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ABSTRACT

The disposal of fission products and actinides generated by the nuclear-fuel cycle is one of the major challengesin Environ-
mental Sciences of the 21 Century. Because some fission products (e.g., *Tc, 121, 7Se and 13°Cs) and actinides (e.g., 2°Pu and
ZNp) are long-lived, they have amajor impact on the risk assessment of geological repositories. Thus, demonstrable long-term
chemical and mechanical durability are essential properties of waste formsfor the immobilization and disposal of radionuclides.
Mineralogical and geological studies provide excellent candidate phases for immobilization and a unique database that cannot be
duplicated by a purely Materials Science approach. The “mineralogical approach” isillustrated by a discussion of zircon as a
phase for theimmobilization of plutonium from dismantled nuclear weapons. Other minerals, e.g., monazite, apatite, pyrochlore,
zirconolite and zeolites, also are important candidates for the immobilization of actinides.

Keywords: nuclear waste, nuclear waste form, nuclear weapons, plutonium, actinides, zircon, monazite, pyrochlore, zirconia,
zirconolite.

SOMMAIRE

L’ élimination des produits de fission et des actinides générés aux centrales d’ énergie nucléaire constitue un des principaux
défis environnementaux du vingt-et-uniéme siécle. Parce que certains des produits de fission (e.g., *Tc, I, 7°Se et 135Cs) et
certains actinides (e.g., 2°Pu et 23’Np) ont delongues demi-vies, ils exercent un impact trésimportant sur I’ évaluation desrisques
du stockage de déchets dans un reposoir géologique. Ainsi, parmi les propriétés des média choisis pour I'immobilisation et
I’ enfouissement des radionucléides, une démonstration de la durabilité chimique et mécanique along terme est essentielle. Les
études minéral ogi ques et géol ogi ques fournissent d’ excellents candidats pour une telle immobilisation et une banque de données
gu’ on ne pourrait espérer trouver avec une approche typiquement utilisée en sciences des matériaux. On peut démontrer |’ approche
minéralogique par une discussion du zircon comme phase privilégiée pour imobiliser le plutonium d’ armements nucléaires
démantelés. D’ autres minéraux, par exemple la monazite, |’ apatite, le pyrochlore, la zirconolite et les zéolites, sont autant de
candidats importants pour I'immobilisation des actinides.

(Traduit par la Rédaction)

Mots-clés: déchets nucléaires, encaissant des rebuts nucléaires, armements nucléaires, plutonium, actinides, zircon, monazite,
pyrochlore, oxyde de zirconium, zirconolite.
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INTRODUCTION

Thedisposal of “waste” generated by the nuclear fuel
cycleisamong the most pressing and potentially costly
environmental problemsfor the 21% Century, a heritage
from the Atomic Age of the 20" century. Proposed dis-
posdl strategies are complicated, not only because of the
large volumes and activities of waste, but also because
of the political and public-policy issues associated with
the long times required for containment and disposal
(10* to 10° years). Furthermore, the “waste” includes
fissile material, e.g., 2°Pu, of high energy-content that
may bereclaimed for use in nuclear power plants or the
production of nuclear weapons. The purpose of this pa-
per is to illustrate the unique contributions that Miner-
alogy and Geochemistry can make in the design and
selection of durable waste-forms for the long-term dis-
posal of actinides, particularly plutonium.

BACKGROUND INFORMATION

There arethree primary sources of radioactive waste
in the United States (DOE 1997).

High-level waste (HLW) resulting from reprocessing
to reclaim fissile materials for weapons production

Approximately 380,000 m3 (100 million gallons) of
HLW have atotal radioactivity of 960 million Curies.
The greatest volumes (340,000 m®) are stored in tanks
at Hanford, Washington, and Savannah River, South
Carolina. Over 99% of the present radioactivity isfrom
non-actinide radionuclides, with half-lives of less than
50 years (reprocessing has removed much of the actinide
content). After 500 years, the total activity will be sub-
stantially reduced, and the primary radionuclides will
be 238py, 131Sm and 2**Am. After 50,000 years, most of
the activity will be associated with longer-lived radio-
nuclides such as 23°Pu and 2*°Pu. Also resulting from
reprocessing are the lower-activity wastes that are con-
taminated with transuranic elements (TRU waste).
These wastes are defined as containing 100 nanocuries
of alpha-emitting transuranic isotopes with half-lives
greater than 20 years, per gram of waste. Over 60,000
m3 are stored retrievably at DOE sites and are destined
for disposal at the Waste Isolation Pilot Plant in New
Mexico (Ahearne 1997). The estimated cost of
remediation and restoration programs in the DOE com-
plex during the next few decadesis on the order of 200
billion dollars (Crowley 1997).

Used or spent nuclear fuel resulting from commercial
generation of power

Just over 20% of the electricity generated in the
United States is produced by nuclear power plants. In
1995, 32,200 metric tonnes of spent fuel with a total
activity of 30,200 MCi were stored by the electric utili-
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tiesat 70 sites (either in pools or in dry storage systems)
(Ahearne 1997, Richardson 1997). By 2020, the pro-
jected inventory will be 77,100 metric tonnes of heavy
metal (MTHM) with a total activity of 34,600 MCi.
Although the volume of the spent fuel is only a few
percent of the volume of HLW, over 95% of the total
activity (defense-related plus commercially generated
waste) is associated with the commercially generated
spent nuclear fuel (Crowley 1997). At present, none of
the spent fuel will be reprocessed; all is destined for
direct disposal in a geological repository.

Dismantlement of nuclear weapons

Under the first and second Strategic Arms Reduc-
tion treaties, as well as unilateral pledges made by both
the United States and Russia, thousands of nuclear
weapons will be dismantled. Initialy, thiswill resultin
an estimated 100 metric tonnes of weapons-related plu-
tonium that will require long-term disposition. The strat-
egy selected for disposition, stabilization and storage or
final disposal should not only protect the public and the
environment, but also must ensure that the plutoniumis
not readily recoverablefor usein weapons (NRC 1994).
Present U.S. strategy calls for “burning” the Pu as a
mixed-oxide fuel in existing or modified reactors, fol-
lowed by direct disposal with commercially generated
spent fuel in a geological repository (NRC 1995, von
Hippel 1998). A smaller portion of the Pu (tens of met-
ric tonnes) is destined for immobilization in a durable
solid followed by geological disposal. The present pro-
gram has an anticipated cost of $2 billion.

Since the creation of milligram quantities of pluto-
nium by Glenn Seaborg and colleaguesin 1941, theglo-
bal inventory of plutonium hasreached 1,350 tonnesand
continues to increase by approximately 70-100 tonnes/
year (Table 1). Thiscommercially generated plutonium
is mainly in two forms: (1) till incorporated in spent
nuclear fuel destined for direct geological disposal
(more than 600 metric tonnes of plutonium remains in
spent fuel inthe U.S.), and (2) plutonium separated by

TABLE 1. ESTIMATED GLOBAL PLUTONIUM [NVENTORY
I 1998

1n spent fuel Military inventories
VR A 650 Former U.5.5.R. 140
Japan o Usa 100
France 70 France 5
Germany 50 China 5
total 860 terael, india, Pakistan 1
In operating reactors 50 total 152

Global fallout from
Weapons test 3

Separated by civilian
EPrOCESSIngG 150

Estimated Wozld Inventory (+70 metric tonnesivear production) 1,350

Amgunts of plutonium are expressed in metric tonnes. Date after Stoll (1993}
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reprocessing of commercial fuel. Thelatter isestimated
to have reached 300 metric tonnes by the year 2000,
and this is greater than the amount of plutonium pres-
ently in nuclear weapons (Stoll 1998, Oversby et al.
1997). Considering that the bare critical massfor weap-
ons-grade plutonium is 10 kg of metal (this number is
substantially reduced in the presence of a neutron re-
flector), safeguarding this plutonium isessential. In fact,
the need for safeguards to protect against the diversion
of separated plutonium applies equally to all grades of
plutonium (Mark 1993). The peaceful use of nuclear
energy will inevitably require a strategy for the disposi-
tion of actinides, particularly fissile 2°Pu.

WHy 1s THE WASTE FORM IMPORTANT?

Sincethediscovery of radioactivity in 1896, thetech-
nologies of the 20" Century have been dominated by
developments in the nuclear sciences: production of
nuclear weapons, generation of electrical power from
nuclear power plants, and the medical application of
radiation (Ewing 1999). The wastes from these activi-
ties were aready recognized as an important issue by
the middle of the 20" century, and at that time, the first
proposal for the use of minerals as nuclear-waste forms
was made (Hatch 1953). In the 1970s, innovative pro-
posals were made by mineralogists, such asthetailored
ceramic of Rustum Roy and colleagues at Pennsylvania
State University and the Rockwell International Science
Center (Roy 1975, 1977, 1979, McCarthy 1977) and the
Synroc of Ted Ringwood and colleagues at the Austra-
lian National University and the Australian Nuclear
Science and Technology Organisation (Ringwood 1978,
1985, Ringwood et al. 1979, Reeve et al. 1984). The
use of natural glasses to evaluate nuclear-waste glasses
was first proposed by Ewing (1979), and systematic
compilations of potential crystalline waste-form phases
were made (Haaker & Ewing 1981). During the late
1970s and early 1980s, there were extensive programs
in the research and devel opment of nuclear-wasteforms;
in particular, a wide variety of single and polyphase
ceramics, as well as new glass compositions, were
developed. Reports comparing the properties of crystal-
line ceramics to glass generated considerable contro-
versy (Kerr 1979, Carter 1979). Beginning in 1978,
therewasareview of aternative waste-formsby aDOE
panel (chaired by Larry Hench of the University of
Florida), culminating in the “Atlanta Shoot-out”
(Garmon 1981) and afinal recommendation supporting
both borosilicate glass for the Defense Waste Process-
ing Facility (DWPF) and Synroc as a promising alter-
native to nuclear-waste glasses (Hench et al. 1981).
Subsequent research activity on aternative waste-forms
was severely curtailed as a result of the decision in the
United Statesto solidify defense nuclear waste in boro-
silicate glass and the subsequent construction of the
DWPF at Savannah River Laboratory in South Caro-
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lina. Work on nuclear-waste forms during this period
was summarized by Lutze & Ewing (1988).

Most recently, there has been a resurgence of inter-
est in crystalline nuclear-waste forms owing to the need
to develop durable materials for the stabilization and
disposal of “excess’ plutonium that results from disman-
tling nuclear weapons or accumulates during the repro-
cessing of commercially generated nuclear fuels
(Overshy et al. 1997, Ewing 1999). This resurgencein
interest has resulted in work on minerals, such as those
of the apatite group, of the monazite group, zirconolite,
zircon and of the pyrochlore group, as potential nuclear-
waste forms (Ewing et al. 1995b). A recent overview of
some of the developments in waste-form research is
given by Donald et al. (1997).

Despite the important and well-recognized advances
that have been made during the past twenty-five years
in the development of highly durable waste-forms, the
mineralogy and materials science of this area continue
to occupy arole of secondary importance in strategies
concerning waste-form disposal. It is my opinion that
this secondary roleis very much a result of the method
of analysis used in evaluating the performance of a
nuclear waste repository.

In the United States, probabilistic assessments of
performance that make extensive use of mathematical
models of subsystem behavior are used to simulate the
long-term behavior of the engineered and geological
barriersin anuclear waste repository (Ewing et al. 1999,
Ewing 1999c). This highly complicated analysis tracks
the fate of released radionuclides through hundreds of
subsystem models that are used to describe al relevant
processes, from the effects of climate change on ground-
water flow and access of water to canister surfaces,
through the rel ease of radionuclidesfrom thewasteform
after canister failure, through the near-field barriers of
back-fill and concrete, including the processes of far-
field transport, dilution and retardation, and finally to
an assessment of dose and health effects to individuals
at a specified locality at the boundary of the accessible
environment (Fig. 1). A single assessment of perfor-
mance requires thousands of input variables; some are
fixed, whereas others are sampled over ranges of prob-
able values (CRWMS 1998). In addition, expert opinion
is used to establish the ranges of many of the param-
eters. This analysis depends heavily on assumed prob-
abilities for events such as climate change, earthquakes
and volcanic activity. These possibilities set important
boundary conditions for the behavior of the total sys-
tem (e.g., groundwater recharge and flow rate). In addi-
tion, contrary to the linear sequence of steps portrayed
in Figure 1, the subsystems are highly coupled and may
be non-linear in their behavior, with extensive feedback-
type interactions. The limitations of such an approach
extrapolated over periods greater than 10,000 years are
much debated (Ewing et al. 1999, Konikow & Ewing
1999). Figure 2 shows a typical assessment of dose
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(future prediction) compared to the geological time-
scale. Typically, maximum doses occur at periods
greater than 10,000 years.

Inevitably, the uncertainty in such an analysis is
great, with the result that the impact of important im-
provementsin the materials properties of nuclear waste
forms (e.g., low rate of corrosion or high resistance to
radiation damage) are lost in the uncertainty generated
by the great number of variables in other parts of the
repository-system analysis. Hence, there hasbeen aten-
dency to rely on the geological barriers of a repository
rather than the material properties of the waste form.

Despite the secondary role of waste forms as deter-
mined by total system-performance assessment, there
arelogica and compelling reasons for emphasizing the
importance of the material properties of the waste form
(Ewing 1992):

1. Thestrategy of radionuclide containment and iso-
lation should emphasize near-field containment. Thisis
primarily afunction of waste form or “waste package”
performance. Strategies that rely solely on long travel
times, dispersal and dilution, implicitly presumerelease
and movement of radionuclides into the environment.

2. Assessment of long-term performance of radio-
nuclide containment requires devel opment of determin-
istic models of the future physical and chemical
behavior of each barrier system. Although such an as-
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sessment is challenging, it is amost certainly easier to
model the chemistry and physics of corrosion and alter-
ation of waste forms than it is to develop coupled hy-
drological, geochemical and geophysical models of the
movement of radionuclides through the far-field of a
geological repository. Both near-field and far-field as-
sessments are necessary, and both should provide im-
portant barrier functions, but extrapolation of the
corrosion behavior of the waste form over long periods
can be modeled more convincingly than, asan example,
hydrological systems that are site-specific and highly
dependent on idealized boundary-conditions (K onikow
1986).

3. Natural phases (minerals and glasses) provide a
means for testing the hypothesized long-term behavior
of waste-form phases in specific geochemical environ-
ments (Ewing 1993). As an example, the mineralogical
databases devel oped as part of the evaluation of system
behavior (open versus closed) for radiometric dating are
immediately transferable to the discussion of therelease
of radionuclides from actinide-bearing waste-form
phases.

WHy ARE ACTINIDES IMPORTANT?
Although there are a number of fission-product

radionuclides of high activity (}3'Cs and °°Sr) and
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Fic.1. Schematic representation of the stepsin aprobabilistic assessment of anuclear-waste repository (after Garrick & Kaplan
1994). Depending on the type of regulation, which varies from country to country, the damage indices may vary (e.g., doseto
a person/critical population or fractional release of radioactivity over time or a probability of exceeding a regulatory limit

plotted against the estimated effects on health).
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ment of a nuclear-waste repository with the geological
time-scale (after Chapman & C6me 1990). Note that the
peak dose occurs well after 10,000 years.
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long half-life (%°Tc: 200,000 &, 12°1: 1.6 X 107 a; ™Se:
1.1 X 10° &) in spent nuclear fuel, actinides and their
daughter products account for most of the radiotoxicity
of nuclear waste after the first 500 years of disposal
(Fig. 3). After several hundred years, radiotoxicity is
dominated by 23°Pu (half-life = 24,100 a) and %"Np
(half-life = 2,000,000 &) (Hedin 1997). Thus, a major
part of the long-term risk is directly related to the fate
of these two actinides in the geosphere (natural, crustal
concentrations of Pu are on the order of 107! ppm for
239py). In this paper, | will focus the discussion on the
design of waste forms for Pu, but in practice, equal at-
tention should be focused on waste forms for the long-
lived products of fission (Gu et al. 2000, Chen et al.
1999).

Plutonium has several important and unique proper-
ties: (1) ®°Pu is fissile; (2) 2°Pu, with a half-life of
24,100 years, decays to 23U, another fissile radionu-
clidewith ahalf-life of 700 million years (the bare criti-
cal mass of weapons-grade uranium is approximately
50 kg); (3) Pu hasfour oxidation states (3+, 4+, 5+ and
6+) in natural water—rock systems. Although crystalline
PuO; has low solubility, Pu may exist as PuO,* or
PuO,?* aqueous species, with the former predominat-
ing in oxidized natural waters. In addition, in the 3+, 5+

104 g :
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Fic.3. Relativeradiotoxicity oninhalation of spent nuclear fuel with aburnup of 38 MWd/
kg U. The radiotoxicity values are relative to the radiotoxicity (horizontal line) of the
quantity of uranium ore that was originally mined to produce the fuel (8 tonnes of natu-
ral uranium yields one tonne of enriched uranium, 3.5% 2%°U) (Hedin 1997).
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and 6+ oxidation states, Pu forms strong carbonate com-
plexes at pH > 5 (Langmuir 1997). Actual concentra-
tions of plutonium in solution are further complicated
by the possibility of disproportionation among oxida-
tion states, a-radiolysis of water to produce oxidants
(i.e.,, H2O,), a-decay-induced amorphization of the solid
(which increases leach rates), and the formation of in-
trinsic actinide or actinide-bearing colloids that can in-
crease actinide concentrations in groundwaters by
several orders of magnitude (Degueldre et al. 2000).
Thus, the geochemistry of Pu hasthe potential for afull
range of behaviors due to dissolution, complexation,
sorption, transport and precipitation mechanisms that
are sensitive to redox conditions and groundwater com-
positions (Runde 2000). Thus, it is essential to under-
stand the long-term behavior of Pu either asit existsin
spent nuclear fuel or asitisimmobilized in solid waste-
forms.

DuraBLE WAsTE-ForMS FOR PLuTONIUM

Although the development of waste formsfor pluto-
nium poses special problems and requirements for
long-term durability, weapons Pu presents special
opportunities:

(8 Ascompared with high-level waste, the volumes
are relatively small. For example, if Pu isimmobilized
in atypical waste-form with awasteloading of 10 wt.%,
the 100 metric tonnes of weapons Pu can be immobi-
lized in a volume of several hundred cubic meters.

(b) Weaponsplutonium isremarkably pure, consist-
ing of aPu-Gaalloy (0.5 to 2% Ga) coated with a cor-
rosion-resistant layer, generally Ni. This high purity
provides a materials engineer with a wide range of po-
tential techniques for processing and the possibility of
producing phase-pure waste forms at prescribed levels
of wasteloading. The absence of highly active products
of fission, such as 1¥’Cs and %Sy (the primary source of
ionizing radiation), makes handling the materia trac-
table using technologies comparable to those used to
fabricate mixed-oxide reactor fuels.

(c) Although the half-life of 2*°Pu (24,100 a) is
much longer than that of the much higher-activity prod-
uctsof fission, asubstantial amount of decay occursover
relatively short geological time-scales (e.g., containment
of Pufor 10 half-lives requires on the order of 241,000
a). Thus, immobilization over thetime required for sub-
stantial radioactive decay is short relative to the dura-
bility of some geological materials, measured in many
millions of years. Thefact that 23°Pu decaysto 225U pre-
sents an additional challenge for the durability of the
waste form, but the greater critical mass of 2°U com-
bined with the possibility of dilution of 235U by 238U can
provide additional barriersto the potential for acritical-
ity event in which chain reactions are sustained.

The essential question to mineralogists thusis: Are
there naturally occurring, actinide-bearing phases of
demonstrable chemical and physical durability that can

THE CANADIAN MINERALOGIST

be used for the long-term immobilization and disposal
of weapons plutonium?

Rather than selecting a specific waste-form in pref-
erence to others for immobilization of Pu, | will illus-
trate the contribution that “mineralogical thinking” can
bring to the table of such a discussion. The critical as-
pects of the question are the determination of “ demon-
strable, long-term physical and chemical durability”.
Durability refers to a wide variety of properties: me-
chanical strength, thermodynamic stability, slow kinet-
ics for corrosion processes, retention of trace el ements
(in this case, actinides and neutron absorbers, such as
Gd and Hf) due to low diffusivity.

The qualitative geological answer to such aquestion
is obvious; that is, the suite of heavy minerals that sur-
vive weathering, erosion, transport and deposition (in
some cases many cycles) and persist as placer deposits
in stream beds. The classic paper on heavy detrital min-
erals by Hutton (1950) provides a detailed list of heavy
minerals from which actinide-bearing phases may be
identified (Table 2). Other important actinide-bearing
phases (pyrochlore, zirconolite and baddeleyite) that
were not included by Hutton have been added to Table
2. The second issue is what geological and mineralogi-
cal data exist for these phases? Table 2 gives the num-
ber of citations for these phases taken from the GeoRef
database in 2001. The result is not surprising; those
phases that are important for geochronology (zircon,
apatite and monazite) account for amajor part (95%) of
the published literature. These studies are of two types:
(2) laboratory studies used to determine the ability of
the minerals to retain isotopic signatures as result of
their physical and chemical durability in a variety of
geological environments, and (2) age-dating studiesthat
essentially confirm the results of the laboratory studies

TABLE 2. ACTINIDE-BEARING PHASES THAT ARE CONSIDERED
FOR IMMOBILIZATION OF PLUTONIUM

phase ideal formula CreoRef citations  dura-
{2001) ble?'
pyrochlore (Ca,REE)TIO, 3
Zitconolite CazrTiyQ, 77
apatite Ca HEE, [$10,), (PO}LOF), 6,470 yes
Zircon Zr5i0, 10,479 yes
monazite CePD, 2,256 yes
baddeleyite’ 70, 320

' Heavy minerals identified and discussed iv a monograph on heavy-mineral
aecurrences fHutton 1950 Heavy minerals that were noted, but not included in this
table are:  gadolinite, allanite, thorite, titanite and xe¢notime. Thorite (ThSi0,) and
xenotime [YPO,) are isostructural with zivcon, gadolinite, allanite and (ranite are
either relatively rare ar less durable than the minerals listed in he table.

! Presently receiving the greatest attemion within the U8, program for the disposition
of fissile matenals.

? Cubic and tetragonal polymorphs of Zr(), have been considered as waste-form
phases; however, naturally occurring Zr(), is most commonly monochnic baddeleyite.
Although net cited in Hutton (19509, it is included in this list because of its known
durability and because it is considered both as & waste form and as inert-fue! matrix
for “burning” plutopium {(Oversby ef Gi. 1997, Sickafus er g, 1999).
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in actual, long-term geol ogical environments. Both types
of studies provide the essential data required for waste-
form design and selection.

Present research on waste forms for immobilization
of Puincludesarelatively short list of phases (Table 2).
Inthe U.S., most of the effort within the Materials Dis-
position program of DOE focuses on immobilization in
aceramic (Cochran et al. 1997), particularly an isomet-
ric titanate, pyrochlore, and its monoclinic derivative,
zirconolite, as there are considerable data on these ma-
terialsaswaste-form phases (Ewing et al. 1995b). How-
ever, the DOE evaluation and selection process
(Cochran et al. 1997) is very different from the miner-
alogical approach presented in this paper.

In order to illustrate the mineralogical approach, |
review relevant work on zircon, drawn mainly from the
mineralogical and geochemical literature, in order to
show the utility of the“mineralogical approach”, aswell
as the extensive amount of data that are already avail-
able in the literature. Although the structure of zircon
(Robinson et al. 1971) and those of actinide ortho-
silicates (Taylor & Ewing 1978, von Keller 1963) have
been known for thirty years, | focus on studies appli-
cable to the analysis of zircon as an actinide nuclear-
waste form. Many of the required data have been in the
published literature for many years.

ZIRCON AS A WASTE FORM FOR ACTINIDES

Zircon (141/amd, Z = 4) has U and Th concentrations
typicaly up to 5,000 ppm, but reaching 10 wt.%. Zir-
con is an extremely durable mineral (Hanchar & Miller
1993). Commonly found as a heavy mineral in stream
sediments, zircon shows limited chemical alteration or
physical abrasion after transport over great distances
(Hutton 1950, Riggs et al. 1996). The widespread dis-
tribution of zircon in the continental crust, its tendency
to concentrate trace elements (lanthanides and ac-
tinides), itsusein agedating, and itsresistanceto chemi-
cal and physical degradation (Pidgeon et al. 1966, Craig
1968, Krogh & Davis 1975, Suzuki 1987) have made
zircon probably the most useful accessory mineral in
geological studies.

Zircon has been identified as an actinide-bearing
phase in polyphase ceramic waste-forms (Harker &
Flintoff 1990). Zircon also occursin the Chernobyl lavas
as an important actinide-bearing phase (6 to 12 atomic
% U) (Anderson et al. 1993a). Its propensity to incor-
porate actinides and its durability have led to the sug-
gestion that zircon be used to immobilize actinides
(Burakov 1993, Anderson et al. 1993b, Ewing et al.
1995c). On the basis of the ability of natural zircon to
retain Pb, Gentry et al. (1982) suggested that materials
like zircon could effectively retain radioactive waste.
This early suggestion was prescient, but did not evalu-
ate the extent of solid solution of actinidesin zircon and
did not consider the much greater radiation-induced
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damage that would occur in such a radioactive waste-
form (Ludwig et al. 1984).

Sructure

The structure of zircon consists of ZrQOg triangular
dodecahedral groupsthat form edge-sharing chains par-
alel to the a axis and SiO, tetrahedra that form edge-
sharing chains with alternating ZrOg groups parallel to
thecaxis(Robinson et al. 1971, Taylor & Ewing 1978).
Uranium and Th replace Zr in low concentrations; how-
ever, compositions of ASiO,, in which A* represents
Zr, Hf, Th, Pa, U, Np, Pu and Am, have been synthe-
sized (von Keller 1963). Theregular increasein the unit-
cell volumewith theincreasingionic radius of the A-site
cation confirms that these compounds are isostructural
(Fig. 4). Four of these compositions, hafnon (HfSiOy),
zircon, coffinite (USIO,4) and thorite (ThSIO4) occur as
minerals. Structure refinements (von Keller 1963, Speer
1982, Speer & Cooper 1982) suggest complete misci-
bility between ZrSiO, and HfSIO,, but there are misci-
bility gapsonthe ZrSiO, —USiO4 and ZrSiO4 — ThSIOy4
joins (Mumpton & Roy 1961). Zircon with 9.2 atom %
Pu (8.1% 235Pu; 1.1% 23°Pu) substituting for Zr has been
synthesized (Weber 1991). Thisisequal to awaste |oad
of 10 wt.% Pu, but the maximum extent of the solubil-
ity of Pu in zircon has not been determined. Synthesis
of apure PuSiO,4 (von Keller 1963) suggeststhat exten-
sive substitution of Pu for Zr is possible (Speer &
Cooper 1982).
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The zircon structureis part of alarger class of ABO,
structure types (silicates and phosphates) and is closely
related to the structure of monazite, CePO,, another
durable phase commonly used in geological age-dating.
Numerous A-site compositions (La, Pr, Nd, Sm, Eu, Gd,
Th, Tm, Yb, Lu Scand Y) with the zircon and monazite
structure-types have been synthesized, and their struc-
tures, refined. These synthesized material s have provided
the basis for detailed optical-absorption spectroscopy
and paramagnetic resonance studies of U, Pu, Cm, Np
and Gd incorporation into the zircon structure-type
(Poirot et al. 1988, 1989).

Geochronology

Recent progress in the use of zircon in age dating
hasinvolved asensitive high-resolution ion microprobe
(SHRIMP), a method that allows measurement of iso-
topic ratios on areas as small as 20-30 p.m, thus provid-
ing age dates on separate zones within single crystals of
zircon. Cores of adetrital zircon in aquartzite at Mount
Narryer, Western Australia, have been dated at 4,100—
4,300 million years ago (Ma), until recently the oldest
terrestrial mineral yet found (Froude et al. 1983). In
Western Australia, the Jack Hills contain slightly
younger (3,900-4,270 Ma) detrital zircon (Compston &
Pidgeon 1986, Maas et al. 1992). The zircon crystalsin
Australia are individual, recycled grains in a younger
(3,500 Ma) sequence of metamorphosed sedimentary
rocks, as are similarly dated crystals of zircon from the
Sino-Korean craton in northeastern China (3,800 Ma)
(Liu et al. 1992). The oldest so-caled intact crust is
found in the early Archean (3,800-3,960 Ma) granitic
basement in northwestern Canada (Bowring et al. 1989)
and western Greenland (Nutman et al. 1993). Most re-
cently, Wilde et al. (2001) have dated zircon from the
Jack Hillsat 4,404 Ma, 130 million years older than any
previously identified on Earth. The oldest crystals of
zirconinthe solar system arefound asrareinclusionsin
meteorites and were dated at 4,560 Ma (Ireland &
Wilotzka 1992). There are many hundreds of papersthat
can be cited to illustrate the use of zircon in dating very
oldrocks, but of greater importance isthe establishment
through field studies of the effects of geological pro-
cesses on the durability of zircon either under surface
conditions of sedimentary transport (Riggs et al. 1996)
or at much higher temperatures, e.g., granulite-facies
metamorphism (Roberts & Finger 1997), extremely high
metamorphic pressures (Deutsch & Schérer 1990,
Claoué-Long et al. 1991, Wayne & Sinha 1988, 1992)
or meteorite impact (Bohor et al. 1993). Such geochro-
nological studies provide avaluable source of informa-
tion on the long-term behavior of zircon under avariety
of geochemical conditions.

The most recent and dramatic example of the extra-
ordinary ability of zircon to retain its U-Pb systematics
comes from studies of zircon from the Chicxulub im-
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pact structure of the Yucatan Peninsula (Bohor et al.
1993, Krogh et al. 1993, Kamo & Krogh 1995). The
shocked crystals of zircon were exhumed from the
Chicxulub basement rock during meteorite impact and
dispersed in the fine dust of the impact cloud. Discor-
dances in the U-Pb systematics (e.g., Pb loss) are pro-
portional to the extent of impact-induced shock textures,
and i sotopic resetting is consistent with partial lead-loss
at the time of impact (65 Ma), providing convincing
support for the meteorite impact origin of the Chicxulub
crater and its being the source of ejected material found
at the Cretaceous-Tertiary (K—T) boundary in North
America. Uranium—lead dating studies show that
shocked zircon in the fine-grained ejecta, deposited in
areas as far apart as Colorado, Saskatchewan and Haiti
at the Cretaceous-Tertiary boundary, has a predominant
age of 545 Ma, in agreement with dates for shocked zir-
con from the Chicxulub crater (Krogh et al. 1993, Kamo
& Krogh 1995). Only amaterial of remarkable durabil-
ity, such aszircon, could preserve theisotopic signature
of an event of such extreme conditions (Kamo & Krogh
1995).

Alteration and disturbed U/Pb systematics

Any process that can disturb the U/Pb isotopic sys-
tematics of zircon crystals has an important effect on
whether the radiometrically determined dates are con-
cordant or discordant. There is an extensive literature
about this type of ateration (Pidgeon et al. 1966, Craig
1968, Krogh & Davis 1975, Davis et al. 1968). Discor-
dant ages are common and are mainly due to Pb loss
and, less commonly, dueto U loss. Discordant ages are
usually attributed to episodic loss of Pb or U during ther-
mal events (Davis et al. 1968) and are enhanced by: (1)
physical degradation due to an increase in surface area
caused by microfracturing that is the result of volume
expansion associated with «-decay damage (Wayne &
Sinha 1992, Chakoumakos et al. 1987, Holland &
Gottfried 1955), and (2) chemical alteration caused by
radiation-induced amorphization that creates damaged
aperiodic domainsin which diffusion of Pbisenhanced
(Davis & Krogh 2000) and for which rates of bulk leach-
ing increase. Thus, discordant ages are generaly the
result of the accumulation of highly damaged regions
resulting from «-decay damage. More accurate U/Pb
dates may be obtained by removing the radiation-dam-
aged regions by physical abrasion or etching (Krogh
1995). Differential etching (using 48% HF) has shown
that removal of radiation-damaged zonesimproves con-
cordance of U/Pb agesin the remaining unaltered mate-
rial (Krogh & Davis 1975).

Recently, Watson et al. (1997) have investigated the
incorporation of Pb into zircon, and Lee (1993) evalu-
ated the mechanisms by which Pb may belost. Theloss
of Pb by diffusion is an extremely slow process (at
1000°C, the diffusivity of Pbin zircon is 102° m?s™).
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Such low diffusivities confirm Pb closure temperatures
in excess of 900°C (Cherniak & Watson 2000), imply-
ing that U/Th/Pb isotopic ages are unlikely to be reset
by thermal events alone, except under the most extreme
geological conditions (i.e., partial melting or granulite-
grade metamorphism: Lee 1993). In addition, under
extreme geological conditions (e.g., zircon deformed in
shear zones and atered by hydrothermal solutions), U/
Pb systematics are disturbed. Detailed experimental
studies (Sinha et al. 1992) have shown that experimen-
tally induced U/Pb isotopic discordance in zircon is a
complex function of theamount of radiation damage and
thermal annealing (Meldrum et al. 1998b).

In summary, there are abundant data from geochro-
nological studies to show that natural zircon can quan-
titatively retain Pb for billions of yearsin the absence of
episodic thermally induced loss of Pb (Ludwig et al.
1984): however, radiation damage (discussed in a later
section) may lead to asignificant increasein diffusional
loss of Pb (Cherniak & Watson 2000, Davis & Krogh
2000). Furthermore, minor ateration of zircon over long
periods of time and under extreme conditions stands in
contrast to the observations of other potential ceramic
nuclear-waste forms, such as pyrochlore (Lumpkin &
Ewing 1996), for which data of the type summarized
above are simply not presently available.

Diffusion of tetravalent cations and rare-earth
elements (REE)

Even though diffusion rates for Pb are low, the
diffusivitiesof U and Thiin zircon at 1100°C are orders
of magnitude lower (Cherniak & Watson 2000), sug-
gesting complete containment of actinides for billions
of years. The principa process by which diffusion rates
might increase isthrough damage dueto «-decay events
(Ludwig et al. 1984). Elements may preferentially seg-
regate into aperiodically damaged regions that havein-
herently higher solubilities than crystalline ceramics
(McLaren et al. 1994); subsequent annealing of the
sample can substantially change the microstructure of
the damaged zircon (Cherniak et al. 1991).

Development of awaste form for weapons 23°Pu re-
quires knowledge of diffusion rates of the actinides, as
well as elements with high neutron-capture cross-sec-
tions (e.g., Hf and Gd) in order to prevent criticality
events. Natural zircon can contain up to severa thou-
sand ppm of rare earths, including up to 500 ppm Gd,
and zircon exhibits nearly complete solid-solution with
hafnon, HfSiO4. Thus, neutron-absorbing nuclides may
be incorporated into the zircon structure; however, the
neutron absorber must remain within atomic scale prox-
imity of the fissile radionuclide (3°Pu or 235U). Recent
determinations of diffusion rates for tetravalent cations
(Th, U and Hf) give diffusivitiesin the order of 102 to
1020 m3s! in the temperature range 1400 to 1650°C
(Cherniak et al. 1997a, Lee et al. 1997). On the basis of
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similarities in ionic radii, Pu** is expected to have a
similar diffusivity, although dightly faster diffusion is
expected because of its smaller ionic radius. Thus, Pu**
is essentially immobile under all but the most extreme
geological conditions. The very low mobility of Pu in
the zircon structure is also supported by the preserva-
tion of fine-scale chemical zoning and isotopic signa-
tures in the inherited cores of zircon crystals even
though they have experienced protracted thermal events.
In contrast, the REE diffuse at rates four to five orders
of magnitude faster than tetravalent cations (Cherniak
et al. 1997b). The diffusion rates vary among the REE
in asystematic manner asafunction of ionic radius; thus
for Gd, the estimated activation energy and diffusivity
in zircon at 1000°C are 189 kcal/mol and 3.2 X 107®
m?sL, respectively. Again, the closure temperature of
zircon for REE is quite high (>1000°C) for al but the
smallest grains. Other phases that have been suggested
as waste-form phases (e.g., titanite and apatite) have
closure temperatures many hundreds of degrees lower
than those of zircon.

Dissolution studies

Studies of zircon under extreme laboratory condi-
tions have confirmed the loss of U, Th and Pb (Pidgeon
et al. 1966, Craig 1968, Sinha et al. 1992). Loss of Pb
can be theresult of grain-boundary or volume diffusion
(in which there is no dissolution of the zircon), or bulk
dissolution of zircon. However, at lower temperature
(<80°C) and near-neutral pH values (i.e., conditions
more pertinent to nuclear-waste disposal), zircon is ex-
tremely insoluble in typical groundwater compositions
equilibrated with granitic bedrock. Unfortunately, there
is much less information on leaching of zircon in the
literature than is necessary for its full evaluation as a
waste form.

Crystalline zircon is stable to such an extent that the
equilibrium concentrations of Zr and Si arein the order
of 10° moles/L (0.1 ppb) at 25°C (Tole 1985). Dissolu-
tion of highly damaged zircon follows a first-order re-
action, onthebasisof Si concentrations. Concentrations
of Zr remain below 0.05 ppm (the instrument’s detec-
tion-limit) owing to precipitation of ZrO, and ZrSiO4
(Tole 1985). The leach rate of zircon increases with «-
decay damage on the order of one to two orders of mag-
nitude (Ewing et al. 1982). Comparing the dissolution
rate for metamict zircon (R = 10" moles/m?/d at 80°C,
pH =5, Tole 1985), with the rate of long-term dissolu-
tion of a nuclear-waste borosilicate glass [R = 10°
moles/m?/d (= 103g/m?/d) in water at 98°C, Werme et
al. 1990] shows that the dissolution rate of radiation-
damaged zircon is still considerably lower than that of
glass in stagnant silica-saturated solutions. In an open
system (e.g., moving groundwater where solubility lim-
itsare not reached), the leach ratefor zircon (Tole 1985)
used in this comparison does not increase; however, the
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leach rate of borosilicate glass may increase by three
orders of magnitude until the final rate of reaction is
reached (Lutze & Ewing 1988).

Thus, one of the main advantages of zircon may be
its high durability in an open system where ground-
waters are present, as this characteristic allows consid-
erably greater flexibility in disposal strategy (e.g., deep
borehole). For this reason, it is essential to determine
the maximum forward rate of the dissolution reaction.
This is particularly challenging, as the dissolution rate
for zircon islow, and precipitation of ZrO, removes Zr
from the leaching solution. Recently, a high-tempera-
ture Soxhlet extractor was designed to measure the for-
ward rate of dissolution of zircon in the range of 120 to
250°C. The measured rates are as follows: 4.1 X 10
gem 2 day! at 250°C, 1.7 X 10~ gem= day*at 200°C
and 7.1 X 107° gem?day ™ at 120°C. The rate extrapo-
lated to 90°C is4.6 X 1075 gem2day?; therefore, in an
open system and in the absence of a solubility-limiting
phase, 2100 pwm crystal of zircon would require 150,000
years for complete dissolution (Helean 1997, Helean et
al. 1999). Under static conditions, the dissolution rate
is substantially reduced. The experimental results are
consistent with the high chemical durability of zirconin
awide range of geological environments.

Physical properties

The mechanical properties of zircon change with
increasing a-decay dose (Chakoumakoset al. 1991) and
as aresult of implantation by Pb ions (540 keV) up to
fluences of 3.3 X 10 to 5 X 10 jons/cm? (a dose
rangethat spansthe crystalline-to-amorphoustransition:
Oliver et al. 1994). The a-decay-induced softening leads
to adecrease in hardness (40%) and bulk elastic modu-
lus (70%) (Ozkan 1976), but thereisan increasein frac-
ture toughness, probably caused by crack-tip blunting
owing to aperiodic domains (Chakoumakoset al. 1991).
The ion-beam irradiation resulted in softening (70%)
and a decrease in bulk modulus (42%). The principal
effect of the changes in mechanical properties is the
formation of a pronounced system of fractures
(Chakoumakos et al. 1987) due to differential volume-
expansion in zones of different a-decay dose. A model
has been devel oped that describes the sets of radial and
concentric fractures that are characteristic of zircon,
principally afunction of the degree of damage (e.g., the
amorphous fraction), zone thickness, and the confining
pressure (Lee & Tromp 1995). This type of analysisis
required in order to evaluate the devel opment of micro-
fractures as a function of radiation damage, and is par-
ticularly useful in considering disposal in adeep borehole.

Radiation damage
Radiation damage from incorporated actinides and

their daughter products can have a profound effect on
the physical properties and chemical durability of min-
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erals and ceramics (Ewing et al. 2000). This is espe-
cially true for the a-decay of 2%°Pu and its daughter
products (e.g., 2°U) in an actinide-bearing zircon.
Depending on the waste load, significant doses (>10'8
a-decay events/g) accumulate, and crystalline phases
become aperiodic in relatively short periods of time,
103 years (Fig. 5) (Ewing et al. 1995a, Weber et al.
1998). Note that zircon crystals can accumulate rela-
tively high doses of a-decay (horizontal linein Fig. 5).
This alows acomparison of datafrom accelerated-irra-
diation techniques, either actinide-doping with short-
lived o-decay nuclides such as 2*®Pu or 2**Cm (that
reach a-decay doses of 10° a-decay event/g) or ion-
beam irradiation experiments (Ewing et al. 2000).

In an a-decay event, the a-particle dissipates most
of its energy (4.5 to 5.8 MeV for actinides) by ioniza-
tion processes over arange of 16 to 22 pm, but under-
goes enough eastic collisions along its path to produce
several hundred isolated atomic displacements. The
largest number of displacements occur near the end of
the a-particle range. The more massive, but lower en-
ergy, a-recoil (86 keV 2°U recoil from decay of 23°Pu)
dissipates nearly al of its energy in elastic collisions
over a very short range, 30 to 40 nm, causing ~1,000
atomic displacements. The density of energy deposited
into the cascade is high (up to 1 eéV/atom) and occurs
over an extremely short time (<1022 s). Thus, asingle
a-decay event generates approximately 1200 atomic
displacements, significantly morethan the 0.1 displace-
ments generated per 3-decay event. Because of thelarge
number of atomic displacements during an a-decay
event, there is a profound effect on the structure and
propertiesof crystalline solidsthat incorporate actinides.
The cumulative effect of dose will be time- and tem-
perature-dependent because of annealing and recrystal-
lization of damaged areas (Weber et al. 1997).

Studies of radiation effectsin zircon have along his-
tory (Vance 1975, Ewing 1994, Murakami et al. 1991,
Wang & Ewing 1992a, Nasdala et al. 1996, Farges &
Calas 1991, Woodhead et al. 1991, Farges 1994, Weber
et al. 1994, Saje et al. 1999, Meldrum et al. 19993, b,
Begg et al. 2000, Capitani et al. 2000). Zircon under-
goes a radiation-induced transformation from the peri-
odic to aperiodic (metamict) state at doses over 108 to
10"° o-decay events/g (= 0.2 to 0.6 dpa, displacements
per atom) with a corresponding decrease in density and
volume expansion of 18%. Previous studies include the
analysis of zircon crystals that have accumulated o-
decay-event damage up to doses of nearly 0.7 dpa over
550 million years (Holland & Gottfried 1955, Murakami
et al. 1991, Nasdala et al. 1996), 2*8Pu-doped zircon
(half-life = 87.7 &), up to doses of 0.7 dpain 6.5 years
(Weber 1991, Weber et al. 1994, Weber & Maupin
1988) and heavy-ion-beam irradiated zircon using
2MeV He', 0.8 MeV Ne*, 1.5 MeV Ar*, 0.7-1.5 MeV
Kr* and 1.5MeV Xe* to dosesof 0.2to 2.3 dpaintimes
of less than one hour (Wang & Ewing 1992b, Weber et
al. 1994, Wang et al. 1993). All three types of damage
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experimentsinclude detail ed studies of annealing kinet-
ics. Zircon studies (e.g., of samplesthat are 550 million
yearsin age) and the experimental results for ion-beam
irradiation of lessthan one hour result in arange of dose
rate of over eight orders of magnitude. In situion-beam
irradiation combined with high-resolution transmission
electron microscopy have shown that damage-induced
microstructures and ingrowth of damage with increas-
ing dose can be ssimulated using heavy-ion irradiation
(Fig. 6). Thus, there is a firm basis for predicting the
microstructure of radiation-damaged zircon as a func-
tion of dose, temperature, and type of radiation (Ewing
1993, Wang et al. 1993, Weber et al. 1994, Ewing et al.
2000). Systematic studies have been done for monazite-
and zircon-structure orthophosphates with a wide vari-
ety of A-site end-member compositions (Meldrum et al.
19974, b) and orthosilicates (Meldrum et al. 1998a,
b,1999a, b). Zircon, hafnon (HfSIO,), thorite (tetrago-
nal ThSiO,) and huttonite (monoclinic ThSiO4) become
amorphous in a two-stage process with increasing tem-
perature when irradiated with 800 keV Kr* or Xe* ions
in the temperature range of 20 to 1100 K. The tempera-
ture at which amorphization does not occur (i.e., the
temperature when the rate of simultaneous annealing is
equal to the rate of damage accumulation) increases in
the order: huttonite, zircon, hafnon, thorite. When irra-
diated with heavy ions, all four orthosilicates may de-
compose into crystalline oxides: ZrO,, HfO, or ThO,

plus amorphous SIO, (Meldrum et al. 1998a). |on-beam
irradiation of synthetic and natural zircon and monazite
(with impurities) showed that impurities lower the dose
required for amorphization and correspondingly in-
crease the temperature above which a material cannot
be amorphized. This finding suggests that impurities
increase susceptibility to amorphization and inhibit an-
nealing, particularly when coupled charge-balance sub-
stitutions are required (Meldrum et al. 1997b, 1999b).
Atomic-scale descriptions of structural rearrange-
ments during damage accumulation and annealing have
been obtained by EXAFS studies of metamict zircon
(Farges & Calas 1991, Farges 1994), X-ray-diffraction
refinements of the structure (Rios & Salje 1999, Rios et
al. 20003, b), Raman spectroscopy (Zhang et al. 2000),
infrared spectroscopy (Zhang et al. 2001), 2°Si nuclear
magnetic resonance (Farnan & Salje 2001) and trans-
mission electron microscopy (Murakami et al. 1991,
Capitani et al. 2000). Metamictization is accompanied
by major atomic reorganization: loss of well-defined
medium-range order, disruption of the immediate envi-
ronment of Zr, decrease of the average coordination
number of Zr, and tilting and distortion of SiO,4 polyhe-
dra (Farges 1994). The principa distortions mainly af-
fect the ZrOg polyhedra (Rios et al. 2000b). The
damage-ingrowth process is heterogeneous, essentially
the result of overlapping cascades that form by direct
impact (Salje et al. 1999, Rios et al. 2000a), and the
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Synthetic zircon damaged by 1.5 MeV Kr*

Natural zircon damaged by o-decay events
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expect the formation of USiO, (also with the zircon
structure) and UO..

There are few crystalline ceramics for which such a
properties of zircon must be considered in light of its

radiation-damaged, aperiodic state. The extensive data-
(e.g., proportion of the amorphous fraction) as a func-

saturation dose of damage (1.2 X 10'° a-decay events/
tion of dose and temperature, and compare the resultsto

of 239Py under ambient conditions, zircon will reach the
g or 0.8 dpa) in less than 2,000 years (Fig. 7)

On the basis of these data, for awaste load of 10 wt.%

that at lower tempera-

C) resulted in the formation of minor

rich domains (Farges 1994).

1

Finally, transmutation effects (?3°Pu decays to 2°U)

are important in crystalline materials, as they may lead
to phaseinstability. The solubility of Uinzirconisonly  base make it possible to model damage accumulation

merization of SO, tetrahedrabeing greatest at thehighest  wide variety of data on radiation damage is available.
known approximately (4 £ 2 mole %) (Mumpton & Roy
1961); thus, for higher concentrations of U, one might

structure changes with increasing dose, with the poly-
dose (Farnan & Salje 2001). A two-stage thermal-

damage accumul ation can be described as a percol ation-
type process (Trachenko et al. 2000). The aperiodic
annealing process was observed;

ture (400-500

Zr-
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those for other phases (e.g., apatite: Weber et al. 1997).
Figure 7 shows the critical dose for the amorphization
of zircon as compared to asynthetic silicate apatite (data
for both phases are based on ion-beam irradiation ex-
periments). Above 225°C, zircon with a 10 wt.% |load-
ing of 2%Pu will remain in the crystalline state owing to
thermal annealing. In contrast, synthetic silicate apatite
anneals readily and will remain in the crystalline state
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at ambient temperature. Such models are very sensitive
to the activation energies for thermal annealing
(Meldrum et al. 1998b). More recent work has sug-
gested that temperatures as high as 400°C are required
to maintain the crystallinity of zircon containing 10 wit.
% Pu (Meldrum et al. 1998a). Modeled results were
compared to zircon crystals of known thermal history
and are in good agreement, except in those cases where
there has been episodic thermal annealing (Meldrum et
al. 1998b). The sametype of analysisallowsoneto cal-
culate the minimum temperature of storage required to
maintain the crystallinity of any actinide-bearing waste
form (Fig. 8). At present, sufficient data for this type of
analysis are available only for zircon.

Sored energy

Values for stored energy have been carefully deter-
mined (Ellsworth et al. 1994) by transposed-tempera-
ture drop calorimetry over the range of the periodic-to-
aperiodic transition on a suite of zircon crystals from Sri
Lanka (550 million years). The energy released during
annealing varies sigmoidally as a function of «-decay-
event dose, reaching a saturation value of 322 + 16 Jg
at doses greater than 5 X 10'8 w-decay events/g. Thisis
greater than values typical of nuclear-waste glasses,
which are generaly less than 150 J/g and which satu-
rate at a dose of 10'® a-decay events/g; however, sud-
den release of this energy is not anticipated to cause a
significant rise in temperature for either the glass or

400 —
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FiG. 8. Minimum temperature for storage of zircon containing 10 wt.% and 2 wt.% 23°Pu,
respectively, versus storage time in order to ensure complete crystallinity of zircon.
Such model calculations are very sensitive to activation energy. The dark solid line is
for an activation energy of 3.6 eV, the lower, thinner line for 2.1 eV (Meldrum et al.

1998b).
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zircon. The magnitude of the enthal py of annealing sug-
gests that radiation damage is pervasive on the scale of
fractions of nanometers, perhaps leading to the forma-
tion of microdomains of amorphous SiO,-rich and ZrO,-
rich regions in the metamict state. This suggestion is
consistent with observations made by secondary-ion
mass spectrometry and high-resolution transmission
electron microscopy (McLaren et al. 1994), extended
X-ray absorption fine-structure spectroscopy of an-
nealed zircon (Farges 1994) and Raman spectroscopy
(Zhang et al. 2000).

SUMMARY

The database for amineral such aszircon providesa
compelling case for its long-term chemical and mecha-
nical durability as an actinide waste-form. The database
for zircon is extensive and provides ample opportunity
to confirm experimental and modeled results against
actual behavior in a wide range of geological environ-
ments. If the issue is one of long-term verification of
materials performance, there is no other comparable
database for an actinide-bearing phase. Having said this,
| emphasize that the use of zircon as a waste form for
actinides is not the only or necessarily the best choice.
Arethere others? The answer ismost definitely yes, and
prominent among them are monazite (Boatner et al.
1980) and the polymorphs of zirconia (Sickafus et al.
1999). Important work on the use of cubic zirconiaas an
inert-fuel matrix and a nuclear-waste form (Oversby et
al. 1997, Gong et al. 2000, in press) can fundamentally
change important aspects of the treatment and process-
ing of actinidesin the nuclear-fuel cycle. More recently,
zZirconate pyrochlore compositions have been identified
as being entirely radiation-resistant (Wang et al. 1999,
Sickafuset al. 2000). The presently proposed ceramic for
Pu disposal in the United States is a titanate pyrochlore
that becomes amorphous at relatively low doses (Weber
& Ewing 2000); in contrast, the zirconate pyrochlore will
remain crystalline for tens of millions of years.

| believe that we have only just scratched the sur-
face of mineralogical applications to issues related to
nuclear-waste disposal. As an example, much can be
learned about the alteration of UO; in spent nuclear fuel
by studying the products of secondary ateration of ura-
ninite, UO,.« (Finch & Ewing 1992, Janeczek et al.
1996, Burnset al. 19973, b). Mineralogical studies pro-
vide abundant information and insight into the results
of long-term corrosion and alteration processes, and
these are the essential data required for the design,
evaluation and sel ection of materialsused in the disposal
of nuclear waste.
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