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Abstract
Irradiated fuel based on UO2 is expected to be disposed of in an underground repository according to a “once-through” 
fuel cycle policy. In addition, those countries that have chosen reprocessing their irradiated fuel will also need this kind of 
repository. There is an international consensus on this option as the best to dispose properly high-level waste. In the multiple-
barrier concept of repository, the fuel pellet is the first barrier to the release of fission products (FP) to the environment. 
Nevertheless, after storage times of several thousand years, it is foreseen that groundwater will penetrate and infiltrate in 
the emplacement, and will eventually interact with the spent fuel. Upon contact with groundwater both, the matrix and FP 
might be released. Because of water radiolysis, uranium is oxidized from its tetravalent state to the hexavalent uranyl ion, 
being known to be far more soluble in water than uranium (IV). Then, during this oxidative-dissolution and depending on 
the surface/volume ratio, secondary phases (containing uranyl ion, UO2

2+) might precipitate at the whole pH range. These 
secondary phases play an essential role on the radionuclide release in the final disposal environment due to its capacity to 
seize trace radioelements, and therefore, to reduce radionuclides mobility. Some important radionuclides can precipitate into 
its inner solid structure. Here, we examine the state-of-the-knowledge and advances on uranyl secondary phases potentially 
formed under repository relevant conditions. An overview of likely uranyl compounds that can be formed under repository 
conditions, as well as the progress made concerning experimental data on the field is presented.

Introduction

The alteration of Spent Nuclear Fuel (SNF) under simulated 
geological repository conditions has been extensively stud-
ied [1–7] in long-term storage. The alteration process domi-
nating the release of radionuclides (RN) contained in the 
fuel matrix is oxidative-dissolution [8]. Exposure of irradi-
ated fuel matrix (principally made up of UO2(cr)) to oxidiz-
ing aqueous solutions promotes the formation of alteration 
products (uranyl secondary phases), in different speciation 
forms depending on the chemical groundwater composi-
tion [9]. Locally oxidizing conditions could be attained by 
the presence of water radiolysis byproducts, such as H2O2 
and/or oxygen. In particular, H2O2 increases the corro-
sion rate of the oxidative-dissolution of UO2 by oxidizing 
U(IV) to the much more soluble U(VI) ion, in the form of 

linear dioxouranyl cation, (UO2
2+) [8, 10–12], where U(VI) 

strongly bonds to two O atoms [10]. The U(IV) species are 
almost insoluble, forming mainly hydrous UO2·xH2O(s) 
by U(IV) hydrolysis, being amorphous UO2(am) or micro-
crystalline UO2(cr) the limits of a range of solids with 
different thermodynamic equilibrium constants (log Ksp 
(UO2(am)) = –(8.5 ± 1.0) at pH > 5) and extremely insoluble 
as pH increases [13]. In fact, several discrepancies exist with 
regard to reported equilibrium constants of UO2(am), which 
have been extensively discussed. In contrast, the U(VI) com-
pounds can reach a higher solubility in groundwater, and its 
speciation is often complex [8, 14, 15]. U(VI) species can 
behave as soluble complexes (involving nanoclusters), chem-
ical precipitates, colloids, or surface adsorbed phases [16].

In particular, the significance of thermodynamically sta-
ble uranyl phases, formed by the alteration of SNF, would 
not be limited only to a passivating role when it precipitates 
on the SNF surface, but also related to their potential capac-
ity to retain certain RN of special concern, because of their 
long half-lives, radiological toxicities, and potential mobility 
[17–20]. Special attention is given to some radionuclides 
during corrosion of spent UO2 fuels, which are [19, 21]
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•	 Actinides (mainly found in fuel matrix): 234U (α), 237Np 
(α), 239Pu (α), 242Pu (α), 241Am (α).

•	 Fission products: 99Tc (β−), 129I (β−), 79Se (β−), 90Sr (β−), 
14C (β−), 231 Pa (α), 134,137Cs (β−) and 154,155Eu (β−).

The penetrating β and γ ionizing radiation mostly comes 
from short-lived fission products and activation prod-
ucts; being the transuranium elements the main source of 
α-emitters [22]. A quantitative estimation of the mechanisms 
of UO2 alteration (dissolution and precipitation) should be 
properly addressed in order to best estimate the solubility 
and the distribution of U in these environments.

Mitigation processes for U(VI) mobility [18, 20, 23], and 
then, RNs, include sorption to solid surfaces and precipita-
tion of a varied uranyl minerals that are governed by ground-
water chemistry [7, 10]. The transport of U and potential 
sorption of radionuclides in groundwater environments is 
influenced by geochemical parameters such as (1) pH, ionic 
strength, and redox conditions; (2) the presence and con-
centration of complex-forming ligands; (3) the presence of 
dissolved gases in the solution; and 4) the own SNF (inven-
tory, dose rate, type, and intensity of the radiation), when 
the system is subjected to ionizing radiation [7]. The present 
paper consists of a detailed overview of uranyl compounds 
that are likely to be formed under repository conditions, and 
the progress made concerning experimental data on the field. 
This revision highlights the remaining questions related to 
the exact mechanism and the impact of complexation on 
mobilizing RN in water.

Antecedents of uranyl phases

The most important U(IV) mineral is uraninite, of nominal 
composition UO2; conversely, most U(VI) minerals con-
sist of uranyl cation UO2

2+. The uranyl yields many differ-
ent solid phases with frequent environmental ligands such 
as hydroxyl, phosphate, silicate, and carbonate [14]. The 
hydrated uranyl ion is the dominant aqueous species in most 
waters at a pH of nearly 5 or below [10]. Under acidic con-
ditions in deionized water, uranyl peroxide complexes yield 
the precipitation of studtite [24] and increase its aqueous 
solubility under alkaline conditions [11]. At higher pH, the 
uranyl ion hydrolyzes, forming several aqueous hydroxide 
complexes that in the presence of dissolved carbonate com-
bines to form uranyl carbonate complexes [10, 13, 25]. Ura-
nyl oxyhydroxides are significantly less soluble than uranyl 
carbonates (except the rutherfordine, [(UO2)CO3]), and can 
precipitate in the absence of ligands other than OH− ions. 
The uranyl carbonate and uranyl sulfate complexes are rela-
tively stable in most groundwaters. Most other complex-
ing ligands of UO2

2+ (silicates, phosphates, vanadates, 
arsenates, and molybdates) form relatively insoluble uranyl 
phases [6, 14]. Thermodynamic data of aqueous carbonate 

and phosphate uranyl complexes are well reported in litera-
ture [26–28]. Other minerals containing reduced U can be 
also found in nature, i.e., uraninite ([UO2] and [UO2+x]), 
and coffinite [USiO4] [10]. A critical extensive review of 
uranyl minerals and thermodynamic data (solubility) has 
been reported by Gorman-Lewis et al. [17, 19, 20], and also 
recently in [29]. We summarize below the most relevant ura-
nyl mineral phases:

Uranyl oxide hydrates [UO2·nH2O] such as becquerelite 
[Ca(UO2)6O4(OH)6·8H2O], metaschoepite [(UO2)8O2(OH)
12·10H2O], schoepite [(UO2)8O2(OH)12·12H2O], and com-
preignacite [K2(UO2)6O4(OH)6·7-8(H2O)] are usually the 
first alteration products to appear where uraninite is oxidized 
in U deposits [20, 30, 31]. Schoepite and metaschoepite may 
be important phases in the adsorption of transuranic ele-
ments into uranyl oxide hydrates such as Np, while bec-
querelite could possibly isolate Sr through incorporation 
into its mineral structure [32–35].This fact could signifi-
cantly affect its future mobility under repository conditions. 
Although both schoepite and metaschoepite have distinct 
crystal structures [36, 37], they are often erroneously treated 
as equivalent phases in literature and improperly referred 
as UO3·nH2O, which is a form that ignore the existence 
of hydroxyl groups in the structure. Schoepite potentially 
undergoes dehydration to metaschoepite and paulscherrerite 
[UO2(OH)2] [38].

Uranyl peroxides are often found in U deposits of the 
SNF in the earlier stages of the paragenetic sequence due 
to the buildup of H2O2 and other oxidants resulting from 
water radiolysis. The most commonly forms are limited to 
studtite [(UO2)O2(H2O)4] or [(UO2)(O2)(H2O)2](H2O)2] and 
metastudtite [UO4(H2O)2] [12, 39]. Studtite has a very low 
solubility and could thereby act passivating the SNF sur-
face and then, inhibiting its dissolution. Studtite has been 
observed in the solidified lavas at Chernobyl (Ukraine) [40] 
due to the interaction between fuel or “lava”, radiation fields, 
water, and air.

Uranyl carbonates are particularly soluble (and stable) 
in aqueous solutions and may not be dominant in repository 
settings but are commonly found in mining environments 
as direct alteration of primary U-bearing rocks [20, 41, 42]. 
The partial pressure of CO2 in equilibrium with ground-
water is particularly relevant [18], being approximately of 
10–3.5 atm when the aquifer is open to the atmosphere. Ura-
nyl carbonates usually contain other cations in addition to 
uranium [43] except rutherfordine [UO2CO3]. In addition, 
uranyl carbonate mineralization has been also observed 
in the alteration products of the “lavas” that were formed 
during the accident of the Chernobyl nuclear power plant 
in 1986 [42, 44]. The higher solubility of these phases, in 
comparison with uranyl oxide hydrates and uranyl silicates 
or phosphates, can make them act as intermediate phases 
in the alteration from uraninite oxidation and solubilization 
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[20], and it is possible that they can affect U mobility in 
groundwater settings. Rutherfordine is the simplest chemi-
cal composition and the least soluble among natural and 
synthetic uranyl carbonates [18, 42]. It consists of uranyl 
hexagonal bipyramid sheets connected by hourglass dimers 
of edge-sharing triangles, held together through Van der 
Waals forces in a layered structure [42]. Discrepancies in Ksp 
values highlight how difficult is to obtain consistent results 
due to their high solubility and to the associated difficulty 
in the atmospheric composition control [20]. Grimselite 
[K3Na[(UO2)(CO3)3](H2O)] and [Na4(UO2)(CO3)3] [45] 
could be noteworthy under repository conditions. It has been 
also found in the nuclear waste on Chernobyl “lava” [40].

Uranyl silicates are the most likely final uranyl mineral 
phases formed during oxidizing weathering of uraninite 
when dissolved silica is present [17, 31], because of Si4+ 
abundance in nature [29] and the lower solubility of uranyl 
silicates compared to that of uranyl oxide hydrates or carbon-
ates [16]. The mobility of U as uranyl silicates is highly influ-
enced by the availability of dissolved silica. Three groups of 
approximately 19 uranyl silicate minerals in natural systems 
are formed according to the U:Si ratio: uranophane-group 
(1:1), weeksite-group (2:5) and soddyite (2:1), the only min-
eral with U:Si > 1 [(UO2)2SiO4·2H2O] [17, 46]. The best-
known examples of the group (1:1) are uranophane-α or -β 
[Ca(UO2)2(SiO3OH)2·5H2O], kasolite [PbUO2SiO4·H2O], 
boltwoodite [K2[(UO2)(SiO3OH)]2·3H2O], and natrobolt-
woodite (with Na partially substituting K). The weeksite-
group [K2[(UO2)2(Si5O13)]·4H2O] includes haiweeite 
[Ca[(UO2)2(SiO3OH)2(Si3O6)]·6H2O].

Uranyl phosphates are particularly important uranyl 
phases because of their especially low solubility under 
environmental conditions (only under low pH and high 
ionic strength it is possible to induce enough dissolution 
for its detection in solution), and thus, together with sili-
cates, may limit U mobility in groundwater. Nevertheless, 
this certainly low U solubility shows that the database is 
scarce for uranyl phosphates and confirms the difficulties 
to reproduce experimentally these compounds. Solubility 
experiments are usually accomplished under low pH and 
high ionic strength (up to 1 M) conditions to prompt enough 
dissolution for measuring the dissolved species. In a recent 
study, experimental observations regarding the solubility of 
both synthetic and natural meta-torbernite under pH between 
2.3 and 7.1, Cretaz et al. [47] found a very low solubility 
constant (log Ksp =  − 52.9 ± 0.1) determined in both under- 
and supersaturated conditions. Even though they proved 
that working with synthetic samples is an easy approach to 
study the solubility properties of meta-torbernite. Authors 
claim that using natural samples in solubility experiments 
involves “a careful pretreatment in order to obtain pure and 
stoichiometric phase.” A number of chemically basic uranyl 
phosphates [MUO2·PO4·xH2O] are categorized as autunite /

torbernite group [M(UO2)2(PO4)2·8-12H2O], with a number 
of cation (Ca, Cu, Ba, Fe, Mg, and Mn) and anion (As or V) 
likely substitutions. Such group members include autunite 
(M = Ca), torbernite (M = Cu), and uranocircite (M = Ba). 
Many compounds of this group can dehydrate to a different 
mineral that belongs to the meta-(autunite/torbernite) group 
[M(UO2)2(PO4)2·4-8H2O]. The solid phase hydroxyapatite 
[Ca5OH(PO4)3] has been proposed for removal of U(VI) for 
groundwater remediation purposes, as well as for treatment 
of plumes within the subsurface, by precipitating insoluble 
uranium minerals [48–51].

Uranyl sulfates are relatively widespread [20, 43] and 
formed as a consequence of the evaporation of acid sul-
fate-rich waters [10, 52]. In general, sulfate is the second 
most frequent solute after chloride in hydrothermal fluids; 
however, the occurrence of uranyl sulfate complexes is still 
poorly understood [53] because it is formed as an intergrowth 
of multicomponent inclusions, which makes their charac-
terization particularly interesting [54]. The zippeite-group is 
one of the most common [Mx(UO2)6(SO4)3(OH)10·y(H2O)] 
with M = K, Na, NH4, Mg, Co, Ni, Fe, Mn, Zn; (x,y) = 4,4 
for monovalent cations; and (x,y) = 2,16 for divalent cations 
[55].

Different approaches and techniques are useful for iden-
tifying uranyl phases and the degree of crystallinity, such 
as X-ray diffraction, spectroscopic techniques (i.e., Raman 
spectroscopy, X-ray Photoelectron Spectrometer, Fourier 
transform infrared spectroscopy) and chemical analysis of 
the phase(s) present [20]. Recently, molecular simulation 
techniques and solid-state calculations have gained interest 
because of their applicability as a complement to spectro-
scopic measurements, for studying the mobility and sorption 
behavior of RN within various minerals [12, 37, 56–58].

Alteration compounds of fresh fuel: studtite

Extensive literature can be found with respect to dissolu-
tion experiments simulating the contact of groundwater with 
SNF surrogates such as UO2(cr), the so-called SIMFUEL, 
and α-doped UO2(s) (see review of Oversby [59]). Some of 
those studies have been conducted in oxidizing conditions 
simulating the presence of radiolytically produced H2O2 
[60–64], or under controlled reducing conditions (in the 
presence of Fe2+ and/or H2) [65, 66]. Studtite and metas-
tudtite are observed on SNF under aqueous conditions sub-
sequent to H2O2 generation by water radiolysis. However, 
there is a wide variety of U minerals synthetized and studied, 
including metaschoepite, uranophane, sodium boltwoodite, 
studtite or metastudtite, among many others. Stability of 
studtite has been extensively studied in a broad range of 
conditions (temperatures, groundwater) [24, 67–70] by both, 
experimental and theoretical approaches.
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Most of the reviewed literature and experimental stud-
ies have been focused on the impact of α and β radiation, 
as the main source of radiation at medium or long-term. 
However, with a thorough study on the UO2

2+(aq) stability 
under intense γ radiation fields, Rodríguez-Villagra et al. 
[71] empirically demonstrated that the H2O2 formed under 
γ radiation promotes the precipitation of studtite. This would 
indicate that if a young SNF (within the first 100 years of 
storage) is exposed to water in early stages of repository, the 
role of γ photons should be accounted for the total dose rate 
and radiolysis cascade. The penetrating γ rays could even 
pass through the canister in their way to the outside, mak-
ing it also susceptible to radiation-induced corrosion when 
groundwater is present.

A recent publication from Schlegel and Jegou [8] deals 
with the study of radiolysis impact on the alteration of SNF. 
The transformations and phase precipitations occurring at 
a monocrystalline surface of uraninite, when exposed to 
oxidizing conditions (H2O2 solutions from 0.005 to 0.5 M), 
were observed by using a combination of in situ µ-Raman 
Spectroscopy (RS) and synchrotron X-ray diffraction. At low 
H2O2 concentrations, schoepite and studtite coexisted on 
the reacted surface. With increasing H2O2 content, studtite 
predominated. Authors highlighted that studtite transfor-
mation might occur possibly upon drying, and introduced 
an uncertainty when schoepite is ex situ observed, since it 
could be caused either from in situ formation or from sample 
handling.

Li et al. [72] performed dissolution kinetics experiments 
of metastudtite to study the influence of the added H2O2 
and the impact of γ-irradiation. The observed solubility of 
metastudtite in the presence of H2O2 (in HCO3

− containing 
solutions) was lower than that in the absence of H2O2. The 
authors attribute this to the fact that H2O2 was consumed 
in systems where metastudtite and studtite were dissolved 
as a catalytic decomposition in solutions containing UO2

2+ 
and HCO3

−. In the same study, the authors examined metas-
tudtite upon exposure to γ-radiation yielding rapid dissolu-
tion of metastudtite in 10 mM HCO3

−. However, the rate 
was lower than that of studtite under the same conditions. 
This fact was attributed to a combination of the radiolytic 
degradation of H2O2 and the formation of uranyl-peroxo-
carbonate complexes.

In assessing the long-term storage of SNF in geological 
repositories and the derived thermal degradation/stability 
of uranyl peroxides, extensive literature has been reported. 
It is known that dehydration from studtite to metastudtite is 
irreversible. Literature discrepancies exist in the described 
dehydration temperature transition. An example is presented 
by Colmenero et al. [57]. The thermal behavior of studtite 
was conducted by in situ RS (at different heating rates in 
air), revealing lower dehydration temperatures of studtite to 
metastudtite (32–35 °C) at low heating rates (0.2 ºC/min) 

than published (50–130 °C) [73, 74], and even when results 
were compared with data from thermogravimetry. Authors 
emphasize the influence of the heating rate on the observed 
dehydration temperature transition. Assuming that the tem-
perature at early times in the near field repository is below 
100 °C [53, 75, 76], it can be deduced that metastudtite 
would be the most likely existing phase if H2O2 remains 
being produced by water radiolysis.

Naturally occurring uranyl minerals

Given the timeframe for which the integrity of SNF is 
required and the resultant uncertainties associated to short-
term experiments, natural analogs consist of a unique source 
of data for the performance assessment of the geological 
disposal of SNF [77–79]. Consistent experiments on uranyl 
secondary products, as important phases in the paragenesis 
associated with the alteration of SNF, represent a key issue 
for estimating the repository performance and U mobility. 
There are a number of studies [1–5] in weathering-bedrock 
and aquifer solids of naturally occurring U minerals that 
have been applied as a model for SNF corrosion, for exam-
ple, using uraninite or pitchblende (hydrothermal uraninite) 
[7, 80–82]. During the weathering of ore mineral uraninite, 
a sequence of secondary compounds as precipitated U(VI) 
oxyhydroxides, carbonates, silicates, phosphates, and sul-
fates was reported [10]. As previously mentioned, the U(VI) 
forms several crystalline and amorphous oxyhydroxide 
phases in oxic subsurface environments and in the absence 
of dissolved phosphate or silicate [3, 83, 84]. The primary 
oxidized alteration phase is usually an oxyhydroxide, which-
ever schoepite or metaschoepite [3, 83]. However, schoepite 
is metastable, with a strong tendency to spontaneous and 
irreversible dehydration to the more stable metaschoepite; 
or well to transform to compreignacite or becquerelite after 
the incorporation of K or Ca, respectively [3, 31, 85, 86]. 
A number of studies have been carried out on U deposits 
in rocks and groundwater surrounding: (1) under reducing 
conditions at Oklo (Gabon) and Cigar Lake (Canada) sites; 
and (2) under oxidizing conditions at Koongarra (Australia) 
and El Berrocal (Spain) [87]. An extensive revision and dis-
cussion on this issue including geochemical calculations on 
U phases that may control the solubility has been reported 
by Bruno et al. [87].

Bonales et al. carried out the characterization by RS 
[86, 88] of a natural uraninite mineral (Sierra Albarrana, 
Córdoba, Spain). From authors analysis, the following U 
secondary phases were found: (1) remaining uraninite as 
unaltered core of the sample; (2) rutherfordine, in the inner 
part; (3) a mixture of uranyl silicates: soddyite, prevailing 
in the inner part, α-uranophane in the outer part of the sam-
ple, and kasolite, appearing intermittently. Contrary to that 
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expected [3], schoepite and metaschoepite were not observed 
suggesting its rapid transformation to rutherfordine.

Irradiated fuel

There is a lack of direct observations of uranyl secondary 
phases during SNF corrosion experiments. Uranyl silicates 
are commonly found after the SNF dissolution (burnups 
from 27 to 43 MW·d·kgU−1) [89–92]. Secondary U miner-
als of Chernobyl “lava” have been examined by Burakov et 
al. [40]. These minerals were identified by X-ray diffraction 
as studtite, schoepite, rutherfordine, and a number of sodium 
carbonate phases. According to the authors, the source of 
Na is assumed to come from the penetrated water into the 
“Sarcophagus.” Studtite and metastudtite have been also 
found on the surface of SNF stored at Hanford (Washington 
State, USA) nuclear site [39, 93]. Experiments performed by 
Hanson et al. [94]. on SNF in deionized water under labo-
ratory conditions led to the formation of metaschoepite at 
short contact times. This phase disappeared over the 2-year 
contact period, then occurring studtite and metastudtite. In 
an attempt to simulate the influence of α-irradiation, a wide 
range of leaching experiments with α-doped UO2 includ-
ing 233U, 238Pu, 239Pu, and 225Ac-doped UO2 have been 
conducted [95–98]. Likewise, studtite was also observed 
on α-doped UO2 samples or UO2 irradiated by an external 
source in water [11, 75, 99, 100].

Conclusions

There is widespread agreement that uranyl secondary phases 
may be potentially beneficial in terms of delay or limit RN 
release in geologic underground repositories for SNF. An 
exhaustive knowledge of these minerals is fundamental to 
evaluate their impact upon the release of RN from the SNF. 
Given the complexity of U(VI) speciation, more efforts 
could focus on thoroughly comprehending and standard-
izing the empirical approaches when considering proper-
ties of uranyl minerals. In order to predict the U mobility 
in groundwater, the stabilities of uranyl minerals and the 
concentration of U and other elements in equilibrium with 
these dominant uranyl phases under a range of conditions 
are required. For that reason, more rigorous and consistent 
solubility measurements from super- to undersaturated con-
ditions with respect to the dissolved elements of interest are 
important for the construction of reliable databases. These 
issues would include a precise solid phase characterization 
(both before and after the solubility experiment) that is sta-
ble under the experimental conditions (pH/redox and aque-
ous element concentrations), and well-defined equilibrium 
state attained during the tests. Different approaches can be 
done by identifying the mineral phase and the degree of 

crystallinity of the phase(s) using X-ray diffraction (XRD), 
spectroscopy techniques (i.e., Raman, X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectros-
copy (FTIR)), and chemical analyses of the phases present. 
In parallel, actinide coordination chemistry is also a matter 
of interest, from a fundamental point of view, due to the 
impact on reactivity pathways under disposal conditions. 
The role of complexation in mobilizing RN in water at low 
and high temperatures must be well understood. Corrosion 
studies on irradiated fuel under closely related disposal con-
ditions are desirable to reduce the risk associated with an 
increasing dependence on nuclear energy, but simultane-
ously are expensive and difficult to handle.
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