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Abstract

EELS based on features of ELNES of M4 and M5 edges can provide information regarding oxidation states of Ce

and U in proposed host phases of radioactive wastes (e.g., pyrochlore, uraninite, and zirconolite). M4 and M5 edges of

Ce4� have higher energy-loss than those of Ce3�. Intensity ratio between M4 and M5 edges and weak peaks after the M4

and M5 edges can be used for quanti®cation of Ce3� and Ce4�. EELS results from an unaltered area of pyrochlore from

Inner Mongolia of China shows Ce3� and other rare earth (RE) elements. However, EELS spectrum from the

neighboring altered area shows Ce4�, Ba and other RE elements. The oxidation of Ce results in loss of RE elements, U,

and daughter product of a-decay, Pb during the alteration of the pyrochlore. However, most RE elements were in-

corporated in to alteration product, the Ce4�-bearing pyrochlore. EELS spectra from a partially a-recoil damaged

uraninite show that the ratio of U6�/U4� is about 2/3. The alteration of uraninite and spent fuel (UO2) in relatively

reducing geological ¯uid results in the formation of co�nite that is a stable secondary waste form at low tempera-

ture. Ó 1999 Elsevier Science B.V. All rights reserved.

PACS: 61.14.-x; 61.16.-Bg; 64.70.Kb; 71.23.-k

1. Introduction

Crystalline phases of pyrochlore, zirconolite (a de-

rivative structure of pyrochlore), perovskite, and hol-

landite that can incorporate a variety of radionuclides

(e.g., U4�, U6�, Pu3�, Pu4�, Pu6�, Ba2�, Sr2�, Cs�, Rb�)

and neutron absorbers (e.g., Th4� and Gd3�) are con-

sidered as stable high-level waste (HLW) forms [1,2]. The

radionuclides are initially incorporated in these phases.

However, alteration and corrosion processes of the

crystalline phases in geological repositories will result in

re-distribution of the radionuclides among alteration

products and local ¯uids. The crystalline HLW forms will

experience corrosion in geological repositories at elevat-

ed temperature. In general, corrosion includes radiation

damage, dissolution, and alteration (i.e., solid state

chemical and structural modi®cation with ¯uid as a cat-

alyst). Alteration will change the structure and compo-

sition of the host phases, a�ect oxidation states of

radionuclides, and redistribute radionuclides in altera-

tion products and local ¯uids. Over the long-term, the

alteration products containing radionuclides and their

®ssion products become the secondary waste forms, or

near-®eld source. The understanding of detailed proper-

ties of the alteration products (i.e., secondary waste form)

can permit reliable long-term performance prediction of

crystalline HLW [1,2]. Understanding the valence states

of multi-valence cations (U4�, U6�, Pu3�, Pu4�, and

Pu6�) in host phases and their alteration products is also
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important to evaluate the long-term corrosion reactions

of ceramic waste forms, such as Synroc [3].

Laboratory corrosion tests have been conducted for

HLW forms. Transmission electron microscopy (TEM)

and electron energy-loss spectroscopy (EELS) tech-

niques are also used for characterization of HLW forms

and corrosion products [4]. The secondary phases

formed during leaching experiments of Synroc are pre-

cipitates of TiO2 polymorphs (anatase and brookite)

[5,6]. However, all those tests can only determine the

short-term (hours to years) behavior of waste forms.

In addition, those tests have been conducted under

far-from-equilibrium conditions, in order to obtain

measurable dissolution rates for extremely sluggish

corrosion processes; as a consequence, the formation of

secondary minerals is inevitably eliminated in the tests.

Apparently, laboratory experiments are unable to sim-

ulate actual waste alteration processes in geologic re-

positories over a time scale of 10 000±100 000 years. The

alternative is to use natural analogues, that is, to obtain

relevant long-term information from naturally occurring

mineral phases that have already experienced alterations

on a geologic time scale in natural environments. Un-

derstanding the behavior of U and Ce during the alter-

ation directly impacts the long-term performance

evaluation of the crystalline HLW forms. Natural Ce-

and U-bearing minerals and their alteration products

can be used as `natural analogues' to study long-term

alteration and corrosion behavior of the crystalline

HLW form. The chemical species of Ce3�, Ce4�, U4�,

and U6� in those minerals can be used as chemical an-

alogues for Pu3�, Pu4�, and Pu6� [3].

High-resolution TEM (HRTEM) and associated

EELS are powerful tools for studying microstructures

(or textures), oxidation states, and chemical bonding of

materials at the nanometer scale. Field-emission gun

(FEG) with highly coherent and strong electron beam

source can provide high-energy resolution (within 1 eV)

electron energy-loss spectra from nanometer-scale areas.

High-energy resolution EELS spectra will provide more

information about the ions and their neighboring envi-

ronment.

2. EELS and associated HRTEM

In a transmission electron microscope, high-energy

electrons that have been elastically scattered by the

specimen may be used for imaging and di�raction from

speci®c areas of the specimen. This provides important

structural information about the specimen. The high

spatial resolution o�ered by HRTEM has been used for

studying structures and microstructures (or textures) at

the atomic scale.

The incident high-energy electrons also undergo in-

elastic interaction with the specimen that can provide

further information about chemistry and electronic

structures of the specimen [7]. This has given rise to

analytical electron microscopy (AEM) based on X-ray

energy-dispersive spectroscopy (EDS) and electron en-

ergy-loss spectroscopy (EELS) in the TEM. EELS can

provide valuable information about the specimen under

study, such as quantitative chemical analysis, oxidation

states, coordination, crystallinity, and chemical bonding

types, based on the electron energy-loss near-edge

structure (ELNES) of a core-loss edge [7±10]. EELS and

ELNES are electron analogues for XAS and XANES.

The integrated study of HRTEM and EELS can provide

information regarding microstructure, micro-chemistry

of mineral reactions at the nanometer scale. Parallel

EELS (PEELS) developed commercially by Gatan

makes it possible to acquire a spectrum within 2±5 s, far

more rapidly than that with serial EELS spectrometers

[11]. Electron beam-induced radiation damage is thereby

minimized.

An EELS spectrum displays the electron intensity as

a function of energy-loss and can be divided in to several

regions. The intense zero-loss peak (ZLP) results from

transmitted electrons that undergo elastic and quasi±

elastic interactions. The electron energy spread, micro-

scope high voltage stability, and the energy resolution of

the spectrometer determine the width of ZLP. These

factors also determine the energy resolution of EELS

spectra. Highly coherent electron source of ®eld-emis-

sion gun (FEG) displays sharper ZLP than thermoionic

sources do. The region following the ZLP and extending

to energy-loss of about 50 eV is called low-loss region

[8,11]. This region is dominated by plasmons that results

from collective excitations of valence electrons. The re-

gion may provide information about dielectric function,

valence electron densities, and specimen thickness. High

energy-loss (i.e., core-loss) edges superimposed on a

decreasing background from lower energy-loss processes

result from the transition of core electrons to unoccu-

pied states in the conduction band. The core-loss edges

usually take the shape of a step. The sudden rise in in-

tensity represents ionization threshold (Fig. 1). Nota-

tions for the core-loss edges are same as that for

spectroscopy notations. For instance, in Fig. 1, Fe L2;3

edges result from the transition from the 2p core levels.

ELNES includes the region from edge onset to about

30±50 eV above the edge onset. EELS can provide

chemical information for all elements except H.

3. Samples and experiments

The pyrochlore sample (Ca, Ce3�)(Ti, Nb)O7ÿx(HO)x

is from a rare earth (RE) element ore deposit of Inner

Mongolia of China. Hydrothermal alteration involves

the formation of Fe3�-rich amphibole, Fe3�-rich

pyroxene, and Ba±Ce-carbonates [12]. The uraninite
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sample is from Port Radium Mine of Northwest Terri-

tories, Canada. Quartz veins and ®ne (about 0.1 mm

width) co�nite (U[SiO4] á nH2O) veins that are altera-

tion products of the uraninite cut through the uraninite.

All HRTEM and EDS results were carried out with a

JEOL 2010 HRTEM. Point-to-point resolution of the

HRTEM is 0.19 nm. All EELS results were carried out

with a Philips 420ST FEG TEM and Gatan PEELS

system. Energy resolution of the PEELS system mea-

sured from ZLP is about 0.9 eV.

4. Results and discussion

4.1. Ce3�- and Ce4�-bearing phases

ELNES spectra of Ce-M5 and Ce-M4 edges from

several Ce-oxides show that post-edge peaks are asso-

ciated with Ce4� (Fig. 2). The peak positions of M5 and

M4 edges of Ce4� shift to higher energy-loss by 1.3 and

1.4 eV, respectively, with respect to those of Ce3�

(Fig. 2). The intensity ratio between M5 and M4 edges

increases as the ratio of Ce3�/(Ce4� + Ce3�) increases in

the Ce-bearing oxides with ¯uorite or modi®ed-¯uorite

structures (Fig. 2). The intensity ratios between M5 and

M4 edges are 1.12 and 0.75 for Ce4� and Ce3�, respec-

tively. However, the intensity of post-edge peaks de-

creases as the ratio of Ce3�/(Ce4� + Ce3�) increases.

ELNES of oxygen K-edge also changes as the ratio of

Ce3�/(Ce4� + Ce3�) changes in the oxides (Fig. 3). The

pre-edge peak of oxygen characterizes oxygen bonding

with Ce4�. Spectra from both the O±K edge, and Ce-M5

and Ce-M4 edges provide information about the oxi-

dation states of Ce. The intensity ratio between pre-edge

peak and K-edge peak of oxygen, and the intensity ratio

Fig. 2. EELS spectra of CeO2±Ce2O3 system showing ELNES

of Ce M5 and M4 edges. Post-edge peaks of M5 and M4 edges

characterize Ce4�. A spectrum from monazite (Ce3�) is also il-

lustrated for comparison.

Fig. 1. EELS spectra showing zero-loss peak (ZLP) and low-

loss region (upper) and a core-loss edge (lower) from a mineral

ilmenite (FeTiO3).

Fig. 3. EELS spectra CeO2±Ce2O3 system showing ELNES of

oxygen K-edge. Pre-edge peaks of O±K characterize oxygen

bonding with Ce4�.
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between the post-edge peak of Ce M5 and M4-edge

peaks can be also used for quanti®cation of Ce3�/

(Ce4� + Ce3�) ratio and redox ability of the Ce-bearing

oxides. EELS has been successfully applied to the

characterization of oxidation states of Ce, U, and Pu in

Synroc and glass HLW forms [4].

Fig. 4. SAED patterns (top) from primary (Ca-rich) area (partially metamict state) and an altered (Ca-poor, metamict state) area in an

pyrochlore; HRTEM image (middle) showing the boundary between the metamict and partially metamict pyrochlore; EDS spectra

(bottom) from areas across the boundary. Di�use rings in the SAED patterns characterize aperiodic arrangement of polyhedra with

average size of 3 �A in the a-recoil damaged pyrochlore. The EDS spectra show that the primary area (left) is relatively rich in Ca with

respect to the altered area. However, the EDS spectra are unable to resolve Ti, Ba, and REE at 120 eV energy resolution. Cu peaks

result from Cu-grids holding the specimen.
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HRTEM and AEM results from a partially metamict

pyrochlore (REE, Ca) (Nb, Ti)O4 and its alteration

product (Ba, Ca, Ce4�)2(Ti, Nb)2O7ÿx(OH)x show that

the alteration product is metamict and relatively poor in

Ca (Fig. 4). EELS spectra show that the altered area

contains Ba, Ce4� and other REE elements (Fig. 5). The

EELS spectra clearly resolve Ba and all REE in the

pyrochlore. The peak positions of M5 and M4 edges of

Ce in the alteration product shift to higher energy-loss

by 1.25 eV with respect to the Ce in the primary phase

(Figs. 5 and 6). The intensity ratios between M5 and M4

edges based on second di�erence EELS spectra (Fig. 6)

are 1.06 and 0.77, respectively, for the alteration product

and the primary phase. If we approximately assume a

linear relationship between the intensity ratio between

M5 and M4 edges and the ratio of Ce3�/(Ce4� + Ce3�), it

can be calculated that the Ce3�/(Ce4� + Ce3�) ratios for

primary phase and alteration product are 0.95 and 0.16,

respectively.

The alteration associated with the formation of Fe3�-

rich amphibole indicates that Ca- and Ba-bearing oxi-

dizing ¯uid is responsible for the alteration. The alter-

ation in oxidizing environment results in loss of RE

elements, U and Pb. The peaks of low contents of Gd

and Eu do not show clearly, because of the loss of Gd,

Eu and other REE during the alteration. The reaction of

the pyrochlore alteration may be expressed as:

�Ca;Ce3�;REE3��2�Ti;Nb�2O7ÿx�OH�x �O2 � Ba2�

�H� ! �Ba;Ca;Ce4�;REE3��2�Ti;Nb�2O7ÿy�OH�y
�REE3� � Ce4� � Ca2� �H2O:

(REE� rare earth element.) The oxidation of Ce3�

(analogue for Pu3�) results is the loss of Ce, U, and Pb.

If Pu is loaded in the pyrochlore in the form of Pu4�, the

host phase of Pu4�-bearing pyrochlore will be stable

even in relatively oxidizing environments.

4.2. U4�- and U6�-bearing phases

Uraninite can be used as a natural analogue for

spent fuel (UO2). Alteration reaction of uraninite may

provide information regarding long-term corrosion re-

actions of spent fuel in a geological repository. Urani-

nite may react with silica and for co�nite in relatively

reducing environment. Thermodynamic calculation for

the co�nitization of uraninite (UO2�x) shows that the

reaction that occurs only at low temperature

(T < 130°C) depends on uraninite composition (pres-

ence of U6�), oxygen fugacity, and molality of aqueous

silica (Fig. 7). TEM results show the uraninite (UO2�x)

and its alteration product co�nite (U[SiO4] á nH2O, or

U[SiO4]).

Fig. 5. EELS spectra from primary (Ca-rich) pyrochlore (A)

and its alteration product, metamict pyrochlore (B). Spectrum

(A) shows Ce3� and other RE elements. However, spectrum (B)

shows Ba, Ce4�, and other RE elements. The intensity ratio

between M5 and M4 edges can be used for quantifying Ce4�/

Ce3� ratio. Low content of Gd and Eu in the alteration product

shows the loss of RE elements during the oxidization of Ce in

oxidizing ¯uid.

Fig. 6. Second di�erence EELS spectra from primary (Ca-rich)

pyrochlore (A) and its alteration product, metamict pyrochlore

(B) showing intensities of M5 and M4 edges of Ce. The intensity

ratio between M5 and M4 edges can be used for quantifying

Ce4� and Ce3�.

H. Xu, Y. Wang / Journal of Nuclear Materials 265 (1999) 117±123 121



HRTEM results show a-recoil damage, lattice dis-

tortion, and low-angle boundaries among neighboring

uraninite domains (Fig. 8). EDS spectrum shows U and

its daughter product of a-decay, Pb. EELS spectrum

from the uraninite indicate the ratio of U6�/U4� is about

2/3. However, the co�nite that is dominated by U4�

contains less Pb than the neighboring uraninite does

(Fig. 8). The chemical formula of the uraninite can be

expressed as (U4�
0:54, U6�

0:36, Pb2�
0:1)O2:26. In general, the re-

action for co�nitization of natural uraninite with both

U4� and U6� can be simpli®ed as

UO2�x � SiO2;aq ! USiO4 � 0:5x O2:

It is proposed that Pb, the ®ssion product of U, was

leached out from the uraninite during the reaction from

uraninite into co�nite. Spect fuel (UO2) will transform

into uraninite, (U4�
1ÿx, U6�

x )O2�x, because UO2 is unstable

with respect to uraninite even in reducing geological

environment. Based on the observed results, the altera-

tion reaction of spent fuel (UO2) in relatively reducing

and silica-bearing ¯uid may be written as

Fig. 8. EDS spectrum (top left) showing U and its ®ssion product Pb in a uraninite crystal; HRTEM image (lower left) and its spatially

®ltered image (lower right) showing a-recoil damage, lattice distortion, and low-angle boundaries between the neighboring uraninite

domains (or islands); EELS spectrum (top right) showing M5 and M4 edges of U (used for characterization of U6�/U4� ratio in the

uraninite). Cu peaks result from Cu-grid holding the specimen.

Fig. 7. Equilibrium silica concentration in the co�nitization of

UO2�x as functions of oxygen fugacity and oxidation state of U

in uraninite.

122 H. Xu, Y. Wang / Journal of Nuclear Materials 265 (1999) 117±123



U4�O2 � yO2 � ySiO2;aq ! �U4�
1ÿ3y ;U

6�
2y �O2 � yU4�SiO4:

The phase USiO4 (co�nite) is a secondary waste form

that can also immobilize U released from uraninite

during alteration. The reaction may also occur in spent

fuel in geological repository. The a-recoil damaged area

with low-grain boundaries in the uraninite may accel-

erate the di�usion of U in the crystal. If the alteration

occurs in oxidizing environment, e.g., weathering in

silica bearing ¯uid, U may form U-hydro-silicates,

such as: soddyite [(U6�O2)2SiO4 á 2H2O] and haiweeite

[Ca(U6�O2)2Si6O15 á 5H2O].

5. Conclusion

EELS and associate TEM techniques can provide

oxidation states of Ce and U at the nanometer scale. The

integrated EELS and TEM results can provide us in-

formation about alteration mechanisms of HLW ce-

ramic forms (e.g., pyrochlore) and spent fuel. The

alteration of pyrochlore in relatively oxidizing geological

¯uid results in oxidation of Ce and loss of U, Pb, Ce,

and other RE elements. The alteration of spent fuel in

geological repository may result in the oxidation of UO2

and formation of USiO4 (co�nite) even in relatively

reducing ¯uid. The co�nite phase (secondary waste

form) can also immobilize U. The integrated EELS and

TEM study of natural analogues provides long-term

reaction processes of nuclear waste in geological repos-

itory at the nanometer scale.
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