the averaged thermal flux in the moderator and
the fuel

ζ = �M
th

/
�F

th
. (3)

Then, the thermal utilization factor of a heteroge-
neous system can be written as

f het = 1

1 + (
∑M

a,th

/∑ F
a,th)(1/HMVF − 1)ζ

. (4)

By averaging the number densities of materials in
fuel and moderator, the thermal utilization factor after
the fully homogenization of the heterogeneous system
can be given in a similar way:

f hom = 1

1 + (
∑M

a,th

/∑ F
a,th)(1/HMVF − 1)

. (5)

Again, due to the self-shielding effect, the thermal
flux tends to be depressed in the highly absorbing fuel
region. Thermal disadvantage factor ζ is usually greater
than unity, and increases with the thickness of fuel layer
due to stronger self-shielding. Comparing Equations (4)
with (5), the thermal utilization factor becomes greater
after homogenization, and decreases with increasing b.

The aforementioned discussion can be further
demonstrated by numerical results. The thermal disad-
vantage factor of the fractured geometry I for sandstone
with VVF= 0.24 andHMVF= 0.12 has been calculated
by MCNP, as shown in Figure 6. The result is given by
the ratio between the averaged thermal fluxes tallied in
themoderator layer (water + rock) and fuel layer (heavy
metal depositions) that are located in at the center of the
core. Because the VVF and HMVF are fixed, the thick-
ness of uranium deposition increases proportional to the
fracture aperture b. When b is greater than 2 cm, the in-
ner part of the fuel is depleted of thermal flux due to
spatial self-shielding. If the thickness of the fuel layer
continues to increase, the averaged thermal flux in the

Figure 6. Thermal disadvantage factor, fast fission factor,
and thermal reproduction factor for different fracture aper-
tures for fractured system I.
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fuel region will decrease rapidly. Therefore, the thermal
disadvantage factor ζ increases sharply when b is greater
than 2 cm. The contribution to the decrease of the ther-
mal utilization factor f overcomes the increase of reso-
nance escape probability p, corresponding to the sharp
decrease of keff in Figure 4.

The influences of fast fission factor ε and thermal
reproduction factor η are also evaluated by MCNP cal-
culations and shown in Figure 6 in a similar way. When
b increases from 0.1 to 10 cm, the fast fission factor ε de-
creases from 1.22 to 1.06 cm. The thermal reproduction
factor η is not sensitive to the change in fracture aper-
ture. In all calculations its value is always 1.76.

To summarize the discussions in this section, for the
fractured geometry I with increasing fracture apertures,
the neutronmultiplication is determined by the net effect
of increasing resonance escape probability p, decreasing
thermal utilization factor f and decreasing fast fission
factor ε. For the fractured geometry II, because the fuel
and moderator are only mixed in the fracture region,
the system behaves somewhere between the fractured I
and homogeneous systems. Compared with fractured I,
by mixing fuel and water, both resonance and thermal
neutron self-shielding become weaker in fractured ge-
ometry II. The net effect is that the keff of fractured ge-
ometry II is smaller than fractured I when b is small,
and the situation is reversed when b is large as shown in
Figure 4.

6.3. Influences of rock compositions
The influence of different rock types could also be

explained by Equation (4). The rock with stronger neu-
tron absorption will have larger value of the denomina-
tor of Equation (4), resulting in smaller f and smaller
keff. Another effect is the increased ζ for large b will be
amplified by the term

∑M
a,th

/∑ F
a,th. For the rock with

stronger neutron absorption, the keff will start to de-
crease at smaller fracture aperture. For example, the op-
timized b for sandstone is 1 and 2 cm, but for iron-rich
rock is 1 cm, as shown in Figure 4.

7. Conclusion

To investigate whether critical configurations are
conceivable when damaged fuel from Fukushima Dai-
ichi reactors is disposed of in a geological repository,
neutronics analysis has been performed in this study.

Event sequence toward formation of possible criti-
cal configurations has been developed based on the un-
derstanding of uranium and plutonium behaviors in ge-
ological formations, which resulted in focusing on the
uranium deposition scenario in the far-field region with
a low enrichment of 2.25%. The analysis has been made
for two kinds of rocks by considering a finite systemwith
three different geometries, containing various masses of
uranium. The three different geometries include hetero-

geneous (fractured I and II) and homogeneous systems.
The exploration was performed to find optimized com-
binations of geometry, fracture aperture and the model
parameter HMVF, to give the minimum rock porosity
(VVF) for criticality. The influences of geometries have
been further discussed semi-quantitatively, in which the
self-shielding effect is found to be the most important
mechanism.

After the present analysis, we conclude that vari-
ous far-field critical configurations are conceivable for
given conditions of materials and geological formations.
Whether any of such critical configurations would oc-
cur in actual geological conditions remains unanswered.
To answer this question, we need to extend this study in
the following directions. First, from the neutronics point
of view, a more “realistic” fractured system with both
the fracture orientation and size randomly distributed
is suggested. It is observed in this study, that the differ-
ence between the homogeneous and heterogeneous ge-
ometries could result in around 0.07 differences in the
minimal critical porosity considering regularly fractured
for the heterogeneous geometries. However, it is still an
open question whether a randomly fractured system is
enveloped by the homogeneous and regularly fractured
systems.

Second, we need to perform themass transport anal-
ysis to explore whether such a configuration obtained
by neutronics analysis is likely to be occurred in geolog-
ical formations. In order to make meaningful analysis
along this direction of studies, however, detailed infor-
mation about geological formations, geohydrology, and
geochemistry is required, which can only be obtained
after determining a disposal site. If a repository site is
given, as demonstrated for the YMR, the possibility of
criticality event to happen can be thoroughly investi-
gated, and if necessary, engineering measures to elimi-
nate such possibility can be considered.

Third, prior to knowing the site location, it is still
useful to conduct a generic mass transport analysis.
Combining the mass transport analysis with the results
of the neutronics analysis, which has been performed
partially in this study, some important points for select-
ing a site for criticality safety can be suggested. These in-
clude (1) iron existing in the host rock reduces the likeli-
hood of criticality significantly; (2) low host rock poros-
ity is preferred for criticality safety; (3) the conservatism
could change when comparing heterogeneous geome-
tries for different fracture apertures, in other words, the
planar fracture geometry applied in the previous CSA
for geological disposal [6–11,15] would not necessarily
yield conservative results against the homogeneous ura-
nium deposition because the keff for heterogeneous ge-
ometry can be smaller than that for homogeneous one
in case of larger width of fracture aperture; and (4) the
importance of the mass of the deposition increases when
it is smaller. To make these more reliable and specific,
further studies in the neutronics and mass transport are
crucially important.
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Note
1. The HMVF can be calculated as follows:{

15%×(273.93+16×2) [g/mol]
273.93 [g/mol]×10.97 [g/cm3]

} /
{

15%×(273.93+16×2) [g/mol]
273.93 [g/mol]×10.97 [g/cm3]

+ 85%
2.71 [g/cm3]

}
= 0.047.
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