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Abstract: A number of polyphase or single-phase ceramic waste forms have been considered
as options for the disposal of nuclear waste in geological repositories. Of critical concern in the
scientific evaluation of these materials is their performance in natural systems over long
periods of time (e.g., 10° to 10° years). This paper gives an overview of the aqueous durability
of the major titanate host phases for actinides (e.g., Th, U, Np, Pu, Cm) and important fission
products (e.g., Sr and Cs) in alternative crystalline ceramic waste forms. These host phases are
compared with reference to some basic acceptance criteria, including the long-term behaviour
determined from studies of natural samples. The available data indicate that zirconolite and
pyrochlore are excellent candidate host phases for actinides. These structures exhibit excellent
aqueous durability, crystal chemical flexibility, high waste loadings, and well-known proces-
sing conditions. Although both pyrochlore and zirconolite become amorphous due to alpha-
decay processes, the total volume swelling is only 5-6% and there is no significant effect
of radiation damage on aqueous durability. Hollandite also appears to be an excellent candi-
date host phase for radioactive Cs isotopes. Brannerite and perovskite, on the other hand, are
more prone to alteration in aqueous fluids and have a lower degree of chemical flexibility.
With the exception of hollandite, many of the properties of these potential host phases have
been confirmed through studies of natural samples.

The immobilization and long-term disposal of
nuclear wastes is a world-wide issue and one of
the greatest challenges facing modern society
today. In the USA, for example, large amounts
of high-level wastes (HLW) have been generated
from the operation of commercial nuclear power
stations and the nuclear weapons programme.
The main sources of HLW are spent fuel
from commercial nuclear power stations, liquid
wastes from the reprocessing program of the
1960s, wastes generated from the production of
nuclear weapons, and weapons-grade plutonium
resulting from nuclear disarmament treaties
between the USA and Russia. In 1994, approxi-
mately 400000 cubic meters of HLW was

stored in more than 200 underground tanks at
the major United States Department of Energy
(USDOE) sites (Ewing et al. 1995; Weber ef al.
1998).

The current policy of the USA allows for the
direct disposal of the spent fuel from commercial
power generation, whereas most of the HLW
from the defence programme is intended for
immobilization using borosilicate glass. Borosi-
licate glass is also the currently accepted material
for many countries that continue to reprocess
their commercial spent fuel (e.g., England,
France, Japan, and Russia). Nevertheless, a sig-
nificant fraction of the existing ‘legacy’ wastes
are characteristically very complex in physical
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form and chemical composition. These complex
waste materials, together with scrap plutonium,
and the fission products and actinides generated
from the various partitioning strategies, may be
better suited for existing or new types of high-
performance crystalline waste forms or glass—
ceramics (Donald et al. 1997; Trocellier 2000,
2001; Fillet et al. 2002, 2004).

In the existing strategy for HLW disposal using
spent fuel and borosilicate glass, these HLW
materials are part of a multibarrier concept
relying heavily on the container, backfilling
materials, and the repository itself for prevention
of radionuclide migration into the environment.
There are a number of alternative crystalline
waste forms that may be capable of providing a
much higher level of chemical durability as the
best defence against radionuclide migration
away from the repository. Some of these waste
forms are illustrated in Table 1. Materials such
as tailored ceramics (Harker 1988), the Synroc
titanate waste forms (Fielding & White 1987;
Ringwood et al. 1988), and their special
purpose derivatives (e.g., pyrochlore, zirconolite,
and hollandite) are reasonably well developed
and have been the subject of extensive dissolu-
tion testing and radiation damage studies. Pyro-
chlore is the major component of Synroc-F, a
polyphase ceramic designed for partially repro-
cessed nuclear fuel (Ball et al. 1989) and later
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appeared as the principle host phase for excess
weapons Pu and U in a crystalline titanate
ceramic form. Zirconolite has also been proposed
as an ideal host phase for actinides due to a
combination of crystal chemical flexibility and
very high durability in aqueous fluids (Vance
1994). In view of the current ‘partitioning’ stra-
tegies for actinides and fission products, it has
become apparent that hollandite may provide
an excellent host material for separated radio-
active Cs for similar reasons of crystal chemistry
and durability (e.g., Kesson 1983; Cheary 1988).

As noted by Stewart et al. (2003), any existing
or new high-performance waste form must meet
several requirements in order to reach final con-
sideration for use in a repository. These require-
ments are (1) a high level of durability in aqueous
fluids, (2) crystal chemical flexibility allowing
the material to incorporate impurity elements
on crystallographic sites of the chosen host
phases, (3) acceptable waste loadings, and (4) a
reliable and cost-effective means of processing.
In view of recent trends, one might be tempted
to add radiation resistance as a fifth criterion.
However, we prefer a more general statement:
(5) the material must possess acceptable physical
and mechanical properties including thermal
behaviour, hardness, radiation damage induced
swelling, cracking, and so on (Donald et al.
1997; Trocellier 2000; Stefanovsky e al., 2004,

Table 1. A selection of crystalline ceramic waste forms, applications, and mineralogy

Waste Application Mineralogy
form
Tailored High Al SRP waste, 86 wt% loading Magnetoplumbite, spinel, uraninite + corundum,
ceramics perovskite, pseudobrookite
High Al RHO Purex SRP waste, Magnetoplumbite, zirconolite, spinel,
60 wt% loading pseudobrookite, perovskite, rutile, loveringite
SRP Composite HLW, 60 wt% Magnetoplumbite, spinel, nepheline, uraninite,
loading corundum
SRP Composite HLW, 60 wt% Nepheline, spinel, zirconolite, perovskite,
loading murataite, magnetoplumbite
Barnwell HLW, up to 57 wt% loading Pyrochlore, perovskite, monazite, fluorite,
intermetallic phases
Synroc-C Purex type HLW from reprocessed Ba-Cs-hollandite, perovskite, rutile,
spent fuel, 10—-20 wt% zirconolite, Al oxides, intermetallic phases
Synroc-C Japanese type HLW from reprocessed Ba-Cs-hollandite, perovskite, rutile,
spent fuel, 10-20 wt% zirconolite, freudenbergite, loveringite, Al
oxides, intermetallic phases
Synroc-D US defence waste, 60—70 wt% Zirconolite, perovskite, spinel, nepheline
Synroc-E HLW from reprocessed spent fuel, Rutile, Cs—hollandite, perovskite, zirconolite
5-7 wt%
Synroc-F Conversion of spent fuel, 50 wt% Pyrochlore, perovskite, uraninite + hollandite
Pyrochlore Pu, U, other ACTs, up to 35 wt% Pyrochlore + brannerite, baddeleyite, rutile
Zirconolite Pu, U, other ACTs, up to 25 wt% Zirconolite + baddeleyite, rutile
Hollandite Separated radioactive Cs, 5-10 wt% Ba—-Cs-hollandite + rutile

easily achieved
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for details). Ultimately, it is the overall balance
sheet that is important and there may be cases
where a material that becomes amorphous due
to radiation damage may excel in other areas
and vice versa. Although studies of natural
systems provide the only means of confirming
the long-term behaviour of a given waste form
phase, this concept is seldom considered at a
level on par with the criteria listed above (see
Crovisier et al., 2004). In fact, such studies
have closely paralleled the experimental research
and development programmes over the past 30
years and extensive data sets now exist for
many of the candidate waste form phases
(Lumpkin 2001). The purpose of this paper is
to review the available data for the major crystal-
line titanate ceramics and their mineral
analogues.

Geochemical alteration

Pyrochlore

The structure of pyrochlore is considered to be
an anion-deficient derivative of the fluorite
structure type with a doubled a cell parameter
and change in space group from Fm3m to Fd3m
(Subramanian et al. 1983; Chakoumakos 1984;
Smith & Lumpkin 1993). Minerals of the
pyrochlore group conform to the general formula
Ay, BaX6—,,Y1—,-pH,0, where A represents cat-
ions in eightfold coordination, B represents cations
in sixfold coordination, and X and Y are anion
sites. The basic structural element of pyrochlore
is the framework of corner-sharing octahedra.
Within this framework, continuous tunnels are
arranged parallel to the <110> directions. Both
the A-site cations and Y-site anions are located
in these tunnels. In synthetic systems, some
A-site cation exchange capacity has been demon-
strated in defect pyrochlores, in which the values
of m in the general formula can be quite large.
Natural pyrochlore typically crystallizes under
magmatic conditions in granitic pegmatites,
nepheline syenite pegmatites, and carbonatites
(in both calcite- and dolomite-rich varieties).
The composition of common pyrochlore usually
approaches the stoichiometric form (Na, Ca,
REE, U),(Nb, Ta, Ti),O¢F, OH, O), but the
structure type is extremely flexible in terms of
the sheer number of elements that can be incor-
porated, and is particularly amenable to the
incorporation of actinides. Natural samples are
known to contain up to 30 wt% UO,, 9 wt%
ThO,, and 16 wt% REE,O;, an important con-
sideration for the issue of nuclear criticality.
However, as shown by the general formula, the
crystal chemistry of pyrochlore is complicated

by the potential for vacancies at the A-, X-, and
Y-sites (m=10.0-1.7, w=0.0-0.7, and n=
0.0—1.0) and the incorporation of water mole-
cules (p = 0-2) in the vacant tunnel sites. The
total water content of the natural defect pyro-
chlores may be as high as 10— 15 wt% H,0 (with
speciation as both water molecules and OH
groups).

Numerous investigations have demonstrated
that the pyrochlore structure type is susceptible
to alteration via reaction with aqueous fluids
over a range of P-T-X conditions. These
studies have been recently reviewed in detail
by Lumpkin (2001) and will only be summarized
briefly here. A number of authors have studied
the behaviour of Nb- and Ta-rich pyrochlore
group minerals in natural systems (Lumpkin
et al. 1986; Wise & Cemny 1990; Ohnenstetter
& Piantone 1992; Lumpkin & Ewing 1992,
1995, 1996; Lumpkin & Mariano 1996; Wall
et al. 1996; Williams et al. 1997; Chakhmoura-
dian & Mitchell 1998; Lumpkin 1998; Nasraoui
er al. 1999). These authors found that many
samples of pyrochlore exhibit geochemical
alteration effects under a range of P-T-X con-
ditions from weathering environments to late-
stage magmatic and hydrothermal conditions
associated with igneous intrusions. The alteration
patterns of pyrochlore group minerals generally
follow the coupled substitution schemes listed
below (where O represents a vacancy):

AOYO — “Ca¥o
ANaYF — ACa¥o
ANaYOH — ACa¥0
ANaYF — ADYO
ACa¥0 — A0OYO
ACaX0 — ACXO

From top to bottom, these exchange mechanisms
generally reflect the changes that occur from
high- to low-temperature environments, although
the details vary with rock type and specific
P-T-X conditions. At higher temperatures
(~300-650 °C, <400 MPa) in highly evolved
late-stage magmatic fluids, Ca enrichment is com-
monly observed (via the filling of vacancies and
replacement of Na—F by Ca—O pairs). The main
effect of alteration at moderate temperatures
under hydrothermal conditions (~200-350 °C,
<200 MPa) is the loss of Na and F, typically com-
bined with some cation exchange for Sr, Ba, REE,
and Fe to produce a hydrated pyrochlore near
AB,0¢-H,0 in stoichiometry. Additional removal
of Na, F, Ca, and O may occur in low-temperature
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hydrothermal or weathering environments. These
defect pyrochlores tend to exhibit maximum
numbers of A-site, Y-site, and X-site vacancies,
maximum hydration levels, and may take up
large cations such as K, Sr, Cs, Ba, Ce, and Pb
in certain environments. An example of this type
of alteration is shown in Figures 1 and 2. Note
that the alteration effects illustrated here are
largely confined to the Na—Ca-F pyrochlores,
(Na,Ca,

REE,U),(Nb,Ta,Ti),06(F,0H,0), in which the
REE and U contents usually remain unchanged
(e.g., Lumpkin & Ewing 1992, 1996). Under
extreme lateritic weathering, fragmentation and
subsequent dissolution of pyrochlore can occur,

with precipitation of Nb and other B-site cations
in submicron amorphous material consisting pre-
dominantly of Fe, Al, and P, with variable Si,
Ca, and Ti. The available results suggest that Th
is retained within micron-size secondary phases,
whereas U is relatively mobile and may be
released from U-rich zones in altered pyrochlore
crystals (Wall et al. 1999).

A variety of alteration effects have been
observed in completely metamict Ti- and U-rich
pyrochlores. In the samples from Adamello, Italy,
the pyrochlore occurs as overgrowths on zoned
zirconolite grains and contains 29-34 wt% UO,.
Electron microscopy and microanalytical work
has revealed that these pyrochlore samples have

Fig. 1. SEM backscattered electron image, Si X-ray map, Ca X-ray map, and Na X-ray map of alteration in pyrochlore
from Vishnevogorskii, Russia. Note the loss of Na and Ca and incorporation of Si along cracks and the dark area near the

middle of the backscattered image.
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A-site O
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Ca Na

Fig. 2. Triangular plot of Ca, Na, and A-site vacancies in
pyrochlore from Vishnevogorskii calculated from
structural formulae normalized to two B-site cations.
Compositions of primary pyrochlore plot near the Ca—Na
join (solid symbols). Compositions of the altered areas
move toward the Ca-vacancy join, then along this join
toward the top of the triangle.

only suffered a minor late-stage hydration event as
evidenced by lower backscattered electron image
contrast around the rims of the grains. Results of
this study demonstrate retention of U and Th for
time periods of 40 Ma, even though the cumulative
total alpha-decaY dose is on the order of 3 to
4 x 10 o« mg~" (Lumpkin ez al. 1999). In two
samples from Bancroft, Ontario, Canada,
Lumpkin & Ewing (1996) had previously con-
cluded that the major result of alteration was
hydration, with only minor changes in elemental
composition, apart from the precipitation of
galena due to mobility of radiogenic Pb. In contrast
to these examples, the Ti- and U-rich pyrochlores
from Madagascar exhibit a range of alteration
effects beginning with a relatively low temperature
style of alteration that initially proceeds by
removal of Na, Ca, and F as shown in the list
above. The alteration is usually accompanied by
hydration together with minor increases in Al, K,
Mn, Fe, Sr, and Ba. At this stage, U and Th
remain relatively unaffected by the alteration
process (stage 1). If the Ca content drops below
about 0.2-0.3 atoms per formula unit, these Ti-
rich pyrochlores exhibit various levels of recrystal-
lization to liandratite + uranpyrochlore + rutile (or
anatase) and partial dehydration (stage 2). This
may be accompanied by loss of up to 20-30% of
the original amount of U and local redistribution
of the radiogenic Pb.

The effect of radiation damage on the altera-
tion of 440 Ma old pyrochlore from Mozambique

has been studied by Gieré et al. (2000, 2001).
These pyrochlore crystals exhibit distinctive
chemical zoning, characterized by a U-free core
and a U-rich rim (up to 17 wt% UQ,). Following
uplift and cooling, groundwater penetrated these
fractured crystals and led to the deposition of
clay minerals along both fractures and cleavage
planes. This low-temperature process also led
to chemical alteration of the pyrochlore, but
only within the zone of the U-rich rim. During
this alteration, which is the result from expo-
sure to tropical conditions, Na, Ca, and F were
removed from the pyrochlore, leading to inc-
reased A-site vacancies (up to about 1.8 A-site
vacancies per formula unit). The alteration also
led to localized redistribution of radiogenic Pb
and to hydration, but U remained immobile.
The low-temperature alteration effects are only
observed in the U-rich rim, which is largely
amorphous and characterized by abundant micro-
fractures, suggesting that the susceptibility of
pyrochlore to low-temperature alteration is
enhanced by the microstructural damage caused
by the a-decay of U (also see Ohnenstetter &
Piantone 1992).

Zirconolite

The structure of zirconolite (Smith & Lumpkin
1993) is also considered to be an anion-deficient
derivative of the fluorite structure type. The
structure can be viewed as a volumetrically con-
densed, layered version of pyrochlore with
reduced symmetry and several polytypic forms
(monoclinic 2M or 4M, both with space group
C2/c; orthorhombic 30 with space group
Acam, hexagonal 3T with space group P3;21).
The chemical composition of zirconolite 2M cor-
responds to CaZrTi;O5, but in nature it typically
deviates from this end-member composition due
to extensive substitution of REE, Th, and U for
Ca and Nb, Fe, and Mg for Ti (Gieré¢ et al.
1998; Bellatreccia et al. 1999). Zirconolite may
incorporate up to 24 wt% UO,, 22 wt% ThO,,
and 32 wt% REE,O; in natural systems. In
natural samples Zr is subject to only limited sub-
stitution by other elements (e.g., minor amounts
of Y, REE, U, and Ti). Experimental work has
shown that extensive substitution of REE, Th,
and U generally results in a polytypic phase
transformation from monoclinic 2M to trigonal
3T or from monoclinic 2M to monoclinic 4M.
It is often difficult to determine the polytype of
natural zirconolite due to extensive radiation
damage; however, the polytypes 2M, 30, and
3T are known from a few samples with low
alpha-decay dose (Sinclair & Eggleton 1982;
Mazzi & Munno 1983; Bellatreccia et al. 2002).
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Isotopic age dating work by Oversby & Ring-
wood (1981) and electron microscopy studies by
Ewing et al. (1982) demonstrate that zirconolite
remained a closed system with respect to U,
Th, and Pb for up to 650 Ma with little, if any,
evidence for geochemical alteration. Lumpkin
et al. (1994), Gieré et al. (1994), and Hart ef al.
(1996) have described the alteration of metamict
zirconolite from the 2060 Ma carbonatite
complex of Phalaborwa, South Africa, in some-
what greater detail. Electron microprobe ana-
lyses, element mapping, and backscattered
electron images demonstrate that the alteration
is localized along cracks and resulted in the
incorporation of Si and loss of Ti, Ca, and Fe.
However, in these samples the REE, Th, and U
contents remained relatively constant across the
alteration zones. Radiogenic Pb appears to have
been mobile and precipitated mainly within the
altered areas as galena (PbS), similar to obser-
vations reported by Lumpkin & Ewing (1996)
for metamict U- and Ti-rich pyrochlores.

At higher temperature and pressure in mag-
matic, hydrothermal, or metamorphic systems,
zirconolite may be altered by dissolution—repre-
cipitation or replacement mechanisms. Gieré &
Williams (1992) have described zoned zircono-
lites from Adamello, Italy, which exhibit cor-
rosion and replacement by a new generation of
zirconolite together with loss of Th and U to a
hydrothermal fluid. Importantly, a thermody-
namic analysis of the mineral assemblages was
performed in this work and indicated that the zir-
conolite crystallization and corrosion occurred at
500-600 °C in a reducing hydrothermal fluid
rich in H,S, HCI, HF, and P and relatively poor
in CO,. Pan (1997) has also described the break-
down of zirconolite to a new mineral assemblage
consisting of zircon, sphene, and rutile in meta-
morphosed (~600 °C) ferromagnesian silicate
rocks at Manitouwadge, Canada. This reaction
can be expressed as follows (modified slightly
from Pan 1997):

CaZrTi, 07 + 2Si0; = ZrSi04 + CaTiSiOs
+ TiO,

Bulakh et al. (1998) and Williams et al. (2001)
have reported on the alteration of zirconolite
from carbonatites. In these examples, the zirco-
nolite has been replaced along cracks and
within micron-sized domains by an unidentified
Ba-Ti—-Zr—Nb-ACT silicate phase, suggesting
that zirconolite may not be stable in the presence
of hydrothermal fluids rich in Si. Figure 3 pre-
sents an example of this type of alteration, where
one may see additional evidence for enhanced
alteration along zones enriched in Th and U. In

contrast to pyrochlore, however, where complete
breakdown of this mineral can occur in extreme
tropical lateritic weathering environments (see
above), zirconolite appears relatively resistant
to dissolution, with only minor dissolution fea-
tures occurring at the margins (Williams ez al.
2001).

Brannerite

Brannerite, ideally UTi,Og, has a crystal struc-
ture based on a distorted array of hexagonal
close packed oxygens. The structure is monocli-
nic, space group C2/m, and consists of layers of
Ti octahedra connected by columns of U octahe-
dra (Szymanski & Scott 1982). Natural and syn-
thetic brannerites can incorporate substantial
amounts of Ca, REE, Th, and other elements.
In both cases, the incorporation of lower
valence elements on the A-site may be charge
balanced by oxidation of some U*" to US+
and/or U®* ions (Vance er al. 2000). Lumpkin
et al. (2000) have examined brannerite samples
from different localities by SEM-EDX, showing
that the unaltered areas of the samples contain
up to 7 wt% CaO, 8 wt% REE,Os, 7 wt% PbO,
and 15 wt% ThO,. Low but variable amounts
of Al,Os, SiO,, MnO, FeO, NiO, and Nb,Os
were also found in these samples.

Electron microscopy studies show that most
natural brannerites with ages greater than about
10 Ma are fully amorphous due to alpha-decay
damage and are commonly altered by natural aque-
ous fluids (Lumpkin 2001). Alteration usually
occurs around the rim of the brannerite or along
cracks (Fig. 4a), and may involve the formation
secondary such as anatase, galena, and thorite.
As reported for pyrochlore and zirconolite, the
galena may precipitate due to the combined
effects of radiogenic Pb migration and the pre-
sence of S species in the aqueous fluid. Altered
brannerite typically loses U and the concentration
may decrease to approximately 1 wt% UQ, in the
most heavily altered areas (Fig. 5). The loss of U
may be compensated in part by the incorporation
of up to 18 wt% SiO; and 16 wt% FeO, together
with significant amounts of P,Os, As,Os, and
AL O3 in certain examples. In some cases, the
associated rock or mineral matrix surrounding
the brannerite may be highly fractured, providing
pathways for the migration of U, evidenced by the
precipitation of secondary U minerals (Lumpkin
et al. 2000). An example of this process is illus-
trated in Fig. 4b.

Hollandite

The crystal structure of hollandite, A; ;—; 7BgOjs,
is similar to that of rutile and consists of edge-
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Fig. 3. SEM backscattered electron image of alteration in zirconolite from the Afrikanda alkaline complex, Kola
Peninsula, Russia. This crystal exhibits complex magmatic zoning, late-stage replacement by an unknown
Ba-Zr-Ti-silicate phase, and preferential alteration along cracks and Th—U-rich zones.

sharing chains of octahedra connected via corner
sharing to form a three-dimensional framework.
Hollandite, however, has two octahedral chains
connected by edge-sharing instead of the single
chain found in rutile, resuiting in a rather large
2x2 tunnel capable of accommodating large A-
site cations like K, Rb, Cs, and Ba (Kesson &
White 1986a, b; Cheary 1987). These cations
exhibit various ordering sequences over the avail-
able tunnel sites, commonly resulting in superlat-
tice peaks in X-ray or electron diffraction patterns.
In general, the superlattice is incommensurate
with the sublattice as defined by the octahedral
cation repeat distance, but may be commensurate
for A-site occupancy values of 1.200, 1.333, and
1.500 atoms per formula unit. The space group
is typically /4/m or C2/m depending upon the
A/B cation radius ratio. Numerous synthetic
samples have been produced with Ti, Mn, Mo,
noble metals, or Sn as the most common major
elements and with Mg, Al, V, Fe, Co, Ni, Zn,
and Sb, among others, as minor elements on the
B-site. The composition of hollandite in titanate-
based waste forms is generally given as (Ba,
Cs)[(TLAD3, Tig 2, ,JO16 in which charge
compensation for Ba and Cs is usually provided
by Al or Ti** (Myhra er al. 1988a; Carter et al.
2002; Bart et al. 2003).

In natural samples (cryptomelane group),
typical B-site cations are Ti, V, Cr, Fe, Mn2+,

and especially tetravalent Mn*". The closest
natural analogue for synthetic titanium hollandite
is the mineral priderite, which occurs in the
leucite lamproites of Western Australia and
elsewhere and has a composition of approxi-
mately (Ba,K)l_Z,]'G[Ti,Fe,Mg]8016 (Sinclair &
McLaughlin 1982; Post et al. 1982). Unfortu-
nately, priderite is a relatively rare mineral and
there have been no detailed studies of the altera-
tion of this phase in natural systems.

Perovskite

Perovskite is an ABXj structure type based around
a framework of corner-sharing, octahedral B-site
cations. The large A-site cations occupy the
center of a large cavity formed by eight B-site
octahedra and are coordinated to 12 oxygens in
the ideal cubic structure. Most perovskites are dis-
torted via octahedral tilting and generally have
lower symmetry. In nature, only near end-
member SrTiOs is cubic; most other compositions
are orthorhombic (Mitchell 1996). The major
A-site cations in natural perovskites are Na, Ca,
Sr, and REE, with minor amounts of K, Ba, and
U. The concentration of Th is usually low, but
may reach levels as high as 18 wt% ThO, in cer-
tain alkaline rocks (Mitchell & Chakhmouradian
1998a). The B-site of natural perovskite is occu-
pied predominantly by Ti, Fe, and Nb, together
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(b)

Fig. 4. SEM backscattered electron images of alteration in natural brannerite: (a) Part of a large brannerite specimen
showing minor alteration around the rim of the crystal and along fractures extending into the interior; (b) Brannerite crystals
showing extensive alteration along their rims, together with the presence of U-rich phases along cracks in the host rock.

with minor amounts of Mg, Al, Zr, and Ta, polymorphs of TiO,, in the process releasing
depending on bulk rock chemistry and mineralogy.  Ca and possibly other elements into the aqueous

In low-temperature environments, perov- fluid. This is well illustrated by the alteration of
skite commonly breaks down to one or more perovskite to anatase, cerianite, monazite, and
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Fig. 5. Scatter plot showing the number of Si atoms per formula unit and the U/Ti atomic ratio in a suite of natural
brannerite samples, ((J, unaltered areas; @, altered areas). In unaltered brannerite, the U/Ti ratio lies below the ideal
value of 0.5 due to extensive substitution of Th, Ca, and minor REEs for U on the A-site.

crandallite group minerals during severe weath-
ering of carbonatites in Brazil (Mariano 1989).
Using electron microscopy, Banfield & Veblen
(1992) have proposed that the perovskite—
anatase reaction mechanism involves ‘topotactic
inheritance’ of layers of the perovskite Ti—O
framework. In hydrothermal systems, Mitchell
& Chakhmouradian (1998b) have described the
alteration of perovskite to kassite, anatase, tita-
nite, calcite, and ilmenite in the presence of a
CO;,- and SiO,-rich fluid phase at temperatures
of 250-600 °C in alkaline rocks. In general,
the results reported above are consistent with
the thermodynamic properties of perovskite and
related minerals. Nesbitt er al. (1981) have
shown that perovskite is unstable with respect
to sphene, rutile, calcite, and quartz in many
hydrothermal fluids and ground waters at
25-300 °C.

Na-bearing perovskite, or loparite (ideally
Nag sREE, 5sTi03), is also subject to hydrother-
mal alteration in alkaline igneous rocks
(Lumpkin et al. 1998; Chakhmouradian et al.
1999). The primary result of this alteration is
removal of Na from the original perovskite,
producing a phase which is now amorphous
(‘metaloparite’) due to radiation damage and
has a composition of approximately REETi,O¢_,
(OH,F),-H,O. It is entirely possible that this
amorphous phase was originally lucasite, a

mineral that is isostructural with kassite, CaTi,Oy
(OH),-H,0. The simplified reaction relationships
for perovskite, kassite, and lucasite are:

2H' + H,0 + 2CaTiOs
= CaTi,04(OH), - H,0 + Ca’*

HJr + Hzo -+ 2N30.5REE0V5T103
= REETi,0s(OH) - H,0 + Na*

In both cases, the replacement product is usually
reported as having a distinctly fibrous or prismatic
morphology. The higher level of radiation damage
in metaloparite (lucasite?) could be due to a differ-
ence in the critical amorphization dose of loparite
and the alteration product, provided that the altera-
tion event occurred soon after crystallization of the
loparite. For example, Smith et al (1998) and
Lumpkin et al. (1998) have shown that the critical
amorphization dose of perovskite structure types
may be as much as a factor of five greater than
the critical dose of other Nb—Ta-Ti minerals
(e.g., pyrochlore and zirconolite).

Perovskites also exhibit reaction relationships
with phosphate minerals and exotic alkali—
titanium-silicate minerals under late-stage
magmatic conditions. In a systematic study of
loparite mineral chemistry in the Lovozero alka-
line complex, Russia, Kogarko et al. (2002) have
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identified several reactions between loparite and
a late-stage alkaline melt, where loparite was
corroded and replaced by apatite, monazite, and
the rare minerals lamprophyllite, lomonosovite,
mosandrite, nenadkevichite, steenstrupine, and
vitusite. During this stage of the evolution of
the Lovozero peralkaline magma, concentrations
of volatile components (F, H,O) and alkalis
reached very high levels, and reacted with
loparite.

Experimental data

Polyphase ceramics

The basic dissolution tests carried out on poly-
phase Synroc formulations have been carried
out in the temperature range 25-200 °C and in
deionized water, following the standard MCC-1
and MCC-2 procedures, with periodic replace-
ment of the aqueous fluid. Some additional
tests have been performed using carbonate,
saline, or silicate solutions instead of deionized
water. Much of the early work on the polyphase
ceramics, including the effects of composition
and processing parameters on elemental release
rates, has been reviewed by Ringwood et al.
(1988) and will not be repeated in detail here.
The release rates of soluble elements like Al,
Ca, Sr, Mo, Cs, and Ba exhibit a non-hnear
decrease with time, typlcally from 10~' g/m?/d
after one day to 10 ° g/m’/d or lower after
about 90 days at temperatures of 70—100 °C.
Release rates of the rare earth elements are
about an order of magnitude lower than the
soluble elements and Ti and Zr are lower still,
often reaching detection limits within a few
days. Experiments performed at 90 °C reveal
that the dissolution of Synroc-C has a weak
dependence on pH, possibly with a shallow
minimum near pH=7. Over a temperature
range of 45-300 °C, experiments indicate an
increase in release rates by a factor of 25 and
activation energies in the range 15-30 kJ/mol.

In subsequent work, Smith er al. (1991)
showed that release rates of Cs, Mo, and Sr
decrease rapidly with time in delomzed water
at 150 °C, reaching values below 107> g/m?/d
after 336 days. The release rates are lower by a
factor of about 2—5 for experiments performed
at 70 °C in deionized water. Interestingly, experi-
ments were also run at 70 °C in bicarbonate and
silicate solutions, and the release rates for Cs and
Mo were lower still, a clear indication of the
possible effects of real aqueous fluids. Further
analysis of the data by Smith er al. (1992)
showed that Al and Mo possessed the highest
release rates in water at 150 °C, with about

0.1% of the original amount of these elements
lost after 532 days. By way of comparison,
about 0.06-0.07% Ca and Sr, 0.02-0.05% Ce
and Nd, and 0.01-0.03% of the Cs and Ba
were released after 532 days of testing. The
chemical data are consistent with the maximum
alteration depths observed by electron micro-
scopy: 0.5 pm for intermetallic alloys, 0.3 pm
for Al-rich phases, and 0.2 pm for perovskite.
Using data for total mass loss, Smith er al
(1992) determined that the average alteration
rate of Synroc is approximately 10 nm/ d. It
is possible to estimate the alteration depths of
some of the phases in Synroc-C from elemental
release rate data. This is illustrated in Fig. 6,
where the cumulative alteration depth is plotted
against time for two different temperatures.
These results indicate that there is a significant
increase in the alteration depth after increasing
the temperature from 70 °C to 150 °C in pure
water. The estimated alteration depths after 1
year at 150 °C are 350 nm for Al-rich oxides,
160 nm for perovskite, and 13 nm for hollandite
(Fig. 6b) and are in good agreement with surface
SEM and cross-sectional TEM observations
(Smith et al. 1992).

At temperatures below 100 °C the major altera-
tion product on the surface of Synroc consists of
an amorphous or poorly crystalline Ti—O-H
film derived mainly from the dissolution of per-
ovskite (Murakami 1985; Kastrissios et al. 1987,
Myhra er al. 1988b, 1988c; Solomah & Matzke
1989; Lumpkin et al. 1991, 1995; Smith et al.
1997a). Some dissolution of Mo-rich intermetallic
particles is also observed at this temperature.
Electron microscope observations made following
experiments at 150 °C clearly reveal the alteration
of perovskite to anatase + brookite, oxidative dis-
solution of intermetallic phases, dissolution of
minor Al-rich phases, and the presence of scat-
tered TiO, crystals on hollandite. Interestingly,
monazite has also been observed as a secondary
alteration product at 150 °C, incorporating REEs
from perovskite and P from dissolving intermetal-
lic grains. Other secondary phases at this tempera-
ture include at least two Al1-O—H phases and a
poorly crystalline Fe—O-H material (Lumpkin
et al. 1995). Using cross-sectional TEM methods
to examine the interface between perovskite and
secondary TiO, phases, Smith et al. (1997a)
have recently suggested that there may be a thin
zone in the upper surface of the perovskite,
approximately 40 nm thick, which is depleted in
Ca and Sr.

Additional work has been carried out on the
behaviour of actinides in Synroc-type ceramics
(Ringwood et al. 1988; Reeve et al. 1989,
Hart et al. 1992; Smith et al. 1996; 1997b).
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Fig. 6. Plots of the cumulative alteration depth versus
time for Synroc-C in deionized water at 70 °C (a) and
150 °C (b). These plots use Al, Ca, Mo, and Ba as
indicator elements for the alteration depth of Al-rich oxide
phases, perovskite, intermetallic phases, and hollandite,
respectively.

Importantly, the early studies summarized by
Ringwood er al. (1988) suggested that the
release rates of the actinides are approximately
two orders of magnitude lower than the more
soluble elements such as Ca, Sr, Mo, Cs, and
Ba. This has been generally confirmed by
Reeve et al. (1989), who report release rates of
less than ]O 4 g/m2/d for 2’Np and less than
107 g/m /d for Z%pu, *Y'Am, and 2**Cm in
short-term tests (less than 60 days). For experi-
ments performed in buffered solutions of
pH =2-10 at 70 °C using Synroc containing
Pu, Np, and Am, Hart et al. (1992) have used
the EQ3/6 code to demonstrate that the solubility
of Pu controls the behaviour in all experiments
except for pH = 2. The solubility limits of Am
and Np were not exceeded under any of the
experimental conditions. The Pu and Np release

rates decrease from a max1mum of 107 g/m?/d
down to approx1mately 107 ¢ g/m?/d after more
than 2000 days in pure water at 70 °C (Smith
et al. 1996, 1997b). For short-term tests, the
results of Smith er al. (1997b) suggest that the
Pu release rate increases by about one order of
magnitude in silicate and carbonate solutions.
Although surface characterization of the samples
tested for long periods of time revealed the pre-
sence of abundant secondary phases (anatase,
brookite, Fe-oxides, etc.), actinide elements were
not detected (<0.2 wt%) within these alteration
products.

The alteration of several titanate ceramics in
pure water at 90 °C has been investigated by
Leturcq et al. (2001). These experiments were
performed under conditions of high surface
area to volume ratio and lasted for over one
year without replacement of the solution. Start-
ing materials included melted Synroc-like
materials and hot pressed Synroc-C. This study
reported the normalized elemental mass losses,
defined by the equation:

NL(i) = (C; x 1000)/(W; x §/V)

where C; is the steady-state concentration in ppb
of element i in solution, W; is the weight percen-
tage of element ; in the starting material, S is the
surface area of the specimen, and V is the volume
of the liquid. Results demonstrate that steady-
state concentrations were obtained after several
days in solution. Normahzed mass losses were
typically between 10" ' and 10~ g/m? for rela-
tively soluble elements (Al, Ca, Mo, Sr, Cs,
Ba) and between 10~* and 10-7 g/m2 for the
less soluble elements (Ti, Zr, REEs). Thermo-
dynamic calculations suggested that the ‘cessa-
tion of alteration’ is not explained by the
solubility limits of the primary phases in the cer-
amics. The results appear to be consistent with
the development of a layer of secondary material
(Ti—Zr hydroxides) on the surface of the ceramic
that retards the alteration process after a short
period of time. The estimated thickness of this
layer is about 3-5 nm, but unfortunately this
thickness was stated as being less than the sensi-
tivity of the characterization methods available
to the authors (Leturcq ef al. 2001).

In an important study of accelerated radiation
damage effects in polyphase Synroc samples
doped with 2**Cm, Mitamura et al. (1992,
1994) studied the behaviour of Mo, Sr, Ca, Cs,
Ba, and Cm for up to 56 days in distilled water
at 90 °C. These ceramics were doped with
either Na-free simulated Purex waste (PW-4b)
or simulated waste containing 1.65 wt% Na,O
(e.g., JW-A type). We should note here that the
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two different waste streams lead to a real differ-
ence in the physical and chemical response to
radiation damage. Up to the maximum dose
achieved during this study (1.3 x 10" a/mg),
the PW-4b samples showed a consistent decrease
in density with increasing dose. A single specimen
loaded with JW-A type waste, however, showed a
significant change in the dose density behaviour
at a dose of 8.5 x 10™ a/mg related to the
onset of cracking (see fig. 5 in Mitamura e? al.
1994). For the longest testing period, the release
rates of Ca and Sr in the PW-4b samples were
within error of one another and increased by
less than a factor of 10 w1th 1ncreasmg dose,
from approx1mately 3% 10 *g/m*/d to 2 x
10~* g/m?/d. The fact that Ca and Sr are released
at approximately the same rate points to perovs-
kite as the major source of these elements in solu-
tion, even though the damage rate of zirconolite
appears to be much higher than that of perovskite
according to the X-ray diffraction results.

Pyrochlore ceramics

A variety of pyrochlore ceramics have been
studied using flow-through experiments in pH
buffered solutions and a range of temperatures
below 100 °C (Shoup et al. 1997; Icenhower
et al. 2000; Roberts et al. 2000; Zhang et al.
2001a, b). Shoup et al. (1997) examined the beha-
viour of a pyrochlore ceramic, Er,; 75 Ce,Ti,07,
in three different aqueous fluids: WIPP type brine,
0.1 M NaCl, and 0.1 m HCl at 50 °C. All elements
were below detection limits in the NaCl solution
and only Er was detected at a level of 10 ppm
in the WIPP brine. For acidic conditions, the
authors reported 1375 ppm Er, 150 ppm Ce, and
only 3 ppm Ti in solution. The Er/Ce ratio in sol-
ution is very close to that of the starting material;
however, the measured amount of Ti in solution is
well below the level of Er and Ce, possibly due to
precipitation of secondary phases on the surface.

Icenhower et al. (2000) investigated Gd,Ti,0,
and Lu,Ti,O; monoliths and (Ca,Gd,CeHf),
(Ti,Mo0),0; powders at 90 °C and pH = 2-12.
Release rates for Gd, Ce, and Ti at pH = 2 were
appr0x1mately 1-4 x 10 g/m?/d and 4-7 x
10~ g/m /d for the Gd2T1207 and LU2T1207
monoliths, respectively. The releases were essen-
tially the same within experimental error. Experi-
ments with the more complex sample in }gowdered
form yielded release rates of 6-9 x 10 > g/m*/d
for Gd and Ce using a flow rate of 2 mL/d. Using
a higher flow rate of 10 mL/d caused higher
release rates of 2—4 x 107> g/m*/d. Release
rates for all of the samples approached steady-
state conditions after about 90 days. The release
of Mo was used to monitor the dissolution of
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(Ca,Gd,Ce Hf)»(Ti,M0),0; in neutral to basic
solutions. Near steady-state Mo concentrations
(0—4 ppb rang 5) yleld apparent dissolution rates
of 2-6 x 10 °g/m*/d for both samples at
pH = 6-8 and flow rate = 2 mL/d. In total, the
results for (Ca,Gd,Ce,Hf),(Ti,Mo0),0; indicate a
weak pH dependence with a minimum at
pH = 7. Similar pyrochlore-rich ceramics were
studied by Hart er al. (2000), who showed that
the re]ease rate of Pu dropped from approximately
103 g/m*/d to 107> g/m?/d or less after nearly
one year in pure water at 90 °C (Fig. 7). The
release rates of U and Gd in these experiments
were higher than Pu by factors of about 10 and
100, respectively.

The kinetics of U release from a pyrochlore,
(Ca,Gd,Ce Hf,U),Ti,O;, containing 24 wt%
UO, has been investigated by Roberts et al.
(2000) and Zhang et al. (2001b). Although the
results of these two studies differ in detail, they
both report that the pH dependence follows a
shallow V-shaped pattern with a minimum near
neutral pH (Fig. 8). The activation energy (E,)
for the release of U ranges from about 3 to
20 kcal/mol below the minimum pH and from
3 to 12 kcal/mol above the minimum pH value.
The release rates for U, converted from the
limiting rate constants given by Zhang et al.
(2001b) range from 6 x 10~ Tg/m?/d to 7 x
107°¢g / m?/d for all experimental conditions

(e.g., T=25-75°C and pH = 2-12).
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Fig. 7. Plot of the Pu leach rate as a function of time for
pyrochlore- and zirconolite-rich LLNL-type waste forms
in experiments performed at 90 °C in pure water (after
Hart et al. 2000). Power law curve fits illustrate the normal
trends for these materials: initial rapid decrease in leach
rates followed by slower release rates, which decrease to
1077 g/m?/d or less after time periods of several months
to one year.
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Fig. 8. Plots showing the dependence of the elemental
release rate on pH for U in brannerite, pyrochlore, and
zirconolite at 75 °C (after Zhang et al. 2001b). Also shown
are data for Ca in perovskite and Ba in hollandite (after
McGlinn er al. 1995; Carter et al. 2002). Linear fits are
shown for perovskite and hollandite, but the other curves
are weighted fits used to illustrate the trends.

Weber and co-workers were among the first
investigators to conduct dissolution tests on
single-phase pyrochlore samples (Gd,;Ti,O)
doped with 244Cm (Weber et al. 1986). In this
work, the dissolution tests were limited to annea-
led, fully crystalline samples and fully amor-
phous samples and were exercised at 90 °C in
pure water for 14 days. The experiments revealed
weight losses of 0.02% and 0.05% for the crystal-
line and amorphous pyrochlore samples, respect-
ively. The results of this study also indicated that
the release rates of Cm and the radioactive
daughter product **°Pu increased by factors of
17 and 49, respectively, as a consequence of
amorphization. It is instructive to compare the
results of actinide doping experiments with the
analogous situation wherein samples are irra-
diated using heavy ions and then subjected to dis-
solution tests. The irradiation of bulk pyrochlore
using 2 MeV Au ions has been shown to produce
an amorphous layer to depths of approximately
300-400 nm (Begg et al. 2001). Subsequent
dissolution tests on crystalline and amorphous
samples performed at 90 °C in a solution of
nitric acid at pH =2 gave different results,
depending on the A-site cation in a series of
A;Ti,O7 pyrochlores with A =Y, Lu, and Gd.
The process of amorphization in these samples
caused the release rates of Y, Lu, and Gd to
increase by factors of 0, 3-5, and 10-15,
respectively. Stewart et al. (2003) recently
reported similar results for a Ce-doped LLNL-
type pyrochlore waste form irradiated with

heavy ions. Dissolution of this material at
90 °C in a solution with pH = 1.75 suggested
that the irradiation caused an increase in the
release rates of Ca, Gd, and Ti by a factor of
about 2-12 over those of the unirradiated
sample. The results of both studies indicate that
the elemental release rates of Ca and REEs are
generally 1-2 orders of magnitude higher than
Ti. As noted above, this may be due to precipi-
tation of Ti-rich secondary phases on the
surface of the sample.

Significant new results are now available
(Icenhower et al. 2003) for synthetic pyrochlore
samples with compositions corresponding to the
LLNL Baseline Formulation with Ce or Pu-U,
single-phase pyrochlore with Ce or Pu-U, and
single-phase Gd,Ti,0; for comparison. The
baseline and single Ehase Pu U pyrochlores
were fabricated with “**Pu or *’Pu in order to
compare samples with high and low alpha-decay
dose under identical conditions. The experiments
were designed for single-pass flow through con-
ditions allowing for a range of flow rate to
surface area ratios, while at the same time mini-
mizing experimental problems (e.g., effect of
F from teflon, effect of atmospheric CO, on
pH, and effect of radiolysis at low flow rates).
Results for solutions buffered at pH =2 and
temperatures of 85-90 °C reveal that a steady-
state, forward reaction rate can be determined
for high values of the flow rate to surface area
ratio. Under these conditions, Icenhower et al.
(2003) report release rates of 1.3 x 1073 g/mz/d
for the LLNL Basehne pyrochlore formulations
and 2 x 10™* g/m?/d for the single-phase pyro-
chlores. However, the most important result of
this work is that the dissolution rates of the crys-
talline and X-ray amorphous (***Pu-doped) sam-
ples are the same, within the experimental errors.

Zirconolite ceramics and natural samples

Prior to 1988, dissolution studies had only been
reported on natural samples and the resuits
were complicated by the presence of inclusions
(Ringwood et al. 1988). Nevertheless, the rel-
ease rate of Ca from fully amorphous zirconolite
from Sri Lanka, averaged over temperatures of
95 and 200 °C,. appeared to decreaqe from
about 107" g/m?/d to 3 x 107 g/m?/d after
about 2 weeks. McGlinn et al. (1995) studied
the pH dependence of single-phase zirconolite
in pure flowing water at 90 °C. Results showed
that after 43 days the release rates for Ca
decrease with increasing pH for all samples,
although there is a lot of scatter, especially
where the data are close to the detection
limit. Over the duration of the experiments,
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the Ca Jate of release dropped from about 1072
to 1077 g/m?/d. Preferential release of Ca over
Ti (by a factor of 10-450) occurred in all
samples over the entire pH range. However,
SEM work failed to show conclusive evidence
for alteration products on the surface of the zirco-
nolite. It is worth noting here that the Ca release
rate of the amorphous natural zirconolite,
extrapolated to 43 days, is approximately
2 x 107? g/m?/d, suggesting that the alpha-
decay induced amorphization has little influence
on the long-term dissolution rate.

We have included here, for comparison, the
results of a study of zirconolite-rich Synroc nom-
inally composed of 80 wt% Ce- or Pu-doped zir-
conolite plus 10 wt% hollandite and 10 wt%
rutile (Hart et al. 1998). Inclusion of this study
in this section is significant because the two
additional phases are both highly durable in
their own right and the experiments were con-
ducted at two different temperatures (90 and
200 °C) and in three different aqueous solutions
(pure water, silicate, and brine). The authors
found no major differences in the release rates
of Ca, Ce, Hf, Ti, Zr, Pu, and Gd apart from
those for Ce and Ti, which appeared to be some-
what higher in the brine. On average, for all
elements, the increase in temperature caused
the release rates to increase by a factor of
approximately seven. Release rates were gener-
ally below 10~ g/m‘/d for Ca, 10* g/m?/d
for Ce and Gd, and 10~ * g/m? /d for Ti, Zr, Hf,
and Pu (except for the brine at 200 “C which
gave a Ti release rate of 2 x 1072 g/m?/d).
Hart et al. (2000) also determined the release
rate of Pu in an LLNL-type zirconolite ceramic.
After nearly one year in pure water at 90 °C the
release rate of Pu decreased from 2 x 107°
g/m?/d to less than 107> g/m?/d (Fig. 7).

The dissolution kinetics of zirconolite have
now been determined as a function of pH using
pure water in single-pass flow through tests at
temperatures of 75 °C and lower (Roberts et al.
2000; Zhang et al. 2001b). These authors have
independently studied a Ce-, Gd-, and Hf-
doped zirconolite containing about 16 wt%
UO, and the results of the two studies are
similar. Release rates determined by Zhang
et al. (2001b) indicate that Ti and U are released
from zirconolite at about the same rate after
about 20 days following an initial period where
U is released at a somewhat faster rate than Ti.
The limiting rate constants, K, are equivalent to
U release rates of 6.4 x 107 to 1.3 x 107>
g/m?/d for zirconolite over the entire pH range
of 2-12 and temperature range of 25-75 °C.
The dissolution rate of zirconolite is character-
ized by a shallow V-shaped pattern with a
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minimum near pH = 8, similar to the results
obtained for pyrochlore (Fig. 8).

Malmstrom and coworkers (Malmstrom et al.
1999, 2000; Malmstrom 2000) have investi-
gated the performance of several zirconolite
compositions under hydrothermal conditions
(150-700 °C, 50-200 MPa) in fluids contai-
ning different concentrations of HCI, NaOH,
H;PQ,, silicate, or carbonate, in addition to pure
water. Starting materials consisted of Caggg
Zr1_07Ti1.94O7 and C%»gUo_zeri1A6A10_4O7 with
1-3 wt% excess CaZrTi,O,, and single-phase
Samples of Cao‘gNdolzeril_gAlo»207, Ca{)Ag5CC().1
Gdy 1 Zrg gsHf 1 Tij 0Alg 107, and Cap g5Uo1Gdo
Zrg gsHfy | Tij gAlg,07. The results of these exp-
eriments demonstrate that zirconolite is most
highly reactive in the NaOH-bearing fluids, but
temperatures in excess of 500 °C are required to
produce a continuous alteration layer consisting of
perovskite + calzirtite at 50 MPa or perovskite +
baddeleyite at 200 MPa. In the case of HCI,
similar temperatures are required to produce an
alteration layer consisting of rutile and anatase.
Somewhat surprisingly, SEM observations revea-
led that the silicate and carbonate fluids had no
visible effect on the zirconolite surface after
experimental runs at 550 °C and 50 MPa. Only
limited reaction was observed in pure water or
H3PO, fluids at the same temperature and press-
ure, with rutile and monazite appearing as pro-
ducts on the surface.

Brannerite ceramics

Vance et al. (2000) presented some preliminary
results on the release of U from brannerite in
flowing solutions buffered to three different pH
values at 70 °C. After 60 days of testing, the U
release rates were approximately 8 x 1073,
2 x 1073, and 10™* g/m?/d for solutions with
pH = 2.1, 9.8, and 7.9, respectively. In addition
to basic dissolution tests, many of these labora-
tory experiments were specifically designed to
shed light on the kinetics and mechanisms of
brannerite alteration. The aforementioned
results have been extended to additional pH
values and temperatures by Zhang et al
(2001b). For temperatures of 20—-50 °C and pH
values in the range of 2-12, these authors
report limiting rate constants for U equwalcnt
to elemenldl release rates of about 2 x 10?

2 x 10® g/m?/d. The lowest rate was obtamed
at 20 °C and pH = 5.6. However, the pH depen-
dence was examined in detail at 70 °C and the
results show a shallow V-shaped pattern similar
to that of pyrochlore and zirconolite, although
the release rates of U from these two phases are
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1-2 orders of magnitude less than that of bran-
nerite (Fig. 8).

In particular, Zhang et al. (2003) investigated
the dissolution of brannerite as a function of pH,
phthalate, and bicarbonate concentration in
aqueous fluids at low temperature. Their results
show that the initial uranium release rate is
weakly dependent on phthalate concentration
with the reaction order of 0.19 and then
approaches a constant value after about one
hour. There is no obvious rate dependence of tita-
nium on phthalate concentration and the uranium
release rate is 2-3 orders of magnitude greater
than titanium. Furthermore, experimental results
show that the phthalate ion increases titanium
solubility. In bicarbonate solutions, however, the
uranium release rate is strongly dependent on
bicarbonate concentration with the initial reaction
order of ~0.5, increasing to ~0.7 after 7 days.
Therefore, the concentration of bicarbonate
enhances the dissolution of brannerite under alka-
line conditions (cf. Szymanski and Scott, 1982).
In the same experiments, the release of titanium
is not dependent upon bicarbonate concentration,
either in release rate or equilibrium concentration
(~3 ppb), indicating that unlike phthalate, bicar-
bonate does not interact strongly with titanium,
either on the solid surface or in solution.

Further experiments by Zhang er al. (2003)
using ion beam thinned sections (for subsequent
TEM examination) show that for a pH 2 solution,
an apparent preferential release of uranium
occurs (Fig. 9). Results from TEM show that
the IBT specimen tested in pH 2 solution at
90 °C for four weeks has large areas of unaltered
brannerite as well as a relatively small amount of
secondary phase. The primary rutile grains
appear to have been partially etched. Energy dis-
persive X-ray (EDX) spectroscopy indicates that
the secondary phase is TiO, with differing
amounts of uranium and trace amounts of other
elements. Selected area electron diffraction con-
firms that the secondary phase is polycrystalline,
probably anatase and/or brookite. In the case of
pH 11 solution, the less linear and lower release
of uranium than titanium suggests that some dis-
solved uranium may absorb back onto the sec-
ondary phase or even the sample itself. Overall,
the release rates of U and Ti from the IBT speci-
men in pH 11 solution are nearly the same. The
IBT specimen exposed to pH 11 solution at
90 °C for four weeks shows large areas of a
fibrous secondary phase associated with the orig-
inal brannerite. Selected area electron diffraction
indicates that the secondary phase is amorphous.
Energy dispersive X-ray spectroscopy shows that
the Ti-rich secondary phase contains varying
amounts of uranium and trace amounts of other

elements. Also, XPS analyses indicate the exist-
ence of oxidized U™ and U®* species on speci-
mens both before and after the dissolution tests,
and U®" was the dominant component on the
specimen tested in the pH 11 solution.

Hollandite ceramics

Experimental studies of the polyphase ceramics
noted above demonstrate that hollandite is one
of the most durable titanate phases in aqueous
solutions. Pham et al. (1994) carried out experi-
mental work on synthetic Ba—hollandite doped
with Cs and containing Al on the B-site for
charge balance. These authors suggested that,
following the initial release of Cs and Ba from
reactive surface sites the first few monolayers
of the structure rapidly dissolved due to the
release of Al and consequent precipitation of
Al-OH species, driving solution pH to lower
values. However, the alteration process was
mediated via the formation of a continuous
Al- and Ti-rich surface layer. Further evidence
for selective removal of Ba and enrichment of
Al and Ti on the surface of hollandite tested at
250-300 °C was presented by Myhra et al.
(1988b). These conclusions were largely based
on the dlfferent release rates of Ba (10~ ! g/m* / dj,
Al (7 x 107% g/m?/d), and Ti (<8 x 107*g/
m?/d) after 14 days of dissolution testing, com-
bined with XPS analyses of the altered surfaces.

Recent work by Carter et al. (2002) on the
alteration of hollandite samples in pure water at
90 °C and 150 °C demonstrates that the release
rates of Ba and Cs are nearly identical. In these
same experiments, Al and Ti are below detection
limits at 90 °C and only Al is detected at 150 °C,
but only by a factor of 2-3 above the detection
limit. These authors also examined the pH dep-
endence of the release rates at 90 °C, finding
that the release of Ba decreases linearly (Fig. 8)
from about 2 x 107> g/m?/d at pH=25 to
4x10"*g/m?/d at pH=129. SEM work
revealed the presence of nodular secondary
phases on the surface of the hollandite at both
temperatures. This was confirmed by XTEM
work on cross-sections of the material, which
identified both Ti-rich and Al-rich nodules in a
ratio of about ten to one, respectively. Further-
more, XPS analysis of the hollandite surface
after testing at 150 °C for 7 days showed an
increase in the Al/Ti ratio from 0.26 to 0.47,
consistent with the presence of an Al-rich layer
approximately 0.5 nm thick. XPS results also
show a decrease in the Ba/Ti ratio from 0.095
to 0.072 and this is equivalent to removal of
about 25% of the Ba within 5 nm of the surface.
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Fig. 9. Graph showing the change in U/Ti atomic ratio in
the fluid (normalized to the stoichiometry of the starting
material) after dissolution of synthetic brannerite acidic
and basic fluids (after Zhang et al. 2003). The experiment
at pH = 2 reveals a strong preferential release of U,
reaching a steady-state normalized U/Ti atomic ratio of
about 20 after several weeks.

The effects described above by Carter et al.
(2002) are further illustrated in Fig. 10. Here we
plot variations in the concentrations of Al,Os,
Fe;03, Cs,0, and BaO determined by AEM from
replicas of hollandite removed from the surface of
Synroc-C tested at 150 °C in pure water for up to
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Fig. 10. Change in composition of thin hollandite grains,
lifted from the surface of Synroc-C, as determined by
AEM after leaching in pure water at 150 °C for up to 532
days. The measured concentrations of BaO and Cs,O
decrease whereas the concentrations of Al,O3 and Fe,04
increase with time. There is also a slight increase in the
TiO, concentration out to 532 days (not shown). See text
and Fig. 11 for further discussion and an illustration of
hollandite alteration.

G. R. LUMPKIN ET AL.

532 days. These analyses indicate that there is an
accumulation of Al-Fe—O-H material on the
surface of hollandite up to about 150-200 days
of testing. If the hollandite grains have thicknesses
of 25-75 nm, typical values for AEM analysis,
then the increases in Al,O5; and Fe,O; content cor-
respond to a surface layer thickness of approxi-
mately 1-3 nm. The AEM analyses also reveal
significant decreases in the Cs,O and BaO
content, the magnitude of which cannot be fully
explained by the Al-Fe—O-H layer. Therefore,
it can be postulated that the tunnel cations have
been released to a depth of 8—16 nm depending
upon the actual hollandite crystal thickness used
for the AEM analyses. The overall alteration
mechanism is illustrated in Figure 11 and is gener-
ally consistent with the observations of Carter et al.
(2002) and the hollandite alteration depth esti-
mated from elemental release data.

Perovskite ceramics and natural samples

Nesbitt ef al. (1981) performed a detailed analy-
sis of the thermodynamic and kinetic stability of
perovskite. Thermodynamic calculations and
data for natural groundwaters and hydrothermal

Al-Fe-O-H
layer

Electron Beam

1-3 nm

Ba-Cs release

layer 4-12 nm

Thin hollandite
crystal

25-75 nm

v

Fig. 11. Schematic drawing of the alteration of
hollandite, as deduced from material recovered on TEM
replicas (see Fig. 10). The model assumes a thickness of
50-100 nm for the hollandite grains and a uniform
thickness of Al-Fe—~O-H material built up on the surface
during the alteration process. The decrease in the
measured concentration of Ba, for example, cannot exceed
that required by the surface layer alone and requires
additional Ba release to a depth of approximately

8—16 nm depending on the actual grain thickness.
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fluids (up to 300 °C) revealed that perovskite is
unstable with respect to titanite, titanite + quartz,
quartz, rutile, or rutile + calcite. The ground-
waters used in this study represented a range of
compositions emanating from dunites, perido-
tites, serpentinites, rhyolites, granites, and lime-
stones. This work included measurements of
the dissolution rates of two natural perovskites
and synthetic SrTiO; and BaTiO; samples in
pure water at 25-300 °C. Results of the exper-
imental work gave elemental release rates in
the range of 5 x 1072 to 8 x 10" g/m?/d for
Ca, 4 x 1072 to 3 x 10" " g/m?/d for Sr, and
3 x 1072 to 4 x 10! g/m?/d for Ba. The Ca
release rates were obtained from a single
crystal from Magnet Cove, Arkansas. Using a
powdered sample of perovsklte from Austraha
lower release rates of 107> to 1072 g/m?/d for
Ca have been reported. Kamizono et al. (1991)
have also examined the behaviour of CaZrO; in
acidic (HCl, pH = 1) and near neutral (deionized
water, pH=15.6) solutions at 90 °C. The
release rates of Ca and Zr were determined to
be 107 g/m?/d and 2 x 10™* g/m?/d, respect-
ively, in the experiment with pH = 1. Release
rates were about two orders of magnitude lower
in the experiment using deionized water
(see figs 1 and 2 in Kamizono ef al. 1991). As
noted above, the perovskite contained small
amounts of Ce, Nd, and Sr as simulated waste
elements. These elements had unusudlly high
release rates of about 10~ g/m?*/d.

Surface analytical studies of synthetic perovs-
kite after experiments conducted at 150-250 °C
in silica saturated aqueous fluids were reported
by Myhra et al. (1987). These authors, using a
combination of AES, SEM-EDX, and XPS tech-
niques, identified the presence of a surface reaction
layer ranging in thickness from a few monolayers
to several hundred nanometers, depending on the
experimental conditions. In spite of the presence
of Si0, and CO,; in solution (the system was
open to the atmosphere), the alteration layer was
composed mainly of crystalline TiO,, a thin silic-
eous layer, and possible calcium carbonate or
hydroxide species. Following this work, Myhra
et al. (1988b) reported additional results for
CaTiO; and BaTiO; tested at 300 °C in pure
water. They determmed release rates after 14 days
of 1072 g/m*/d for Ca and 3 x 1072 g/m?/d for
Ba from the two samples, respectively. Surface
analytical work showed that Ca and Ba were
depleted to a depth of about 200 nm and that
oxygen was enriched near the surface, consistent
with the release of Ca and Ba to solution and the
formation of a crystalline TiO, layer.

Pham and co-workers have performed similar
experiments at temperatures of 20-100 °C.
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These authors showed that near surface decreases
in the Ca/Ti ratio determined by XPS are
accompanied by the formation of an amorphous
Ti-rich layer up to 10 nm thick, as observed by
TEM (Pham ef al. 1989; Turner et al. 1989).
The authors proposed a base catalysed hydrolysis
and ion exchange model to dccount for their
observations, whereby surface Ca®" is released
to solution via exchange with H* and Ti—-O-Ti
surface species are converted to Ti—OH species
via reaction with OH™ and H,O. The overall reac-
tion can be written as follows (Pham ef al. 1989):

CaTiO; + (6 — x)H'
= Ca’™ 4 TIOH)® ™ 4+ (3 — x)H,0

This reaction indicates that the aqueous Ca®* /H*
ratio and the presence of Ti—OH surface species
control the dissolution of perovskite. The presence
of the amorphous Ti—OH surface film at low
temperatures may be due to kinetic factors, as
crystalline TiO, phases are thermodynamically
favoured at low temperatures (Pham ef al
1989). McGlinn et al. (1995) investigated the
pH dependence of the release of Ca from two
perovskite samples: end-member CaTiO; and
Caov7gsl'0‘04Nd0_|3Ti0_32A10_1803. Results of this
study, performed at 90 °C with pH ranging from
2.1 to 129, demonstrated that the Ca release
rates generally decrease with increasing pH.
After 43 days of testing, the Ca release rate for
the end- member perovsklte decreased from
JUSI below 107" g/m*/d at pH=2.1 to 2 x
1077 g/m?/d at pH = 12.9. Similar results were
obtained for the doped perovskite, in Wthh the
Ca release rate decreased from 4 x 10 g/m?/d
at pH=2.1 to less than 2 x 107 g/m*/d at
pH = 12.9. These results are summarized in
Figure 8. In SEM imaging the development of
‘agglomerated, submicron, titanaceous particles’
are clearly shown on the perovskite surface after
testing under acidic conditions.

Discussion and conclusions

Using the criteria listed in the introduction, we
now provide a brief summary of the performance
of these materials. With reference to criterion
number 5, physical properties, we restrict out dis-
cussion here to the effects of radiation damage on
the crystalline structure. For materials destined
for geological disposal, the long-term perform-
ance in natural systems over long periods of
time (e.g., 10° to 108 years) is of critical concern.
Therefore, we believe that it is necessary to
consider one more criterion: (6) natural sam-
ples exist and allow for an assessment of the
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long-term behaviour. Using these criteria as a
guide, we illustrate below some of the advanta-
ges and disadvantages of these waste form phases.

Starting from the requirement of aqueous
durability, the data summarized in this paper
clearly demonstrate that perovskite is the least
durable phase present in the polyphase waste
forms such as Synroc-C. As described above,
the low-temperature alteration of perovskite to
anatase and other phases in natural systems is
well known. These results are consistent with
the available thermodynamic data and are gener-
ally corroborated by laboratory experiments on
single-phase and polyphase samples. Most of
these experiments have been executed at temp-
eratures of 70-150°C in pure water, with
fewer studies concerning the performance in
sodium chloride, bicarbonate, and silicate sol-
utions, or at temperatures above and below the
stated range. Characterization studies have
shown that perovskite readily reacts with
aqueous fluids to form an amorphous Ti—O-H
film at temperatures below about 100 °C or crys-
talline TiO, polymorphs at higher temperatures.
Therefore, from a natural systems and experi-
mental viewpoint, perovskite is not the best host
phase for either ACTs or Sr in waste forms des-
tined for a geological repository. Note, however,
that these comments largely apply to ACT-poor
perovskite compositions in the system CaTiO;—
StTiO;-REETiO3;—REEAIO; with CaTiO; as
the dominant component.

The kinetics and mechanisms of brannerite
alteration in aqueous fluids are now reasonably
well established through experiments covering a
range of temperature, fluid composition, and pH.
Although generally highly resistant to total dissol-
ution due to the low solubility of the TiO, com-
ponent, brannerite is susceptible to chemical
alteration by ion exchange and recrystallization
processes. However, the overall influence of this
phase on waste form performance, at least in
terms of U release, should be minimal as long as
the volume proportion is kept low (e.g., below
approximately 10 vol%). Furthermore, recent
experimental work has shown that end-member
brannerite, UTi,0g, is energetically stable with
respect to the oxide assemblage UO, 4 2TiO,,
with AH?N = —7.7kI/mol at 25°C (Helean
et al. 2003). End-member PuTi,Og is metastable
with respect to the oxides PuO,+ TiOy;
however, Helean et al (2003) estimate that
inclusion of up to 30% brannerite of composition
UosPug-TiO¢ will not significantly alter the
thermodynamic stability of the waste form.

Pyrochlore and zirconolite have excellent
release rates with minimal variation as a function
of pH, they are highly flexible in terms of their
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ability to incorporate impurities, they are well
established with regard to processing, and they
can accommodate substantial waste loadings.
Both the aqueous performance and radiation
effects determined experimentally are confirmed
through studies of natural samples. The general
chemistry and alteration mechanisms of natural
pyrochlores in the system NaCaNb,OgF-
NaCaTaZOf,F—Casz207—Ca2Ta207—REE2T12
0,;-CaUTi,0; are well documented. Alteration
processes are dominated by ion exchange effects,
but these are largely restricted to the Nb—Ta end-
members due to the nature of the structure and
bonding (Lumpkin 2001, p. 160). Some evidence
for dissolution and reprecipitation of pyrochlore
has been presented, but only in the most extreme
geological environments. In fact, the world’s
largest Nb ore deposits are formed through the
dissolution of the host rocks and concentration
of pyrochlore in overlying laterite horizons.
Studies of natural samples suggest that zircono-
lite is even more durable that pyrochlore, consist-
ent with experimental evidence and the nature of
the crystal structure. Although titanate pyro-
chlore and zirconolite are rendered amorphous
by alpha-decay processes, the total volume expan-
sion is low (5—6%) and the effect of amorphiza-
tion on aqueous durability is negligible (e.g.,
Icenhower et al. 2003). Of the two phases, the
performance of zirconolite appears to be some-
what better than that of pyrochlore in both the
experimental and natural systems. Additionally,
zirconolite is one of the few host phases sub-
jected to experimentation at elevated tempera-
ture and pressure and in a range of fluid
compositions, and the results indicate that this
mineral is highly resistant to aqueous attack
up to about 250-400 °C in a range of fluid
compositions. The titanate pyrochlore and zirco-
nolite-rich waste forms both appear to be thermo-
dynamically stable relative to the oxides or
to assemblages containing perovskite + oxides
(e.g., Putnam et al. 1999; Helean et al. 2002).

Finally, hollandite is the only non-actinide
host phase considered here, and is the only Cs
host phase that has been extensively studied.
Results summarized herein indicate that hollan-
dite has excellent aqueous durability, crystal
chemical flexibility, well-known processing par-
ameters, and more than adequate waste loadings.
Although natural analogues exist for hollandite,
they have not been examined in the context of
nuclear waste disposal, thus we have no details
on the long-term behaviour of this important Cs
host phase.
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