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A B S T R A C T

During the dissolution of the spent nuclear fuel (SNF) some radionuclides are released to the solution simulta-
neously from different sources in the fuel. This is of particular importance to some radionuclides that contribute
to the Instant Release Fraction (IRF), which govern the initial radiation dose during the dissolution of the SNF.
In this work a model that is able to discriminate between the different contributions responsible for the total
concentration of a radionuclide in solution was developed. The model permits to establish that uranium and ra-
dionuclides that dissolved congruently with the UO2 matrix came from two sources as a function of time: oxidized
phases on the surface of the SNF including fines and the matrix itself. Other radionuclides such as Ru and Rh
were released from metallic precipitates with dissolution rates lower than the matrix dissolution rate.In the case
of radionuclides that were expected to contribute to the IRF, this work showed that Cs, Rb and Sr had initial re-
lease rates higher than uranium because a fraction of such radionuclides were segregated from the matrix during
the irradiation. Actually it was calculated that the fraction of those radionuclides in the grain boundaries in a
BWR SNF powder sample from the center part of a pellet (burnup 42 MWd/kgU) was 2.1%, 0.9%, and 0.6% for
Cs, Rb, and Sr, respectively. In addition, the model permitted to calculate the duration of their contribution to
the IRF, matrix dissolution governed the release of such radionuclides after 137 days, 75 days, and 164 days for
Cs, Rb, and Sr, respectively (at these times, the contribution of the release from grain boundaries was lower than
the 0.1%).

© 2020

1. Introduction

In a Deep Geologic Repository (DGR) for spent nuclear fuel (SNF)
it is assumed that the fuel will come into contact with water several
thousand years after disposal, due to the use of massive metallic con-
tainers and other engineering barriers [1–4]. The dissolution of the SNF
in contact with groundwater would result in the release of radionu-
clides and their migration through the geosphere. For the safety analy-
sis of the DGR it is necessary to establish the mechanisms of radionu-
clides release as well as the dependence of the total release with time.
In this sense, the FIRST-Nuclides Project [5–7] developed experimental
and theoretical studies on the leaching of radionuclides from high-bur-
nup SNF, which showed that fission products might be classified con-
sidering the ratio between their release rate and the UO2 matrix disso-
lution rate. In particular, radionuclides with a release rate higher than
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the matrix dissolution rate, the Instant Release Fraction (IRF) [8–10],
are expected to govern the initial radiation dose at the beginning of the
dissolution of the SNF [11]. The IRF might be also subdivided consid-
ering the localization of the radionuclides in the SNF [14–16]. On one
hand, some radionuclides are segregated from the matrix and released
to the gap region and to open grain boundaries that will be directly in
contact with the water once the process of dissolution begins. This re-
lease is assumed to last for weeks or months [12]. On the other hand,
some radionuclides segregated from the matrix are located in the grain
boundaries. In this case, the dissolution is slower [12,13]. In both cases,
it should not be forgotten that the radionuclides contributing to the IRF
are also in the UO2 matrix as well as in oxidized uranium phases that
could have been formed on the surface of the SNF during its handling
before the introduction in the reactor. Consequently, at the start of the
SNF dissolution, radionuclides from the IRF are being released simulta-
neously from different sources.

Some SNF leaching experiments aimed to establish the different
contributions to the IRF and their duration. However, the results ob-
tained and their discussion by different authors showed that there is
not a general agreement on the duration of each contribution. For ex
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ample, some authors indicated that the release of radionuclides from the
grain boundaries was not negligible after 200 days [11] while other au-
thors determined that the release of the IRF for powdered SNF samples
lasted 10 days [8]. As it was indicated by some authors [11,12], the un-
certainties on the duration of the IRF release do not allow the accurate
determination of the amount of each radionuclide released and segre-
gated from the uranium matrix. Actually, it is complicated to determine
the composition and duration of the IRF only from experimental data,
because the experiments usually measure the total concentration of a ra-
dionuclide leached from the SNF, but such concentrations are not the
consequence of the release of the radionuclide from a single source.

In the present work, a model based on experimental SNF leaching
data was developed in order to determine the relative importance of the
contribution from different sources on the total release of a radionuclide.
The main objective was to determine how much radionuclide was re-
leased to the solution from each source in the SNF, and, consequently,
what is the actual contribution of each radionuclide to the IRF and what
is its duration.

2. Description of the mathematical model

The model, named Segregated Radionuclide Identification and Quan-
tification Model (SERNIM), was based on two assumptions:

1) The total concentration of a radionuclide measured in the leaching
solution is the sum of the radionuclide concentrations, which come
from all the sources in the SNF. The model does not take into account
any secondary phase precipitation after the dissolution process. For
this reason, it will be fitted to experimental data obtained in ex-
periments designed to avoid precipitation [11]. The experimental
data used in this work [7] were obtained from the leaching of a
BWR SNF powder sample from the center part of a pellet with 42
MWd/kgU of burn-up. The SNF sample was irradiated with an av-
erage linear power density and a maximum linear power density of
217 W cm−1 and 293 W cm−1, respectively. The fuel enrichment was
3.7% 235U and the fission gas release 2.3 ± 0.2% [7]. The experi-
ments were performed under oxidizing conditions and introducing
the fuel sample on a glass tube together with 50 mL of the leaching
solution (1 mM HCO3−). Samples were extracted at different times
and the volume of sample was substituted by fresh leaching solution,
the quantity of each radionuclide contained in the samples was taken
into account in the cumulative moles of radionuclide released from
the fuel. The concentration of the radionuclides in the solutions was
determined by ICP-MS.

2) The release of the radionuclide from each source follows a first order
kinetics.

The mathematical expression deduced from these assumptions is
shown in Eq. (1).

(1)

Where ‘mRN(t)’ is the amount of radionuclide measured in the solution
as a function of time (in moles) and ‘m(c)RN,t=∞’ is the total moles of ra-
dionuclide released from contribution ‘c’ at infinite time. c denotes the
source of the radionuclide leached: ‘ma’ matrix, ‘ox’ pre-oxidized ura-
nium phases or fines, and ‘seg’ grain boundaries and gap (seg). ‘kc’ is
the kinetic dissolution constant of the ‘c’ contribution (in days−1), and
‘t’ is time (in days).

3. Results

3.1. Uranium release

Regarding the origin of the experimental data, in the case of ura-
nium two different contributions were considered. One contribution was
related to the uranium released from uranium-oxidized phases or fines
(contribution ‘ox’) present on the surface of the SNF at the start of
the experiment. The second contribution was related to the uranium re-
leased from the non-oxidized uranium matrix (contribution ‘ma’). Con-
sidering both contributions, eq. (2) is deduced from eq. (1):

(2)

SERNIM assumes that the parameter m(ma)U,∞ (moles of uranium
in the matrix) is related to m(ox)U,∞ (moles of pre-oxidized uranium or
uranium in fines) and the total uranium in the sample, which in turn is
calculated considering the sample weight and the inventory of uranium
in the SNF, according to eq. (3):

(3)

Where ‘mU,TOTAL’ is the total amount of uranium in the sample (in
moles), ‘Msample’ is the sample weight, ‘HU’ is the uranium inventory in
grams of uranium/grams of sample and ‘MW’ is the atomic weight of
uranium. The inventory of uranium and of the other radionuclides in the
fuel samples studied in this work was also experimentally determined by
Martínez-Torrents et al. [7]. The authors dissolved the fuel powder with
a mixture of HF and HNO3 in a Parr Teflon bomb at 210 °C (an addi-
tional dissolution of the sample in HNO3–HCl was carried out in order
to correct the lanthanide fluoride precipitation). The solutions obtained
(without any trace of solids) were analyzed by ICP-MS and γ-spectrome-
try [7].

The model was fitted to the experimental uranium released as a func-
tion of time by using Matlab® software. The specific mathematical tool
was the “Curve Fitting Tool” which is based on the least square fitting
routine. The parameters obtained by the fitting are shown in Table 1
while the comparison between the model and the experimental data can
be seen in Fig. 1.

The dissolution rate corresponding to each contribution was cal-
culated from the derivate of the general equation of the model as
a function of time and normalized by the specific surface area
(S = 4652 ± 2000 mm2) of the sample [7] (Eq. (4)).

(4)

The dissolution rate of the matrix, 2.7·10−11 mol m−2 s−1, is in good
agreement with the release rate determined previously for the matrix
dissolution by the Matrix Alteration Model (MAM) in the SFS pro-
ject [15]: 4.6·10−11 mol m−2 s−1, and very similar to the dissolution
rate value determined experimentally within the SFS pro

Table 1
Results of the fitting routine to the uranium leaching data in order to determine the para-
meters of the SERNIM.

Parameter Value Error Units Molar percentage (%)

m(ox)U,∞ 1.10 · 10 −5 ±0.01 · 10 −5 moles 3
kox 0.06 ±10 −5 days −1

m(ma)U,∞ 3.73 · 10 −4 ±0.01 · 10 −4 moles 97
kma 3.0 · 10 −5 ±0.3 · 10 −5 days −1

R 2 0.95
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Fig. 1. Fitting of the uranium cumulative moles released from SNF with time. The contin-
uous line represents the fitting of the SERNIM model (R2 = 0.95) and the points represent
the experimental values [7].

ject, 3.2·10−11 mol m−2 s−1. In both cases, the composition of the
leachate was the same than in the experimental values used to fit the
SERNIM.

On the other hand, the dissolution rate of the oxidized phase,
1.6·10−9 mol m−2 s−1, is found to be two orders of magnitude higher
than the matrix dissolution rate. A higher dissolution rate was not sur-
prising because of the known higher dissolution rate of the uranium ox-
idized phases, in particular in the presence of bicarbonate, which forms
very stable complexes with U(VI) [16–19]. Additionally, the results ob-
tained coincide with the rates determined by Gray and Wilson [20] who
observed an increase of two orders of magnitude on dissolution rates
when comparing the dissolution of oxidized and non-oxidized fuel.

Focusing on the development on the model, the coincidence between
the calculated and the previously determined uranium dissolution rates
reinforces the assumptions made in the model and its robustness.

3.2. Radionuclides release

Regarding the release of other radionuclides, if they are homoge-
neously dissolved in the uranium matrix, their release, corrected con

sidering the inventory of each radionuclide, should be the same than
uranium. In other words, if the release behavior is different from ura-
nium, the release of the radionuclide should be due not only to the dis-
solution of oxidized phases and matrix but to the dissolution of phases
segregated from the matrix. In order to determine the behavior of the
radionuclides release compared to that of uranium, the model was fit-
ted using the values of the kinetic constants kox and kma determined for
uranium and, for each fitting, eq. (3) was used considering for each ra-
dionuclide its atomic weight and its inventory. The inventory was con-
sidered to be constant during the experimental time.

From the fitting of the model to different radionuclides, two differ-
ent behaviors were observed. For some radionuclides, the model fitted
the experimental data with the kinetic constants determined for uranium
and taking into account the inventory of the radionuclide (such radionu-
clides will be congruently released with the UO2 matrix). On the other
hand, other radionuclides were released faster or slower than uranium,
and the model was not able to fit the experimental data only considering
kinetic constants for uranium and inventory (radionuclides that will be
not congruently released with the UO2 matrix).

3.2.1. Radionuclides with a release behavior similar to uranium
(congruently released with the UO2 matrix)

The elements whose dissolution was well predicted by using the pa-
rameters deduced for uranium (and considering their inventory) were
Tc, Mo, Am, Pu, Ce and La (see Table 2).

As an example, the release of cerium was predicted by using the
parameters determined by the uranium release corrected by the inven-
tory (HCe = 2663 μgCe·g−1). The parameters obtained for the processes
of release from the oxidized phases and matrix were
m(ox)Ce,∞=(6.0 ± 0.7)·10−8 mol and m(ma)Ce,∞=
(2.03 ± 0.01)·10−6 mol (see Table 2). The fitting of the model to the
experimental data with those parameters (R2 = 0.95) is shown in Fig.
2, where it can be seen that the cerium release obtained with the
SERNIM is in good agreement with the experimental release data.

The actinides Pu and Am and the lanthanides La and Ce were
expected to be congruently released with the matrix, because previ-
ous works pointed to their homogeneous dissolution in the matrix
[8,11,21]. On the other hand, under the conditions of the experiments
used in this work for the development of the mathematical model, tech-
netium and molybdenum were congruently released with the UO2 ma-
trix. This behavior was surprising, because they were expected to be
contained in the metallic inclusions, while Mo could be partially dis-
solved as oxide in the fuel matrix. Their release from metallic inclu-
sions could result in a non-congruent dissolution with the matrix, as
it is observed, for example, in the recent preliminary experiments car

Table 2
Values of the m(c) (moles) and (%) and kc parameter obtained by the algorithm for 12 radionuclides from leaching data of a 42 BWR CORE sample.

RN m(seg) m(ox,U) m(ma)
m(seg)(%)
(±0.1)

m(ox,U)(%)
(±0.1)

m(ma)(%)
(±0.1) kseg kox (±10 −5) kma (±3·10 −6)

U 1.10·10 −5 3.73·10 −4 2.9% 97.1% 0.06 2.96·10 −5

Cs 4.63·10 −8 6.5·10 −8 2.14·10 −6 2.1% 2.9% 95.1% 0.08 0.06 2.96·10 −5

Sr 8.71·10 −9 3.8·10 −8 1.29·10 −6 0.6% 2.9% 96.5% 0.13 0.06 2.96·10 −5

Tc 2.7·10 −8 9.02·10 −7 2.9% 97.1% 0.06 2.96·10 −5

Mo 1.2·10 −7 4.10·10 −6 2.9% 97.1% 0.06 2.96·10 −5

Rb 5.05·10 −9 1.6·10 −8 5.35·10 −7 0.9% 2.9% 96.2% 0.06 0.06 2.96·10 −5

Am 2.8·10 −9 9.45·10 −8 2.9% 97.1% 0.06 2.96·10 −5

Rh a 1.4·10 −8 4.87·10 −7 2.9% 97.1% 0.06 2.96·10 −5

Ru a 7.5·10 −8 2.54·10 −6 2.9% 97.1% 0.06 2.96·10 −5

Pu 1.3·10 −7 4.51·10 −6 2.9% 97.1% 0.06 2.96·10 −5

Ce 6.0·10 −8 2.03·10 −6 2.9% 97.1% 0.06 2.96·10 −5

La 3.3·10 −8 1.13·10 −6 2.9% 97.1% 0.06 2.96·10 −5

a Elements that were over estimated by SERNIM by using the parameters values shown in the table.
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Fig. 2. Fitting of the cerium cumulative moles released from SNF with time. The continu-
ous line represents the fitting of the SERNIM model (R2 = 0.95) and the points represent
the experimental results [7].

ried out in the frame of the DisCo European project [22]. Considering
only the data obtained in this work, due to of the technetium and molyb-
denum congruent dissolution with the UO2 matrix, they would not con-
tribute to the IRF.

3.2.2. Radionuclides with experimental dissolution rates lower than
predicted by the SERNIM

When the release behavior of a radionuclide was different from ura-
nium, the release calculated with the SERNIM could be lower or higher
than the experimental release depending on the source and chemical
form of the radionuclide in the fuel.

If the experimental release of a radionuclide was lower than the
release predicted by the SERNIM, the radionuclide was supposed to
be forming a solid phase less soluble than the matrix. This was the
case for Ru and Rh. For example, the parameters obtained for the
process of ruthenium release from the oxidized phases and matrix were
m(ox)Ru,∞=(7.5 ± 0.9)·10−8 mol and m(ma)Ru,∞=
(2.54 ± 0.01)·10−6 mol (using an inventory of HRu = 2407.9 μgRu·g−1).
By using these values on the fitting, the predicted release of ruthenium
was much higher than the experimental release data (see Fig. 3).

The behavior of Ru and Rh was not surprising since they are be-
lieved to be on the SNF as metallic precipitates particles. These particles
were reported in previous works [23–25] and, recently, Mennecart et
al. [26] observed a metallic alloy precipitate containing Ru and Rh in
a SNF sample with an average BU of 50.5 MWd/kgU. The presence of
these radionuclides in solid phases with different dissolution rates from
uranium dioxide would explain the discrepancy between calculated and
experimental values. In this case, the parameters fixed considering the
dissolution of uranium would not be appropriate, because Ru and Rh
would be releasing from another solid phase with a different dissolution
rate than uranium. In any case, due to their lower release rate, Ru and
Rh are not considered to contribute to the IRF.

3.2.3. Radionuclides with experimental dissolution rates higher than the
predicted by the SERNIM

A third group of radionuclides showed experimental dissolution rates
higher than the predicted by the SERNIM with the mechanisms assumed
to govern the release of uranium. In this work, three radionuclides were
found to be integrated in this group: Cs, Sr and Rb.

Fig. 3. Fitting of the ruthenium cumulative moles released from SNF with time. The con-
tinuous line represents the fitting of the SERNIM model, the points represent the experi-
mental results [7].

For example, SERNIM was used in order to fit the release of cesium
considering its release only from oxidized phases or fines and from the
matrix. Considering the inventory of cesium (HCs = 2727.2 μgCs·g−1),
the parameters obtained for the processes of release from the oxi-
dized phases and matrix were m(ox)Cs,∞= (6.5 ± 0.8)·10−8 mol and
m(ma)Cs,∞= (2.14 ± 0.01)·10−6 mol. As it can be seen in Fig. 4, the
model could not fit the experimental values.

If it is assumed that the higher cesium release is a consequence of
the presence of cesium segregated from the matrix, a new contribution
should be included in the model, accounting for the cesium released
from such source. In this sense, an additional term accounting for cesium
segregated from the matrix was added and the SERNIM was expressed
as in Eq. (5):

(5)

Fig. 4. Fitting of the cesium cumulative moles released from SNF with time. The points
represent the experimental results [7].
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The actual meaning of this additional term would be related to ce-
sium located neither in the matrix nor in the oxidized uranium phases
or fines, but in the grain boundaries and in the gap. However, in the ex-
periments used in this work [7] the gap contribution could be neglected
because the experiments were carried out with crushed solid from the
central part of the fuel. Hence, in this case, the additional release mech-
anism for Cs (and for Rb and Sr) accounts only for the radionuclide seg-
regated in the grain boundaries.

The term added to SERNIM introduced two more parameters:
m(seg)Cs,∞ is the amount of moles released by cesium segregated in the
grain boundaries, and kseg is the kinetic constant for the dissolution of
the segregated phase. The parameter ‘m(ma)Cs,∞’ was adjusted to ac-
complish with the mass balance as it is shown in Eq. (6):

(6)

Thus, m(ox,U), kox and kma were fixed to the values reported for ura-
nium while m(seg)Cs,∞, kseg and m(ma)Cs,∞ were determined by fitting
of the experimental data with the model. The parameters obtained are
shown in Table 3 and the fitting of the three-contributions SERNIM to
the experimental data can be seen in Fig. 4. By using the parameters ob-
tained from the SERNIM, it was determined that the 2.1% (±0.1) of Cs
is located at the grain boundaries. This result is in good agreement with
the reported distribution of Cs in the SNF and with the percentage of Cs
at the grain boundaries determined in previous experiments [7,25]. The
moles of cesium released from each contribution are shown in Fig. 5.

From the fitting of the model with the three contributions to the
experimental results of rubidium and strontium, it was calculated that
the amount of Rb and Sr segregated at the grain boundaries was 0.9%
and 0.6% (±0.1%), respectively. These values agree with previously re-
ported values for rubidium [7,8] and strontium [7,8,25,27].

Due to their higher release during the first days of the leaching, Cs,
Sr, and Rb should be considered to contribute to the IRF. One of the
objectives of the development of the SERNIM was to establish the du-
ration of the IRF, which might be determined from the kinetic parame-
ters obtained after the fitting of the model to the experimental data. One
of the advantages of the SERNIM is the possibility to discriminate be-
tween the different sources that contribute to the total concentration of
the radionuclide in solution. In this sense, it was possible to calculate
the percentage of cesium released from each contribution as a function
of time, as it is shown in Fig. 6. As it can be seen, at the start of the
process of leaching, the dissolution of the oxidized phases and the re-
lease of cesium in the grain boundaries predominated. Over time, the
matrix dissolution became the predominant process of releasing cesium
and the other two contributions fade over time. From Fig. 6, it was
also possible to determine the end of the contribution of cesium to the
IRF; at 120 days, the contribution is very low and, actually, the per

Table 3
Values of the SERNIM parameters to adjust the SERNIM to the experimental release data
of Cs.

Parameter Value Error Units Molar percentage (%)

m(seg) Cs,∞ 5 · 10 −8 ±1 · 10 −8 moles 2.06
kseg 0.08 ±0.06 days −1

m(ox,U)Cs,∞ 6.5 · 10 −8 ±0.8 · 10 −8 moles 2.87
kox 6.0 · 10 −2 ±10 −5 days −1

m(ma) Cs,∞ 2.14 · 10 −6 ±0.02 · 10 −6 moles 95.07
kma 3.0 · 10 −5 ±0.3 · 10 −5 days −1

R 2 0.96

Fig. 5. Moles of cesium released with time from the different contributions according to
the model.

Fig. 6. Percentage of cesium released from the three contributions as a function of time.

centage of cesium released from that source is lower than the 0.1% after
137 days.

The same calculations were made with the data from rubidium and
strontium (see Figs. 7 and 8). Fig. 9 shows for cesium, strontium
and rubidium only the percentage of radionuclide released from grain
boundaries as a function of time. For strontium and rubidium, the time
at which percentages released are lower than 0.1% were calculated to
be 75 days and 164 days, respectively.

4. Conclusions

The model developed in this work was able to fit the variation of the
concentration of uranium and radionuclides congruently released with
the matrix in SNF leaching experiments. In addition, uranium release
rates obtained from the model are in agreement with dissolution rates
previously reported.
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Fig. 7. Percentage of strontium released from the three contributions as a function of time.

Fig. 8. Percentage of rubidium released from the three contributions as a function of time.

The fitting of the model to experimental data from Mo, Tc Pu, Am,
Ce and La showed that such radionuclides dissolve congruently with the
matrix during the experimental time. Their concentration in solution
was predicted by considering two contributions: (1) dissolution from ox-
idized phases or fines located on the SNF, and (2) dissolution of the ma-
trix. On the other hand, the model could not fit the concentrations of
Ru and Rh in solution considering only those two contributions, indi-
cating that these radionuclides were segregated from the matrix, as it
was expected because in the SNF they are believed to be in the form of
metallic precipitates, with dissolution rates lower than the matrix. Ra-
dionuclides released congruently with uranium and radionuclides with
dissolution rates lower than the matrix dissolution rate are not expected
to contribute to IRF.

Fig. 9. Percentage of radionuclides released from the grain boundaries as a function of
time.

For radionuclides with dissolution rates higher than the matrix (Cs,
Rb and Sr), the model was applied including an additional contribu-
tion that considered the fraction of radionuclide that was segregated
from the matrix to the grain boundaries, by adding this contribution,
the model was adequately fitted to the experimental data. The fraction
of the radionuclide segregated to grain boundaries was calculated to be
2.1%, 0.9%, and 0.6% for Cs, Rb, and Sr, respectively (±0.1%).

The ability of the model to discriminate between the different
sources of radionuclide release to the solution permitted to determine
that the contribution of the release of the radionuclide from grain
boundaries was decreasing with time and was lower than the 0.1% at
137 days, 75 days, and 164 days for Cs, Sr, and Rb, respectively.
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