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Abstract—The spent nuclear fuel (SNF) stored in underground repositories should be isolated from ground-
water attack by engineered barriers for 5001000 years. The short- and medium-lived radionuclides will decay
in this period, and 98% of the residual radioactivity of SNF will be related to Pu and Am. The SNF contains
95-98% UO, with isomorphous impurities of Pu and Am. Thus, uraninite stability in the geological medium is
the main factor of repository safety. The analysis of data on stability and decomposition of uranium ores and
experiments on uraninite dissolution in groundwater have demonstrated that this mineral is stable in uranium-
saturated groundwater with reducing, almost neutral to slightly alkaline, properties. The groundwater attains
such properties in the crystalline massifs at depths <500 m from the surface, which is caused by their long-term
interaction with rocks under conditions of very low water exchange. The Pu and Am behavior at the oxidizing
conditions, when the UO, matrix is highly soluble and cannot retain these elements, was also considered in this
paper. The oxidizing conditions could be the result of radiolysis or some other process. The extensive sorption
of Pu and Am by rocks precludes the migration of these elements from a repository to the biosphere as dissolved
species. However, their transportation in a colloidal form is probable. The distance and scale of transportation
of radioactive colloidal particles depend on many features of the geological medium and can only be estimated
experimentally in an underground laboratory. The absence of open fractures, low water permeability, the distant
area of the groundwater discharge, and isolation of SNF from the host rock with bentonite backfill are efficient
factors counteracting the actinide migration in colloidal form.

INTRODUCTION

The main source of high-level radioactive wastes
(HLW) is the spent nuclear fuel (SNF) as a product of
atomic power stations, as well as naval-propulsion and
research reactors. The SNF accumulates >95% of total
radioactivity of the materials involved into the human
activity. The SNF contains 95-98% UO, and several
percent of various radioisotopes formed in nuclear
reactions. The SNF removed from reactors preserves
>90% of its energy resource. It contains >96% U and up
to 1% Pu, which are suitable for reuse. They are sepa-
rated by radiochemical treatment of SHF with the for-
mation of a large volume of liquid radioactive wastes.
A part of the liquid wastes, small by volume but major
by concentration of highly radioactive isotopes,
belongs to high-level wastes (HLW). According to cur-
rent technologies, the HLW should be transformed to
solidified form, stored for some time, and disposed in
underground repositories.

The storage, recycling, and disposal of liquid radio-
active wastes pose significant economic and environ-
mental problems, and the expediency of SNF recycling
is variously assessed. SNF is considered as disposable
waste in the United States, Canada, Sweden, and Fin-
land. It is treated as recyclable nuclear material in Great
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Britain, France, and Japan. A decision about the SNF
treatment has not been reached yet in Argentina, Brazil,
and Slovenia. Switzerland plans to recycle one third of
its SNF in Great Britain and France and dispose of two
thirds of SNF (Schneider et al., 1998). It is probable
that all countries will use SNF for separation of valu-
able components after its controlled storage, because
the 2P, 25U, and 238U contents do not change in SNF
while its radioactivity decreases. Thus, the fuel
removed from reactors should be called irradiated and
considered as a potential energy resource, rather than
waste.

In Russia, some SNF types (from VVER-440,

- BN-600, and BN-350 reactors, some naval-propulsion
-reactors, and research reactors) are recycled at the RT-1

plant (PO Mayak in the Chelyabinsk Region). Some
other SNF types (from VVER-1000 reactors) are
planned to be recycled at the RT-2 plant under construc-
tion (Zheleznogorsk near Krasnoyarsk). The SNF from
RBMK, AMB, EGP-6 reactors, some transport facili-
ties and research reactors, and faulty fuel are stored,
and its further treatment has not yet been considered.
The major radioactive part (>3 billion curie) of SNF is
accumulated in the RBMK reactors. This SNF has rel-
atively low contents of fissionable species. Thus, it
probably will be recycled only in the far future. The
problem of long-term safe storage and disposal of SNF
in underground repositories is considered in this paper.
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Fig. 7. High-resolution TEM images of the actinide-bearing
colloidal particles represented by zeolite (a) and illite (b)
(Kersting et al., 1999).

dissolved actinides compose only 1% of the total
actinide amount. Thus, the predominant actinide migra-
tion in colloidal form suggested from experiments was
verified by natural observations.

PLUTONIUM MIGRATION
IN GEOLOGICAL MEDIUM

Plutonium contents in uranium ores are negligible
(Pu/U ~ 107'2). It forms there by capture of neutrons by
the 28U atoms. However, this element is most danger-
ous among the SNF actinides (Korenkov, 1992). The
2Pu  capability of maintaining a chain reaction
requires conditions excluding critical-mass formation
in the HLW repositories. It was demonstrated that the
HLW forms used for storage and disposal preclude the
formation of critical masses in individual packages and
their assemblies (Allen, 1978). Data analysis shows that
the probability of critical-mass formation due to selec-
tive leaching and redeposition of *°Pu within or near an
SNF repository is very low (Kastenberg et al., 1996;

Oversby, 1998). Nevertheless, this property of pluto-
nium, together with its high toxicity, should be taken into
account in projects of long-term storage of SNF.

If uraninite is dissolved and actinides pass from
SNF to groundwater, the repository can be considered
as secure only if any one of the following conditions is
met: (a) the concentration of Pu (and other actinides) in
groundwater contacting with SNF is below the maxi-
mum concentration limit for drinking water and (b) the
SNF actinides passed into groundwater are retained
within the restricted volume of the geological medium,
and only refined water suitable for domestic use
reaches the zone of active water exchange. In order to
estimate the possibility of realization of these condi-
tions, we used the available information on the proper-
ties of synthesized actinides and their natural geochem-
ical analogues, experimental results on SNF interaction
with groundwater, data on actinide solubility in aque-
ous solutions and interaction of actinide-bearing solu-
tions with rocks, experimental results obtained in
underground laboratories on velocities of migration of
elements that can and cannot be sorbed in fractured
rocks, and information on the colloidal form of radio-
isotope migration with groundwater.

To predict the behavior of plutonium in the SNF
under reducing conditions, we used the data for the
Oklo deposit. Plutonium, until its complete fission, was
retained in this deposit within the uraninite matrix,
regardless of its interaction with groundwater. The con-
servation of Pu and other actinides at the site of their
formation was maintained by the reducing conditions
and the high stability of uraninite under such condi-
tions. This conclusion is also consistent with experi-
mental data. The Pu concentration in water from granite
or clay in equilibrium with SNF at 90°C under the
reducing conditions is only 10! M/l (Lelous et al.,
1998). This value is close to the maximum concentra-
tion limit for water of domestic use. The highest Pu
concentrations possible in groundwater under the oxi-
dizing conditions can be estimated by experimental
data on SNF dissolution in groundwater, which were
obtained within the framework of the project for the
HLW disposal in the Yucca Mountain repository (Waste
Form ..., 1998). The groundwater from tuffs with pH =
7.6 and Eh = 0.77 V was used as a dissolvent. It was
found that, during the SNF dissolution, plutonium passed
into water in dissolved and colloidal forms, precipitated on
the vessel walls as solid phases, and was incorporated into
the secondary uranium minerals. A high proportion of plu-
tonium occurred in colloidal form.

The highest Pu concentration in dissolved form is
~2 x 10 M/1 at 25°C, which is close to the solubility
of the amorphous Pu(OH), in groundwater and seawa-
ter (~6 x 107® M/l at 25°C) (Kulyako e al., 2001). The
dissolved Pu concentration is significantly lower at
85°C (~2 x 107" M/1) due to extensive precipitation of
solid phases. In experiments on the SNF interaction
with groundwater in the noble gas atmosphere (any
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Fig. 8. Eh-pH diagrams for the Pu-C-O-H (a) and Th-S-O-H (b
Th=10"%-%, and S = 10~ (Brookins, 1988).

external oxidizing or reducing agents were absent), the
redox conditions were generally controlled by radioly-
sis. The 545-day runs in sealed ampules filled with Ar
or mixtures of Ar and CO, indicated a high SNF solu-
bility in groundwater of various compositions (Loida
et al., 2001). For example, the element concentrations
in groundwater from granites (pH = 7-8) were 5.4 X
10-5 M/I for U and 1.5 x 105 M/1 for Pu. It was found
using a 1.8-nm filter that 96% U and 99% Pu occurred
in colloidal form. The element concentration in water in
equilibrium with iron powder decreases by two orders
of magnitude for U and by more than three orders of
magnitude for Pu, Am, Np, and Eu. The authors empha-
size that these concentrations are comparable to those
obtained under the reducing conditions.

The above data indicate that the Pu concentration in
groundwater interacting with SNF under oxidizing con-
ditions can be as high as n x 10 M/l for the dissolved
form and up to 106 M/ for totally dissolved and colloi-
dal forms. These values are two to four orders of mag-
nitude higher than the maximum concentration limit for
drinking water. Therefore, the Pu solubility in ground-
water is not low enough for the SNF repository safety
with respect to Pu in oxidizing conditions.

Geochemical analogues of plutonium under reduc-
ing conditions are thorium and uranium. All three ele-
ments occur in the tetravalent state under such condi-
tions, and their dioxides (PuO,, ThO,, and UQ,) are sta-
ble solid phases with very low solubility. Under the
weakly and moderately oxidizing conditions, pluto-
nium occurs in the tetravalent state and behaves like
thorium, whereas uranium passes into the highly
mobile hexavalent state. Plutonium can pass into the
penta- and hexavalent states and behave like uranium
only in highly oxidizing conditions (Fig. 8a), which are
No. 1 2003
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not possible in the SNF repositories. Unlike uranium
and thorium, plutonium responds to the increase of the
solution acidity by transition into the relatively mobile
trivalent state in a moderately acidic medium. Acid
water can form only in zones of sulfide ore oxidation or
in active volcanic areas. In both cases, the high acidity
of the medium is caused by the formation of sulfuric
acid solutions by oxidation of sulfide sulfur. The geo-
logical conditions in which the formation of such solu-
tions is possible are unsuitable for SNF storage and dis-
posal. The pH values of groundwater of crystalline rock
massifs typically are 8 + 1.5.

Thermodynamic modeling shows that plutonium
under strongly reducing conditions (Eh ~ -500 mV) at
pH = 8 occurs generally in the trivalent state; tetravalent
plutonium dominates at Eh from —-100 to +150 mV;
while penta- and hexavalent plutonium prevails under
the strongly oxidizing conditions close to the boundary
of water stability (Berry et al., 2002). Under the Eh and
pH conditions typical of groundwater in crystalline
rock massifs, plutonium occurs generally in the tetrava-

. lent state and behaves like thorium. The information on
the thorium geochemistry in the geological medium is
summarized below. These data are important for pre-
diction of the behavior of plutonium.

Thorium belongs to hydrolyzates, shows a constant
valence of four, and does not participate in redox reac-
tions (Fig. 8b). Thorium can reach significant concentra-
tions in acid solutions. The formation of the Th(OH), col-
loids followed by their precipitation begins at pH > 3.5.
Aging of the sediment is accompanied by the irrevers-
ible reaction

Th(OH)4 — Th02 + 2H20.
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Thorium can form complex ions (hydroxocom-
plexes, carbonate complexes, as well as complex com-
pounds with organic acids). Thorium is readily sorbed
by Fe—Ti minerals and products of their alteration. Tho-
rium is two to four times more abundant in rocks than
uranium. However, its concentration in groundwater is
one to three orders of magnitude lower, which deter-
mines significantly lower natural mobility of Th as
compared to U. The Th concentrations in groundwater
vary from n X 107! to n x 107 M/I. Its highest concen-
trations are typical of acid sulfate water from the oxida-
tion zone of REE deposits rich in Th. The Th concen-
tration in groundwater below the zone of extensive
hypergenesis never exceeds 10 M/l even in blocks
with Th ore mineralization. Thorium in ground, river;
and sea water generally occurs in suspended and colloi-
dal forms. Minerals with high Th concentrations (thor-
ite, thorianite, monazite, zirconolite, etc.) form by crys-
tallization from magmas or alkaline and acidic high-
temperature hydrothermal solutions. These minerals
are stable in natural conditions. Thorium-bearing miner-
als decompose only in chemical weathering in acidic
conditions. Thorium can pass into aqueous solutions by
incongruent leaching or complete dissolution. The study
of weathered rocks indicates a very slow decomposition
of these minerals (Eliseeva and Omel’yanenko, 1987).
Thorium removed by acid leaching can be partly rede-
posited in a sorbed form below the kaolinite layer, which
is related to the increase in pH values in groundwater
with increasing depth.

The analysis of natural observations helped us to
conclude that the interaction of the Th minerals with
fracture water in the crystalline rock massifs below the
hypergene zone cannot result in significant migration of
thorium in a dissolved state from the disposal site. By
analogy with thorium showing geochemical similarity
to plutonium, we suggest that groundwater can have
very low contents of dissolved plutonium whose migra-
tion will be retained by sorption and that plutonium can
be transported for significant distances only as colloidal
particles.

Like thorium, plutonium can be extensively sorbed
by minerals. Many experiments simulated Pu sorption
from aqueous solutions by rock powders. The partition
coefficient values (K,) significantly vary depending on
the compositions of rocks and aqueons solutions, pH
and Eh values, temperature, and some other factors.
K, values almost always exceed 100 cm?/g and in many
cases are a few thousand or even a few hundred thou-
sand cubic centimeters per gramm. K, values are
550 cm?/g for sand, 1200 cm*/g for loam, and 1800 cm*/g
for organic soil (Migration Ways ..., 1999). K, values
are higher under reducing conditions than under oxidiz-
ing conditions (Brookins, 1984). The effect of rock
composition and CO, concentration (Baston et al., 2000),
as well as redox conditions (Berry et al., 2002), on the
Pu sorption was also studied. The basalt, sandstone, and
argillite powders (<0.25-mm fractions) mixed with
water in proportion 1 : 5 were used in experiments.
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K, values ranged from 1000 to a few hundred thousand
cubic centimeters per gramm. However, the experi-
mental results cannot be accounted for only by the
influence of the studied parameters. It is more probable
that the samples contained various amounts of minerals
with high sorptive capacity (Fe, Ti, Mn oxides and
hydroxides, organic matter, etc.). For example, the
oxides concentrate up to 60% of the total plutonium
sorbed in tuff, although the oxide content in this rock is
only 1% (Vaniman et al., 1996).

It is pertinent to note that, characterizing the poten-
tial sorptive capacities of various rocks and minerals,
the experiments with powders do not reflect real condi-
tions of the water-rock interaction and the actual insu-
lative properties of geological media. Unlike the exper-
imental conditions, only a part of crystalline rocks adja-
cent to the water-conducting fractures participates in
sorption. Experiments in underground laboratories
demonstrate that radionuclides can move away from a
fracture for less than 2 mm (up to several millimeters
along microfractures and brecciation zones) (Neret-
nieks, 1993). The microfractures increase the water—
rock interaction area and stimulate sorption.

Experiments on interaction of Pu-bearing solutions
with plate-, cube-, or disk-shaped rock samples are also
important in this context. It was found that plutonium
was mostly concentrated on the sample surfaces and
only partly penetrated inside along microfractures. The
more prolonged the interaction, the more plutonium
penetrated inside the sample along microfractures and
pores (Zakharova et al., 1998). Desorption experiments
indicate a stable immobilization of plutonium in
microfractures.

Many experiments on Pu sorption and desorption on
core samples from igneous rocks (mainly, quartz
monzonites) of the Canadian Shield were also per-
formed (Vandergraaf and Abry, 1982). The groundwa-
ter from granites used in the e)gperiments contained
~5% 107 M/1 Pu with 19.5% 23"Pu. In this case, the
partition coefficient was expressed in centimeters,

" because K, values in runs with samples characterized the

ratio of the element content per 1 cm? of the sample area
to its concentration in 1 cm? of solution (g/cm? : g/cm?).
The surface area of the samples in these experiments
was 9.5 cm?; the solution volume, 10 ¢cm?; and run dura-
tion, up to 28 days. K, of Pu ranged for various samples
from 1.4 to 70.0 cm with an average value of 14 cm.

It was found that the mafic minerals sorb plutonium
better than quartz and feldspars. Consequently, the
mafic rocks can sorb more plutonium than the felsic
rocks. Thus, the crystalline rocks present reliable barri-
ers for migration of dissolved Pu. The velocity of the Pu
plume propagation is hundreds and thousands of times
lower than the groundwater flow velocity (Krauskopf,
1998,). The distance that the dissolved plutonium can
migrate in groundwater strongly depends on the water
flow velocity, which is inhomogeneous in the crystal-
line rock massifs.
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The experimental results obtained in underground
laboratories show that the weakly sorbed elements
migrate along some fractures with a velocity of a few
tens of meters per year, whereas the migration of the
easily sorbed elements is much slower than the water
flow (Neretnieks, 1993). The easily sorbed elements,
such as Cs, Sr, Eu, Nd, Th, and U, did not pass the dis-
tance of 5—10 m after six months and were immobilized
near the injection site. The increasing duration of the
experiments resulted in deeper penetration of the easily
sorbed elements into the rock matrix along the microfrac-
tures and did not considerably change the migration dis-
tance. These results can be extended to plutonium, which
also belongs to the most easily sorbed elements. The
above data indicate that the geological medium can pre-
vent the Pu transition to the biosphere in dissolved form.

The Pu migration in colloidal form seems to be
more hazardous for the environment. PuO, - H,O and

Pu(OH), prevail among the true radiocolloids. Their .

role is insignificant, because Pu is extensively sorbed
by minerals in rocks and colloids in groundwater. The
groundwater colloids are most important for Pu trans-
portation. Based on the suggestions that half of colloi-
dal particles in groundwater precipitate on the fracture
walls in 50 days and that the Pu-bearing colloidal parti-
cles can migrate distances of <50 m from the site of
their formation, Ahn (1997) calculated that the Pu con-
centration on the fracture walls near the source in
30000 years will be 0.025 kg/m?. This is much lower
than the critical concentration of Pu. However, the dis-
tance and scale of the Pu transportation in colloidal
form are not known definitely.

Most researchers believe that Pu cannot be trans-
ported for significant distances either in dissolved or in
colloidal forms. However, these suggestions are not
consistent with the above-mentioned fact of Pu migra-
tion for 1.3 km (Kersting et al., 1999). Plutonium con-
centration in water in this case is 10~* M/1, and 99% of
the total Pu amount is confined to colloidal particles
from 7 nm to 7 um in size, which are composed of illite,
smectite, and zeolites (Fig. 7). Therefore, the repository
safety with respect to Pu can be maintained generally
by the factors preventing colloid migration, i.e., low
water permeability and water exchange, the absence of
wide fractures, sealing of the fractures by secondary
minerals, and the presence of bentonite backfill. The
additional factors increasing the insulative properties of
geological medium are the mafic composition of crys-
talline rocks and distant location of repository from the
site of groundwater discharge (Laverov et al., 2001).

AMERICIUM MIGRATION
IN GEOLOGICAL MEDIUM

Americium is the second element (after plutonium)
among the actinides by risk to the environment (Koren-
kov, 1992). By the time of the container failure in 500—
1000 years, Am and Pu will account for 98% of the total
radioactivity of SNE. The *!Am isotope will play the
No. 1 2003
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major part among the actinides (Fig. 1). The general
knowledge of the Am behavior in geological media can
be deduced from the data on its geochemical analogues.

Am is close by geochemical properties to Nd and
Eu, whose average abundances in the crustal rocks are
n % 107 and n X 10*%. The Nd and Eu in rocks and
minerals compose from 10-25 to 0.5-2% of the total
REE amount. The highest contents of these elements
are typical of the alkaline massifs. Nd and Eu occur in
many minerals as isomorphous impurities. They are
mobile in high-temperature alkaline solutions, which is
evidenced by the close relation of most REE deposits
with high-temperature alkaline metasomatites. Rare
earth elements in these deposits are accompanied by
Nb, Ta, Th, Zr, and U. The rare earth elements are also
mobile in acid media, where they migrate as sulfate and
fluoride complexes. REE contents in uraninite are vari-
able. The uraninite from the Oklo deposit contains
0.39 wt % Nd,0;. The accessory minerals, such as
monazite, orthite, xenotime, etc., are the main concen-
trators of Nd and Eu. These minerals are stable to inter-
action with groundwater, are preserved during mechan-
ical weathering, and are accumulated in sands. These
accessory minerals undergo dissolution with removal
of poorly soluble elements (REE, Th, Nb, Ta, and Zr)
only during chemical weathering by organic acids and
accompanied by the formation of kaolinite layers. The
solubility of these elements decreases with neutraliza-
tion of the unconfined water, and they accumulate in the
zone of rock disintegration (Burkov and Podporina,
1967). Sorption on secondary minerals is the principal
mechanism of this accumulation.

The data on Nd and Eu concentrations in groundwa-
ter are scarce. The element concentrations in the
COy-rich water passed through a 100-nm filter ranged
in (0.42-7.55) x 1071 M/1 for Nd and (0.026-0.82) x
1071° M/1 for Eu (Michard et al., 1987). The Nd and Eu
concentrations in water from a uranium mine are 6.5 X
10719 and 0.3 x 10~1° M/1, respectively (Ivanov, 1997).
The water samples from granite massifs of the French
Pyrenees collected in deep wells and thermal springs
(pH =9.0, T="75°C) and passed through a 450-nm filter
contain 7.1 x 10~ M/l Nd and 3.5 x 101! M/l Eu and
decrease by one order of magnitude after passing the
samples through a 10-nm filter (Michard et al., 1991).

. The authors concluded that the colloidal forms of these

elements were dominant in the studied samples. Among
the natural waters in the active volcanic areas worldwide,
the highest Nd (7 x 107 M/1) and Eu (2 x 10~% M/1) con-
centrations were found in the acid sulfate water (pH =
1.33, T = 43°C) passed through a 100-nm filter
(Michard, 1989). The concentrations of these elements
are four orders of magnitude lower in nearly neutral
water. It was demonstrated that Nd and Eu concentra-
tions in water are independent of the rock composition
but strongly depend on the solution acidity and increase
with decreasing pH. The hydrothermal rock alteration
typically does not result in the REE leaching (Sturchio
et al., 1986). For example, a rhyolite alteration with
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strong redistribution of major elements does not change
REE concentrations. Rare earth elements were leached
from the rock-forming minerals during the rhyolite
alteration and were sorbed in the secondary clay miner-
als and zeolites. Based on the above data, we can sug-
gest that the Nd and Eu concentrations in groundwater
do not exceed n x 10-° M/l and n x 1070 M/, respec-
tively, and are much lower in most cases. The Nd and
Eu concentrations can exceed these values only in the
specific conditions of intensive weathering of the REE
ores or due to an ultra acidic composition of the solu-
tion. In most cases, the main part of these elements in
groundwater occurs in colloidal form. REE sorption on
minerals is the leading factor retaining their migration
in dissolved form. The elevated activity of the complex
ions in groundwater stimulates the REE transition from
the isomorphous to the easily sorbed forms and facili-
tates REE accumulation in the suspended particles with
high sorptive properties, This phenomenon can be
responsible for the correlation between the carbonate-
ion and REE concentrations in groundwater, as well as
the domination of the colloidal form. Similar behavior
in geological medium can be suggested for Am. Some
additional facts supporting this conclusion are given
below.

Americium can occur only in the trivalent state
within the whole interval of hydrogeochemical condi-
tions typical of the HLW repositories. The trivalent
form is most stable even in the near-surface conditions
(for example, in soils) (Migration Ways ..., 1999). The
tetravalent state is possible only in the strongly oxidiz-
ing alkaline conditions, which are unreal for the HLW
repositories. Americium is rapidly hydrolyzed in water,
and its equilibrium concentration in aqueous solution is
determined by Am(OH); solubility. The latter can be
represented by crystalline and more soluble amorphous
phases. The Am(OH); solubility strongly depends on
the composition and properties of groundwater. The

CcoY, and SO ions, as well as humic and fulvic
acids, increase the Am(OH); solubility because of the
formation of specific complexes. The highest mobility
of americium is typical of the circulation zones of acid
sulfate water, which usually forms during the oxidation
of sulfide deposits or in active volcanic areas. Such con-
ditions are unsuitable for the construction of HLW
repositories. Am(OH); solubility is very low in the
nearly neutral reducing conditions typical of the deep
zones with low water exchange.

The hydroxocomplexes and carbonate complexes
probably are the most abundant soluble forms under
such conditions. According to Pokrovskii (2001), the
percentage of the dissolved Am forms in seawater with

pH = 8 are as follows: 432 for AmCOj, 22.4 for
Am(OH)**, 15.0 for Am(OH); , 12.0 for Am(CO»);, 4.1
for Am?*, 1.5 for AmCI**, 1.1 for Am(CO;)3”, and 0.8

for AmS O}, . Taking into account a great abundance of
carbonates in rocks and CO, dissolved in groundwater
and the typically nearly neutral alkaline properties of
groundwater, it is possible that the carbonate com-
plexes will be the dominant dissolved species and sta-
ble solid Am(OH)(CO3) will occur together or instead
of Am(OH); under natural conditions. The solubility of
these compounds in groundwater is rather high. For
example, the Am concentrations in dissolved and colloi-
dal forms in groundwater from rhyolite tuffs (pH = 8.6)
in equilibrium with Am(OH)(CO;), Am(OH)s(cryst),
and Am(OH);(amorph) are 1.7 x 10°%, 3.7 x 10-%, and
6.5 x 10~* M/1, respectively (Waste Form ..., 1998). It is

- very difficult to determine the concentration of the dis-

solved Am alone because of its easy sorption on the tiny
colloidal particles. Passing the solution through the fil-
ters decreased the Am concentrations in all experi-
ments. The finer the filters, the more Am was retained
on them. The experiments on Am(OH); solubility in
groundwater from the Gorleben area in Germany
showed a stable Am concentration of 10763 M/l
(Geochemistry of Long ..., 1992). The Am concentra-
tion in the aqueous solution decreased after it passed
through filters with decreasing pore sizes. After a 1-nm
filter, it decreased by almost four orders of magnitude
and reached 107 M/1. The specified values characterize
the Am concentrations in water in equilibrium with
highly soluble phases and are the highest possible con-
centrations. They considerably exceed the maximum Am
concentration limit for drinking water (2 x 10~12 M/1).

The data on Am concentrations in groundwater
interacting with SNF is of great interest for current pur-
poses. Let us emphasize that Am is incorporated in the
UO, crystal structure and its transition into the aqueous
solution strongly depends on the uraninite solubility.
The experimental data on SNF interaction with aqueous
solutions indicate that Am is not leached if uraninite is
stable and passes into solution congruently with U and
other actinides during uraninite dissolution. In the Oklo
deposit, uraninite was stable because of the reducing
conditions, and Am, like Pu, was retained at the site of
the mineral formation until its complete fission.

The experimental data help us to suggest possible
Am concentrations in groundwater under the oxidizing
conditions induced by radiolysis. The Am concentra-
tion in the solution was (2.5-3.6) x 10-® M/I after the
interaction of SNF with a high degree of fuel decay
with groundwater from granites (pH = 7-8) after
545 days in closed ampules filled with Ar or mixtures
of Ar and CO, (Loida et al., 2001). After ultrafine fil-
tration, 99% of the total Am amount was retained on a
1.8-nm filter. The authors believe that microcolloidal par-
ticles smaller than 1.8 nm can also occur in the solution.

Many experiments on SNF interaction with ground-
water in conditions open with respect to atmospheric
oxygen were performed within the frames of the project
for the HLW disposal in the Yucca Mountain repository
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(Waste Form ..., 1998). SNF fragments 2-3 mm in size
from reactors of various types and groundwater from
rhyolite tuffs with pH = 7.6 were used in experiments.
The runs were performed in closed and open ampules
at temperatures of 25 and 85°C over several months. In
these cases, UO, composing 98% of the SNF and acting
as an immobilizing matrix for the other radionuclides
could not maintain their secure isolation, because the
groundwater had oxidizing properties and was signifi-
cantly undersaturated with respect to U. The experi-
ments showed that the Am concentration in water rap-
idly increased in the beginning of the experiment,
reached a maximum, and then decreased to become
constant at a certain level. The authors explain the con-
centration decrease by the formation of secondary ura-
nyl-ion phases on the grain surfaces. These phases have
lower solubility under oxidizing conditions as com-
pared to uraninite.

The equilibrium Am concentration in the solutions
passed through a 400-nm filter was ~1.5 x 10710 M/L.
After ultrafine filtration through a 1.8-nm filter, the Am
concentration decreased by 5 times, which indicates the
prevalence of the colloidal form. The measured Am
concentrations were notably lower than the concentra-
tions expected in equilibrium with Am(OH)CO; or
Am(OH),. The solid phases controlling the Am solubil-
ity were not found in the material retained by filters.
The authors believe that the smaller-than-expected Am
concentrations could be related to high concentrations
of lanthanides in SNF, whose secondary phases can
confine Am as an isomorphous impurity. The equilib-
rium Am concentration was two orders of magnitude
lower at 85°C than at 25°C. This fact indicates a more
rapid formation of solid phases controlling the Am sol-
ubility at higher temperature. The highest possible con-
centration of Am dissolved in groundwater at the con-
tact with SNF was estimated to be 10° M/1. Note that a
similar value was obtained in experiments on ground-
water interaction with vitrified HLW.

Thus, the repository safety with respect to Am in the
oxidizing conditions cannot be maintained only by low
Am solubility in groundwater. The insulative capacity
of the geological medium is also very important in this
case. An easy sorption of Am on solid phases is a favor-
able factor in the natural environment. Many experi-
mental results on Am sorption by various rocks and
minerals, as well as mixtures of bentonite with sand, are
now available. Depending on the run conditions (com-
position, pH, Eh, solution temperature, Am concentra-
tion, pounding degree of rocks and minerals, etc.), the
partition coefficients (Ky) of Am vary from several tens
to several thousands of cm®g and reach several tens of
thousands of cubic centimeters per gramm during
water interaction with clay minerals and zeolitized tuffs
(Baston et al., 1995). The K, value for Am in interac-
tion with sand is 2000 ml/g and is still higher in inter-
action with loam and soil (Geochemistry of Long ...,
No. 1 2003
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1992). In runs at 70°C, the K4 of Am was 7.5 x 10* for
the mixture of bentonite (15%) and sand (85%) and
from 0.46 x 10* to 7.5 x 10* cm*/g for tuff (Baston et al.,
1995). The K, of Am strongly increases if the rocks
contain iron oxides and hydroxides, alteration products
of titanium-bearing minerals, and chlorite. Depending
on the rock composition and geochemical conditions,
the retention factors (R;) of Am range from a few hun-
dred to a thousand and are comparable to those of Pu.

Summarizing the above data, we can conclude that
the Am migration from the SNF repository to the bio-
sphere in dissolved form in concentrations hazardous
for the environment is impossible. However, its migra-
tion in colloidal form is much more probable. This con-
clusion is also verified by natural observations. For
example, the study of Lake Trawsfynydd in Northern
Wales, which receives the liquid wastes from the Mag-
nox reactor plant, demonstrated that almost all Am is

" confined to colloidal particles. Because of this property

of Am, it is almost immobile in soils, regardless of the
occurrence of organic matter (Migration Ways ..., 1999).
The scale of the Am release from SNF in colloidal form
can be estimated only for a certain geological medium
by experiments in an underground laboratory using
tracers (for example, the tracers containing Nd as a
geochemical analogue of Am). The secure isolation of
Am, like Pu, within a repository can be maintained by
the media retaining the colloid migration. The host
rocks should not contain extended open fractures, while
SNF should be isolated with bentonite backfill. All pre-
vious comments regarding Pu pertain equally to Am.

CONCLUSIONS

1. The spent nuclear fuel in an underground reposi-
tory can interact with groundwater only after the engi-
neered barriers fail (i.e., in 500-1000 years). The main
radioactivity in this case will be related to Pu and Am.

2. The SNF contains 95-98% UO, with isomor-
phous admixtures of Pu and Am. Thus, the scale of the
Pu and Am release depends on the uraninite stability.
The latter compound is insoluble in hydrogeochemical
conditions of reducing, nearly neutral to slightly alka-
line groundwater saturated with respect to uraninite.

3. The groundwater attains such properties at certain
depths due to its long-term interaction with the host
rock masses under conditions of low water exchange.
The repository safety of SNF is provided due their plac-
ing within massifs of crystalline rocks below 500 m
from a surface.

4. The formation of local oxidizing conditions in the
SNF repositories induced by radiolysis or some other
processes is not probable, because the host medium
contains reducing agents. If the oxidizing conditions do
appear, the Pu and Am migration in dissolved form in
concentrations hazardous for the environment will be
precluded by their rapid sorption on minerals.



16

5. The sorption of Pu and Am on colloidal particles
followed by their migration to the discharge areas is the
main real mechanism of environmental pollution. The
distance and scale of Pu and Am migration in colloidal
form can be estimated only for a certain geological
medium by experiments in underground laboratories.
The absence of wide fractures, low water permeability,
and isolation with bentonite backfill are efficient factors
retaining the actinide migration in colloidal form.
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Fig. 1. Variation of radioactivity of the spent-nuclear-fuel
assembly of a PWR reactor with time (Brookins, 1984).

General geological recommendations for the long-
term safe storage of SNF comprise its deposition in the
low-permeable rocks within seismically stable blocks
with low velocities of vertical displacements and free of
active volcanism and mineral deposits (Krauskopf,
1988,; Laverov et al., 2001). If these requirements have
been met, the probability of the repository destruction,
its exposure to erosion, transportation of radionuclides
by magmas, and penetration of the repository by min-
ing workings is minimized. The environmental pollu-
tion in this case can be related to radionuclide removal
from the repository by groundwater in dissolved or col-
loidal forms. This mechanism is always taken into
account in the assessment of the security level of HLW
repositories.

SNF radioactivity decreases progressively during its
storage (Fig. 1). For example, the radioactivity of SNF
of a PWR reactor (counted upon one ton of uranium)
10, 100, and 1000 years after its removal from the reac-
tor will be approximately 400000, 40000, and 1700 Ci,
respectively (Roddy er al., 1985). Thus, the strongest
environmental impact would be expected if radionu-
clides escaped to groundwater at the earlier stages of
SNF disposal, when the SNF contains short- and
medium-lived radioisotopes with very high radioactiv-
ity. These isotopes decay in 500-1000 years. Current

technology of long-term storage and disposal of HLW
envisages HLW isolation from groundwater by engi-
neered barriers for this or longer periods. The barriers
comprise concrete tanks, corrosion-resistant contain-
ers, envelopes for nuclear fuel, and bentonite backfill.
The SNF can interact with groundwater only after the
engineered barriers lose their insulative properties.
From this point on, actinides will present the main haz-
ard for the biosphere. The geological medium will
become the only barrier retaining the actinide migra-
tion. Below, we analyzed the conditions of safe SNF
disposal provided by the insulative properties of the
geological medium.

SNF PROPERTIES DEFINING THE CONDITIONS

OF ITS LONG-TERM STORAGE AND DISPOSAL

The principal constituent of the nuclear fuel is a
heat-generating element (fuel rod) that is a long thin
tube of corrosion-resistant zirconium alloy (or some
other materials). The tube is filled with UO, pellets,
with the proportion of 2*°U isotope several times higher
than in natural minerals. Several fuel rods compose fuel
assemblies. For example, the fuel assembly of the
RBMEK reactor consists of 18 fuel rods, and the assem-
blies of the VVER-1000 reactor, of 317 fuel rods. The
pellets are produced by pressing and have a density of
94-95% of the theoretical density of uraninite. The
UO, grains in pellets are smaller than a few microns.
During irradiation, the UO, pellets attain numerous
fractures (Fig. 2), and the intergranular spaces expand.
This results in increase of area of the UO, interaction
with groundwater if the containers with SNF have
failed.

The UO, is a conserving matrix for all elements pro-
duced in a nuclear reaction. Some elements (Pu, Am,
Cm, Np, Th, REE, Nb, and Zr) are incorporated into the
UO, crystal structure. Its stability precludes release of
these elements into groundwater. Some other elements
(Tc, Se, I, Cs, Sn, and Sr) and their fission products are
included as nonstructural admixtures. They are accu-
mulated in the intergranular boundaries and microfrac-
tures in the UO, matrix. These elements can be partly
leached by groundwater even in the conditions of the
UO, stability. The leaching intensity will decrease with
depletion of these elements in the areas contacting with
groundwater.

According to the current technologies of long-term
storage and disposal, the SNF must be placed into
metallic canisters and stored at depths of several hun-
dred meters from the surface. Various schemes of SNF
storage in underground workings and wells have been
proposed (Figs. 3, 4). According to these schemes, the
engineered barriers comprise bentonite backfill, can-
ister, capsules, and fuel-rod coatings. These barriers
must isolate the UO, pellets from groundwater for
500-1000 years. The short- and medium-lived radio-
isotopes will decay during this period, and 98% of the
residual radioactivity of SNF will be related to Pu and

GEOLOGY OF ORE DEPOSITS  Vol. 45
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Fig. 2. Microfractures originating in the nuclear fuel during irradiation (Johnson and Shoesmith, 1988).
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Fig. 3. A scheme of the RBMK reactor SNF location in a well (Ivashkin ez al., 2000).
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Fig. 4. A scheme of the SNF location in an underground min-
ing working. (1) SNF, (2) metallic canister, (3) bentonite
backfill, (4) concrete seal, (5) horizontal working, (6) cell.

Am (Fig. 1). Thus, when the geological medium
becomes the only barrier retaining the radionuclide
release, the repository safety will be generally deter-
mined by the intensity of the Pu and Am escape from
the SNF and the specific conditions of their migration
in groundwater. The UO, stability is very important for
repository security, because Pu and Am occur as iso-
morphous impurities in this mineral. The analysis of
this problem considers the data on U behavior in the
geological medium and experimental results on disso-
lution of SNF and natural uraninite in groundwater.

URANIUM DEPOSITS AS NATURAL
ANALOGUES OF SNF REPOSITORIES

The analysis of natural observations is crucial in the
study of problems related to the long-term safe under-
ground disposal of actinide-bearing wastes. It allows
one to characterize the actinide behavior at various
chemical conditions and obtain information about very
slow processes with results notable only after thou-
sands and millions of years.

Many researchers consider the U and Th deposits as
natural analogues of the HLW repositories (Brookins,
1984; Krauskopf, 1988,; Laverov et al., 1991, 1994).
This is particularly appropriate for the SNF containing
>95% UO,, which presents the conserving matrix for
the other radionuclides. The study of U deposits shows
that uranium oxides can be highly stable at certain con-
ditions in the geological medium. Ores of the U depos-
its are generally composed of uranium oxides. The ore
bodies are usually located within highly permeable
zones composed of cataclasites, densely fractured

rocks, or water-saturated sedimentary rocks. Therefore,
a high portion of U minerals of the ore bodies may have
contacted with groundwater. Nevertheless, many U ore
bodies “stored” for hundreds of millions of years are
almost unaltered, even in the zones with high water per-
meability.

It was found that the occurrence of reducing, nearly
neutral groundwater is the principal factor facilitating
the high stability of U minerals. The groundwater
attains such properties during its continuous interaction
with country rocks, when its salinity decreases and
oxygen is spent for oxidation of ferrous iron (Kiryukhin
etal., 1993; Krainov and Shvets, 1992; Ryzhenko ez al.,
1996). The oxygen-rich water normally penetrates to
depths from several tens to a few hundreds of meters
and reaches 1-1.5 km only in the Alpine regions. Thus,
we suggest that the conditions of high stability of UO,
occur at depths below 500 m in most regions (except for
lofty mountains) (Laverov et al., 2001).

It is important that the reduced groundwater is
always saturated in uranium derived from country
rocks. Uranium in the rocks occurs as (a) disseminated
U atoms and their clusters, (b) accessory U minerals,
(c) isomorphous impurity in the U-bearing accessory
minerals, (d) U-rich segregations along grain bound-
aries, and (e) atoms sorbed on specific minerals
(Omel’yanenko et al., 1983). The equilibrium uranium
concentration in groundwater at the reducing hydro-
geochemical conditions is very low, <10-® M/I (Fig. 5).
At such conditions, uranium is redistributed among var-
ious minerals and within single grains. The proportion
of sorbed U increases at the expense of the other forms.
These processes are most efficient in the cataclastic
zones, where the interaction area and proportion of sec-
ondary minerals (the best sorbents for U) increase. The
Fe(Ti)-bearing minerals and, particularly, their alter-
ation products serve as sorbents for U in crystalline
rocks (Fig. 6). Similar processes resulting in the forma-
tion of the secondary dispersion halos occur around the
uranium ore bodies. These processes are very slow (but
continuous) and their results become notable only over
geologically long time intervals. Obviously, the diffu-
sion-driven redistribution cannot significantly affect the
radionuclide release from SNF.

The Cigar Lake deposit in Northern Saskatchewan,
Canada is frequently referred as a natural analogue of
SNF repository (Johnson and Shoesmith, 1988; etc.).
The average U content in its ores is 7.9 wt % (up to a
few tens of percent in the richest blocks) (Pagel et al.,
1993). The deposit is dated at 1.1 Ga. Rich ores lie at a
depth of 400 m. However, no signs of their occurrence
are seen on the surface. The ores are cut by water-per-
meable fractures, which may-indicate that the ore con-
tacted with groundwater for a long time. Nevertheless,
the uraninite is only slightly altered due to the reducing
properties of groundwater. The U concentration in
water from an ore body with 40% U is 10~ M/I and is
almost equal to the background concentration (Cramer,
1986).
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Fig. 5. Eh—pH diagram for the U-C—O-H system and a part
of the Fe-S—O-H system (Brookins, 1988). Activities of the
dissolved particles: U = 10753710 ¢ = 1073, Fe = 107,

and S = 107, The contour bound the field of Eh-pH values of
groundwater in equilibrium with unoxidized uranium ores.

It is pertinent to note that the data on higher U con-
centrations in groundwater either correspond to the oxi-
dizing conditions or characterize total contribution of
dissolved and colloidal forms. This is also verified by

(a)

experiments on uraninite dissolution under the reduc-
ing conditions, when U concentrations were deter-
mined both in the unfiltered liquids and in the solutions
which passed through the filters with 2-nm pores.
Therefore, the results of natural observations convinc-
ingly indicate a high stability of uraninite at reducing,
almost neutral hydrogeochemical conditions.

The problem is if the UO, irradiated in the fuel rod
behaves in the geological medium like natural ura-
ninite, because the intensity of o irradiation on the SNF
surface is two to three orders of magnitude higher than
in the uranium ore. Let us consider the data on the
deposits of the Franceville uranium ore district in
Gabon, West Africa to solve this problem. The Oklo is
the most famous deposit of the district. Some indica-
tions of natural nuclear reactions were discovered in
ores of this deposit, i.e., depletion of some ore bodies in
25U and occurrence of radioisotopes or their fission
products resulting from nuclear reaction. The deposits
of the Franceville ore district formed at about 2 Ga in
sandstones with organic matter at depths of (3-3.5) x
10° km. It was calculated that the 235U content in ore at
that time was 3.25 wt %, which is close to that in fuel of
modern power reactors. Processes similar to those in
nuclear reactors occurred intermittently for about 500 Ma
in some Oklo ore bodies in the presence of water serving
as a neutron moderator (Natural Fission ..., 1978).

The study of these ore bodies located at different
depths from the surface described the behavior of ura-
ninite and associated products of nuclear reactions both
in the reducing and oxidizing hydrogeochemical condi-
tions. For example, the uraninite in an ore body at a
depth of 250 m under reducing conditions is not
affected by secondary processes (Pourcelot and Gauth-
ier-Lafaye, 1998). Detailed studies of trace-element
concentrations and isotopic compositions in such ores
demonstrated that the elements incorporated in the ura-
ninite crystal structure were preserved there until their
complete decay.

Such behavior of Am, Pu, and Np is justified by the
distribution of 2Bi and 2°7Pb, the final products of their

(b)

Fig. 6. The uranium sorbed on secondary minerals occurring as films and crusts in microfractures of granites. (a) Fractured granite,
(b) cataclasite after granite. Thin section microphotos are on the left, and detector, on the right. Magnification x50.
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fission, which were generally preserved within the ura-
ninite, regardless of their dissimilar geochemical prop-
erties to uranium, and were only partially redeposited
near the ore bodies (Brookins, 1984). The nonstructural
elements, such as Rb, Cs, Sr, Mo, Cd, Xe, and I were
almost completely eliminated from the ore bodies,
while Ru and Sn were partially removed. It was sug-
gested that diffusion was the main mechanism of
migration of the nonstructural elements (Cowan, 1978).

Geochemical studies of natural reactor zones indi-
cate that uraninite is highly stable under reducing con-
ditions. It not only retains actinides but also strongly
restrains migration of the nonstructural elements. Thus,
the study of the Oklo ore bodies shows that the geelog-
ical medium can provide the conditions for the long-
term safe storage of SNF.

The interaction with oxygen-rich water facilitates
the U removal and replacement of U oxides by the sec-
ondary uranyl-ion minerals. The upper parts of some
steep ore bodies are strongly altered, while their lower
levels are well preserved. The removal of uranium
together with all admixtures from uraninite was
detected in the Oklo ore body, which is located at a
depth of 100 m and shows evidence of nuclear reactions
(Pourcelot and Gauthier-Lafaye, 1998). The strongest
decomposition of uraninite was found in the Bangombi
zone located at a depth of 10 m from the surface
directly beneath the lateritic weathering mantle. In this
zone, the uraninite was strongly modified, the organic
matter in the host rocks was oxidized, and the reducing
properties of these rocks declined. A part of the ura-
nium removed from uraninite was redeposited as phos-
phates. The formation of secondary ore accumulations
with hexavalent U is typical of the deposits located near
the surface. These data, together with numerous exam-
ples of partial and complete transformation of uranium
ores of many other deposits, indicate that the oxidizing
conditions are inappropriate for the long-term under-
ground storage of SNE.

EXPERIMENTAL STUDY OF SNF DISSOLUTION
IN GROUNDWATER

Many experiments on interaction of natural and syn-
thesized UO,, as well as SNF and its imitators, with
groundwater were performed under oxidized condi-
tions and are related to the American project of the
long-term HLW storage in the Yucca Mountain reposi-
tory in Nevada (Waste Form ..., 1998). Seventy thou-
sand tons of HLW (generally SNF) are supposed to be
stored in this repository. The experimental results show
high SNF solubility in aerobic conditions (U content
reached 10 M/1) and a high rate of release of all radi-
onuclides from the spent fuel. It was attempted to fol-
low all stages of uraninite transformation under the
effect of oxygen-rich water.

_ During its interaction with water, uraninite was oxi-
dized from the surface and along the microfractures and

grain boundaries. The intergranular spaces and, conse-
quently, the interaction area increased. The oxidized
uraninite microparticles (UO, , ,) were separated from
the main mineral mass. Secondary phases of the
hexavalent U (haiweeite, schoepite, soddyite, etc.)
formed as suspension on the SNF surface during the
longest runs. If the Yucca Mountain repository was
located in the zone with conditions of continuous inter-
action with groundwater, uraninite would not serve as
an immobilizing matrix. However, the repository is
located within a tuff sequence in the aeration zone
above the groundwater level. The assessment of the
repository safety is based on the suggestion that, not
approaching the SNF, water will vaporize for several
hundred years because of elevated temperature. The
conditions of probable interaction of SNF with water
will be reached only after the temperature decreases
below 90°C. It is suggested that water will approach the
SNF intermittently and only in small amounts because
of the dry climate and scarce atmospheric precipitation
in the repository area. Thus, the safety of the Yucca
Mountain repository is controlled by the amount of
atmospheric precipitation instead of by the low solubil-
lty of UOZ.

It was calculated that one SNF assembly (3140 kg
UO,) will interact with less than 20 1 of water per year.
Nevertheless, even in such conditions, about 0.1% of
total 121, ®*Tc, and *’Cs amounts will escape in a year
(Waste Form ..., 1998; Chen et al., 1999). A larger *Tc
release (up to 0.8% per year) is also reported (Finn
et al., 1998). The geochemical isolation of Np in such
conditions is also problematic (Buck et al., 1998; Chen
etal., 1999). Generally, because of the oxidizing condi-
tions, some experts believe that the long-term safe stor-
age of SNF in the Yucca Mountain repository is not pos-
sible (Ewing, 2002). It is emphasized that the water vol-
ume interacting with SNF can significantly increase as
a result of climatic changes or some other reasons. It is
pertinent to note that Yucca Mountain is the only repos-
itory with aerobic conditions projected for the long-
term storage and disposal of HLW.

Numerous experiments have demonstrated that ura-
ninite solubility is very low (U concentration is <10~ M/l)
under the reducing almost neutral conditions and inde-
pendent of temperature or composition of groundwater
(Johnson and Shoesmith, 1988; Red’kin e al., 1989).
It should be considered specially to what extent the data
on solubility of the natural uraninite are applicable to
SNF. The natural uraninite and UO, of SNF are analo-
gous in their crystal structure but differ in impurity ele-
ments, O/U ratio, and radioactivity. The natural ura-
ninite grains are highly dense, and their boundaries are
indistinguishable even under an electron microscope.
Uraninite of SNF is broken by numerous microfrac-
tures (Fig. 2); the boundaries among its grains in the
SNF are wider and better seen than in natural uraninite
aggregates.
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Let us compare experimental results on solubility of
natural uraninite and UO, in SNF of various types. The
deionized water and the water in equilibrium with gran-
ites, clays, salts, and other rocks were used as dissol-
vents. The experiments showed that SNF is stable under
the reducing conditions (Johnson and Shoesmith,
1988). Under similar conditions, the solubility of natu-
ral uraninite, nuclear fuel imitators, and SNF are of the
same order of magnitude. Insignificant differences in
the solubility of individual uraninite samples are gener-
ally related to their oxidation degree: the higher the
O/U ratio, the higher the solubility. The SNF solubility
in water in equilibrium with atmospheric Ar and N
strongly depends on the SNF-oxidation degree and is
ten times higher for the oxidized SNF than for unoxi-
dized (Loida et al., 2001). The authors believe that SNF
can be oxidized during its storage. The material of steel
canisters and their corrosion products serve as inhibit-
ing agents for SNF dissolution. For example, the solu-
bility of the oxidized SNF decreased 20 times in equi-
librium with iron powder. The radionuclide concentra-
tion in the solution in this experiment was comparable
with that in runs performed under the reducing condi-
tions. Thus, the experiments show that the reducing
conditions maintain high SNF stability in the geologi-
cal media.

THE EFFECT OF RADIOLYSIS
ON THE SNF SOLUBILITY

The SNF radiation does not necessarily result in the
reducing conditions. The radiation can cause water dis-
sociation on the SNF surface. Although the oxidizing
(0,, H,0,) and reducing (H,) components are produced
in equal molar quantities, the higher diffusion rate of
hydrogen can lead to the formation of the local oxidiz-
ing conditions near the SNF surface, which facilitate
the UO, dissolution by the reaction

U0, + H,0,— UO;" + 20H".

The possible effect of radiolysis on radionuclide
release was emphasized by many researchers
(Brookins, 1984; Chapman and Savage, 1984; Chap-
man and McKinley, 1988; Krauskopf, 1988,; etc.).
They noted, however, that radiolysis is not capable of
significantly modifying the scale of radionuclide
escape because of the large reducing capacity of the
geological medium.

Rocks and backfill materials continuously supply
ferrous iron to groundwater. The interaction of ground-
water with a metallic canister and its corrosion products
with hydrogen separation by the reaction

3Fe + 4H,0— Fe,0, + 4H,

also counteract the formation of the oxidizing condi-
tions.

The question of which processes will prevail on the
SNF surface, oxidation due to radiolysis or reduction
No. 1 2003
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due to interaction with the ambient medium, is very
important for the SNF disposal. This problem cannot be
solved only theoretically.

The experiments take into account that the SNF
interaction with water will begin only after the engi-
neered barriers have failed (i.e., in 2500 years), the
main mass of B sources has decayed, and the main pro-
cess capable of changing the redox conditions is radiol-
ysis caused by o radiation. The o-particle tracks in
water are about 30-50 pm long, and radiolysis can
occur only in a thin water film on the SNF surface. It is
induced by no more than 1% of all o particles (Neret-
nieks, 1997). It was found that the radiolysis does not
affect the uraninite solubility in the reducing condi-
tions. For example, the runs performed over a year at
70°C in equilibrium with hydrogen verified a high sta-
bility of SNF under the reducing conditions (Spahiu
and Sellin, 2001). The uranium concentration in
groundwater from granite was <10~° M/I, and the other
radionuclides had not been leached from SNF. The
effect of radiolysis is best pronounced in experiments in
an oxygen-free atmosphere of nitrogen and argon. The
role of o radiolysis of groundwater in the formation of
the oxidizing conditions on the SNF surface in an
underground repository was proved to be insignificant
(Forsyth and Werme, 1986). However, the experiments
with the intensity of a radiation being one to two orders
of magnitude higher than that on the SNF surface
showed that radiolysis-induced oxidizing conditions
can exist locally (Johnson and Shoesmith, 1988).

New experimental data on the effect of radiolysis on
the SNF solubility were obtained recently. Samples of
pure uraninite and uraninite with 0.1 and 10% 23¥Pu iso-
tope (a source of o particles) were used in these exper-
iments (Rondinella et al., 1999, 2001). Specific activi-
ties at the surface of the samples doped with 28Pu were
2.71 x 10% and 2.71 x 10® Bg/cm?, which are one and
three orders of magnitude higher than on the SNF sur-
face 500 years after its removal from the reactor. The
runs were performed with deionized water in equilib-
rium with nitrogen atmosphere. The Eh values in the
60-day runs with uraninite with 0, 0.1, and 10% 2*3Pu
were 180, 380, and 570 mV, respectively. Equilibrium

. concentrations of uranium were <10~% M/l in runs with

pure UO, and about 10 in runs with uraninite with
Z8Pu. It was found that the dissolved uranium was
mostly redeposited on the vessel walls. The amount of
the redeposited uranium increased proportionally with
the increasing run duration and 2®Pu concentration in
uraninite. The experiments showed that the uranium
release from uraninite doped with Z38Pu is comparable
to that from pure uraninite in the oxidizing conditions.
Plutonium concentration in the solution was only 4 X
102 M in runs with uraninite containing 0.1% 23Pu
and four orders of magnitude higher in runs with ura-
ninite containing 10% 238Pu.
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As it follows from the experiments, active radiolysis
can produce highly oxidative conditions when pluto-
nium passes into the penta- and hexavalent states. How-
ever, the canister material and products of its corrosion
preclude the formation of such highly oxidative condi-
tions even at very high SNF radioactivity. A very high
rate of radionuclide leaching independent of the
groundwater composition was observed in experiments
on the groundwater interaction with SNF powder in
equilibrium with argon atmosphere (Loida et al., 2001).
Radiolysis was the main process which induced the
oxidizing conditions and the correspondingly high rate
of SNF dissolution. Equilibrium element concentra-
tions in water were 5.4 x 10~ M/l for U and 1.5 X
10 M/1 for Pu. After addition of iron powder to the
system, the rate of SNF dissolution decreased by
20 times, equilibrium concentration of U in the solution
decreased by two orders of magnitude, and that of Pu,
Am, Eu, Np, and Sb, by more than three orders of mag-
nitude, which corresponds to the values observed under
the reducing conditions. Note that, in the 805-day runs,
iron was not oxidized completely, and the iron particles
contacting the SNF particles were replaced by hematite
(FeOOH). Thus, the reducing conditions were main-
tained by reactions of iron oxidation. The experimental
results demonstrated that, at the radiation level typical
of SNF after 500 years of storage, radiolysis does not
cause the transition of the tetravalent Pu to a more oxi-
dized state.

Smith and Johnson (2000) estimated the effect of
radiolysis on SNF stability by the experimental data on
UO, solubility, theoretical calculation of the amount of
the oxidizing agents produced by SNF interaction with
water, and study of natural uraninite. Admitting that
precise estimation was impossible, the authors con-
cluded that the presence of reducing agents in host
rocks and canister corrosion products strongly limits
the radiolysis effect on the SNF solubility. The oxidiz-
ing species resulting from radiolysis will be spent pri-
marily for oxidation of bivalent iron.

This conclusion is also justified by the absence of
uraninite oxidation in many deposits. Uranium in the
Oklo ores always occurred in the tetravalent state in
spite of radiolysis. The organic matter and bivalent iron
in host rocks and ores maintained the reducing condi-
tions (Oversby, 2000). Local oxidizing conditions
related to radiolysis were found near the uranium ore in
some deposits (Cigar Lake, Canada). The low alteration
degree of uraninite in these deposits shows that the oxi-
dizing species were spent generally for oxidation of
wall rock minerals with reducing components (Liu and
Neretnieks, 1995).

Thus, the available data indicate that radiolysis can-
not significantly affect the radionuclide migration from
SNF if the host rocks and engineered barriers contain
reducing species. However, the radiolysis effect needs
further study. It is necessary to analyze the situation of
high solubility of the uraninite matrix due to the local

oxidizing conditions in the zone of SNF interaction
with groundwater. In this case, the matrix cannot isolate
actinides. Let us consider the capability of the geologi-
cal medium to isolate actinides stored in repository
from the biosphere.

MIGRATION AND ACCUMULATION
OF ACTINIDES IN GEOLOGICAL MEDIUM

Crystalline rocks are the most probable medium for
long-term SNF storage in Russia and most other coun-
tries. Safe physical isolation of SNF from interaction
with groundwater in crystalline rocks is impossible,
because the rocks are intersected by fractures, and their
amount can increase due to many factors. The most
probable mechanism of biosphere pollution in this case
is actinide migration from the repository with ground-
water flows. The water-exchange intensity controls the
rate and scale of the radionuclide migration from SNF.
According to the general recommendations, the reposi-
tories should be constructed in conditions of low water
exchange. The interaction of groundwater with SNF in
such conditions can be estimated in long-term experi-
ments reaching steady concentrations of dissolved radi-
onuclides (Wilson, 1990,, 1990,) and by results of the
SNF study after its interaction with water (Finn et al.,
1997). It was found that the SNF transformation begins
with uraninite oxidation accompanied by widening of
grain boundaries and detaching of tiny UO, , , particles
from the grain surfaces. This process results in the for-
mation of the secondary uranyl-ion phases on the SNF
surface and areas loosened by oxidation, which inhibit
further corrosion. Haiweeite, uranophane, and soddyite
were identified there. The rate of uranium migration
from SNF is 0.1-0.3 mg/m? per day. The major part of
the leached uranium is redeposited in the secondary
uranyl-ion phases. The steady concentration of uranium
in water is (4-8) x 105 M/, 98% of which occurs in
colloidal form. Pu, Am, and Cm pass into water propor-
tionally to U, while the mechanism of Np release is not
yet understood. It was also found that the SNF type and
degree of the fuel decay do not principally affect the
rate of UO, dissolution. On the contrary, the UO, oxi-
dation degree strongly influences the rate of its dissolu-
tion. For example, U;0; dissolves two to three times
faster than UO,. This is generally caused by the fact that
the uraninite oxidation is accompanied by the forma-
tion of microfractures increasing the water penetration
and interaction area.

During the dissolution of the uraninite matrix,
actinides can pass into water in dissolved and colloidal
forms, precipitate near SNF as isomorphous impurities
in the secondary uranyl-ion minerals or as individual
mineral phases, and accumulate in sorbed forms in host
rocks. The actinide migration in dissolved form is
inhibited by sorption of these elements by rocks. Thus,
a more real mechanism of the actinide migration to the
biosphere is due to their removal from the repository in
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colloidal form. Some brief information on radioactive
colloids is given below.

Three mechanisms of formation of actinide-bearing
colloids are distinguished. The first mechanism is
related to actinide sorption by colloidal particles abun-
dant in groundwater. Such particles form by groundwa-
ter interaction with minerals, mechanical and chemical
weathering of rocks, detaching of the particles from the
minerals covering the fracture walls, or due to the
changes in the hydrogeochemical conditions that result
in oversaturation of solutions with respect to some min-
erals. The colloidal particles are from 1 nm to 1 pum in
size. Actinides can migrate only with smaller particles
(<400 nm), because the larger particles rapidly precipi-
tate. The colloidal particles normally consist of clay
minerals, chlorite, silica, iron hydroxides, zeolites, and
organic matter. The amorphous phases of Si, Al, and Fe
play significant role among the colloidal particles. The

content of the colloidal phases in groundwater signifi- -

cantly varies. The groundwater typical of granites has
constant temperature, flow velocity, ionic strength, pH,
and Eh and normally contains <100 ng/ml colloidal
particles. The disturbances in the hydrodynamic regime
caused by drilling, mining, or water pumping can
increase the amount of colloidal particles originated by
detaching of mineral particles (including the coagu-
lated colloids) from fracture walls. The concentration
and composition of the colloidal particles near the
repository can differ from the background values,
which is related to the temperature gradient and intro-
duction of extraneous materials into the geological
medium.

The second mechanism is the formation of true radi-
ocolloids. The radioisotopes released from the uraninite
structure during its dissolution pass into saturated aque-
ous solution as suspended and colloidal particles, nor-
mally of amorphous hydroxides. The formation of true
colloids can be favored by a decrease of actinide solu-
bility in groundwater because of buffer reactions reduc-
ing the effect of radiolysis.

The third mechanism of the colloidal particle forma-
tion generally works in the disposed vitrified HLW. The
products of their interaction with groundwater are rep-
resented by various crystalline and amorphous phases
with radionuclides in isomorphous and sorbed forms.
Separation of such phases from the glass surface and
their migration as colloidal particles is the most proba-
ble mechanism of actinide release from the vitrified
HLW. The colloidal particles from the uraninite matrix
corrosion products form in similar manners during the
long-term storage of SNF. The colloids can be com-
posed of UO, ., particles separated from the SNF sur-
face or of secondary uranyl-ion minerals containing
actinides in isomorphous and sorbed forms.

It was found that the migration velocity of actinides
dissolved in water is two to three orders of magnitude
lower due to sorption than the velocity of the water
flow. On the contrary, the velocity of the colloidal par-
No. 1 2003
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ticle migration is close to the velocity of the water flow.
In the steady-state hydrodynamic conditions, the rela-
tion between the amount of colloidal particles that
entered the groundwater and were removed from it is
close to equilibrium. The amount of colloidal particles
can strongly increase because of tectonic activity, water
sampling, mining, or some other processes disturbing
the hydrodynamic regime. The main mechanism
restraining the migration of colloidal particles in geo-
logical medium is their adhesion and precipitation on
the fracture walls as loose aggregates. Aging of the col-
loids favors the particle consolidation on the fracture
walls. Note that the rocks contain only natural ana-
logues of actinides (U, Th, REE) and do not contain
actinides themselves, which can be derived only from
SNF. As a result, the actinide concentration in ground-
water decreases with increasing distance from SNF.
This favors the transition of actinides from colloidal
particles to aqueous solution followed by their further
sorption by rocks and other colloidal particles.

The low water permeability and water exchange, the
absence of wide fractures, and sealing the fractures by
secondary minerals also counteract the migration of the
actinide-bearing colloids. The bentonite backfill is an
insuperable obstacle in the way of colloid migration.
It was shown experimentally that the bentonite layer
2 mm thick stems the colloidal particles, and only dis-
solved actinides can migrate to some longer distances
(Tsukamoto et al., 1995). That is because most of the
modern projects of the HLW repositories envisage the
use of a bentonite backfill.

When modeling the radionuclide migration in a col-
loidal form, it is difficult to constrain the time of occur-
rence of colloidal particles in groundwater and the dis-
tance of their transportation. Some suggestions should
be made for calculations. For example, it was implied
for the Yucca Mountain repository that half of the col-
loidal particles precipitate from water to the fracture
walls in 50 days (Ahn, 1997). The calculation showed
that the actinide-bearing colloidal particles can migrate
a distance of 50 m from the site of their formation in
30000 years. However, the reliability of this estimate
and its acceptability for the other geological conditions
are still uncertain.

Some reliable data indicate that actinides can
migrate in colloidal form for significant distances and
with high velocities (Kersting et al., 1999). The water
samples collected from depth intervals of 701-784 and
1046-1183 m within the area of underground nuclear
tests in Nevada contained actinide-bearing colloidal
particles. The 24°Pu/?°Pu ratio testifies to the origin of
these isotopes from radioactive glass produced by the
nuclear explosion in 1968 at a depth of 1402 m and at a
distance of 1.3 km from the sampling site. The major
portion of actinides is confined to colloidal particles
from 7 nm to 1 pm in size composed of illite, smectite,
and zeolite (Fig. 7). These minerals are typical products
of secondary alteration of host rhyolites and tuffs. The



