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VORWORT DER SCHWEIZERISCHEN GEOTECHNISCHEN KOMMISSION

Die sichere oder risikoarme Endlagerung von mittel- und
hochradioaktiven Abfillen stellt weltweit eines der gross-
ten Umweltprobleme unserer modernen Gesellschaft dar
und hat in jiingster Zeit zunehmend zu massiven Diskussio-
nen und Protesten in der breiten Offentlichkeit gefiihrt.
Insbesondere die ausgepriagte Langlebigkeit einiger Ab-
fallprodukte stellt sehr hohe Anforderungen sowohl an den
geologischen Untergrund wie auch an die Bauweise und
die Abdichtung eines moglichen Endlagers.

Die vorliegende Arbeit von Herrn Jan Malmstrom befasst
sich mit der Korrosionsbestindigkeit des Minerals Zirko-
nolit, einer Hauptkomponente von Synroc (synthetisches
Gestein zur Verfestigung und Endlagerung von fliissigen,
radioaktiven Abfallstoffen), bei erhohten Druck- und Tem-
peraturbedingungen in verschiedenen Fliissigkeiten. Sie
beruht im Wesentlichen auf einer an der ETH Ziirich
ausgefiihrten Dissertation und stellt eine wertvolle Ergén-
zung zu fritheren materialtechnologischen und mineralogi-
schen Publikationen in der Reihe der «Beitrige zur Geolo-
gie der Schweiz, Geotechnische Serie» dar.

Zirkonolit kann sowohl Aktiniden als auch einige Spaltpro-
dukte derselben im Kristallgitter einbauen und spielt somit
eine wichtige Rolle in Synroc. Als Triger von radioaktiven
Abfillen sollte Zirkonolit stark korrosionsbestindig sein.

Ziel der vorliegenden Arbeit ist es, anhand von zahlreichen
hydrothermalen Experimenten die Stabilitét von Zirkonolit
inverschiedenen fluiden Losungen tiber einen weiten Tem-
peratur- und Druckbereich aufzuzeigen, wie er in einem
Endlager durch Wirmeproduktion beim radioaktiven Zer-
fall einerseits und durch die Gebirgsiiberlast andererseits
zu erwarten ist. In sauren Fliissigkeiten konnte dabei bis
500 °C lediglich eine schwache Korrosion von Zirkonolit,
und bei hoheren Temperaturen eine etwas ausgeprigtere
Alteration zu Rutil und Anatas festgestellt werden. In
basischen Losungen hat sich dagegen gezeigt, dass Zirko-
nolit in Abhingigkeit von Druck und Themperatur zuse-
hends instabil wird und zu Perowskit, Calzirtit sowie bei
hoherem Druck auch Baddeleyit zerfillt. Die dabei freige-

setzten radioaktiven Abfallstoffe werden jedoch sofort
wieder in diese sekundédren Produktphasen, insbesondere
Perowskit, eingebaut und konnen somit nicht aus dem
System entweichen. Dieses Resultat ist besonders wichtig
hinsichtlich einer langfristigen Prognose fiir die Sicherheit
eines Endlagers.

Da in einem Endlager dennoch immer das Risiko eines
direkten Kontaktes zwischen radioaktiven Abfallstoffen
und dem Grundwasser besteht, ist ein zusitzlicher Schutz
durch &ussere Barrieren stets notwendig. Diese sollten
eindringendes Wasser zu einem hohen pH-Wert puffern
konnen, um die Bildung von Perowskit als sekundirer
Abfallbinder beim Zerfall von Zirkonolit zu begiinstigen.
Zu diesem Zweck eignen sich Zement und Bentonit als
technische Barrieren am besten.

Die Schweizerische Geotechnische Kommission dankt dem
Autor fiir die Moglichkeit, diese wertvolle, zukunftsorien-
tierte Arbeit in ihre Schriftenreihe aufzunehmen, sowie fiir
die gute Zusammenarbeit und die sorgfiltige Durchsicht
des Manuskriptes bei der Drucklegung.

Im weiteren sei dem Werenfels-Fonds der Freiwilligen
Akademischen Gesellschaft Basel und dem Institut fiir

Mineralogie und Petrographie fiir deren finanzielle Unter-
stiitzung beim Druck der vorliegenden Arbeit gedankt.

Fiir den Inhalt von Text, Tabellen und Figuren ist der Autor
allein verantwortlich.

Ziirich, im Dezember 2000

Der Prisident der Schweizerischen Geotechnischen Kom-
mission

V. Dietrich
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ABSTRACT

Zirconolite, ideally CaZrTi207, is a major constituent of
Synroc nuclear waste forms. Synroc is a synthetic rock,
designed to solidify and dispose liquid, radioactive high-
level waste (HLW), where zirconolite acts as a principal
host phase for actinides and certain fission products (e.g.,
rare earth elements). As a host for HLW at the disposal site,
it has to be highly corrosion resistant. A high resistance
against corrosion is reported from the natural occurrence of
zirconolite and from experiments in deionized water at
temperatures up to 150 °C. In this thesis, the stability of
zirconolite at higher temperatures, at elevated pressure, and
in various fluids has been investigated. Hydrothermal ex-
periments were carried out over a temperature range from
150 up to 700 °C, at pressures of 50 and 200 MPa. Beside
deionized water, diluted NaOH, HCIl, H3PO4, SiO2, and
CO2 fluids were used to study the corrosion behavior of
zirconolite. As starting material single-phase, polycrystal-
line zirconolite-2M, doped with REEs, Hf and U as actinide
analogues and/or neutron absorbers was used. Experiments
were performed in a closed system in externally heated
pressure vessels. Fluid run products and solid reaction
products were analyzed by various analytical techniques,
including ESEM, SEM, TEM, EPMA, XRD, RAMAN-
spectroscopy, IR-spectroscopy, and ICP-MS.

In general, the results indicate that zirconolite is not cor-
roded at the resolution of ESEM at temperatures below 250
°C, but they reveal various degrees of alteration at higher
temperatures. In acidic environments (HCI, H3PO4), corro-
sion is weak up to 500 °C, but more pronounced above that
temperature, and various TiO2 phases, including rutile and
anatase, are observed as alteration products (possibly
quench phases). In a basic environment (NaOH), on the
other hand, zirconolite shows increasing corrosion up to
500 °C. At this temperature and at 50 MPa, zirconolite
breaks down to the solid product phases perovskite (CaTiO3),
calzirtite (Ca2Zr5Ti2016), and hydrated Al in the fluid. At
a higher pressure (200 MPa), the solid breakdown products
are perovskite and baddeleyite (ZrO2).

Further investigations focused on the relationship between
primary zirconolite and the secondary product phases. For
the experiments in acidic fluids, no chemical or structural
details could be obtained due to the limited size and number
of product phases. They could be phases formed during
temperature quench of the experiments. Different though

for the product phases after experiments in NaOH, where
line scans by AEM revealed a sharp chemical boundary
between perovskite and zirconolite. They also indicated
that more weight units of REE are incorporated into the
secondary perovskite than were present in primary zir-
conolite. This may be seen as an increasing incorporation
during fractionation of all released REE into perovskite.
The high-resolution TEM analysis from a grain boundary
revealed epitaxial growth of perovskite on zirconolite.

Our data provide information on the time-dependent frac-
tionation of the waste elements and neutron absorbers
released from zirconolite, between the fluid and the differ-
ent product phases. Those elements were determined in
much higher concentrations in acidic fluids (HCI) than in
basic fluids (NaOH). In the latter case, they are preferen-
tially incorporated into the product phases perovskite and
calzirtite. Most of the large cations (e.g., trivalent REEs)
fractionate, controlled by their ionic size, on the large Ca
site in perovskite.

The presence of Na or possibly other alkalis in the fluid are
very important for the mobilization of the HFSE.

All data indicate that the corrosion and formation of prod-
uct phases is strongly dependent on the ionic strength, the
composition of the fluid, time, temperature, and pressure.
Although our results obtained by electron microscopy
document zirconolite breakdown in strong NaOH at tem-
peratures above 500 °C, they provide clear evidence for
retention of most of the actinide analogues and neutron
absorbers by the breakdown phases. These phases thus may
act as secondary waste form. These data are essential for the
assessment of the long-term behavior of zirconolite-based
nuclear waste forms in final repositories.

Even though zirconolite never acts as single waste form and
always is surrounded by additional outer barriers (technical
and geological), a certain risk for contact with the fluid in
the repository exists. Therefore, the closely related envi-
ronment of the wasteform itself should buffer the incoming
fluid towards a Na-rich fluid with a high pH to force the
system to form perovskite, if a certain temperature (~500
°C) is reached. This may be achieved by the technical
barriers bentonite and concrete and by a geologic environ-
ment like clays or salts.
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ZUSAMMENFASSUNG

Zirkonolit, stochiometrisch geschrieben als CaZrTi207, ist
eine Hauptkomponente von Synroc. Dieses synthetische
Gestein wurde zur Verfestigung und spiteren Endlagerung
von fliissigen, radioaktiven Abfallstoffen (hochaktiv) ent-
wickelt. Zirkonolit spielt darin eine wichtige Rolle als
Hauptphase fiir den Einbau von Aktiniden sowie einiger
Spaltprodukte (z.B. seltene Erden) im Kristallgitter. Als
Trager von hochaktiven Abfillen sollte Zirkonolit stark
korrosionsbestindig sein. Diese Eigenschaft wird durch
sein natiirliches Vorkommen und Experimente in deioni-
siertem Wasser bei Temperaturen bis 150 °C prognosti-
ziert. Wihrend dieser Arbeit soll nun die Bestiandigkeit von
Zirkonolit bei hoheren Temperaturen, erhohtem Druck
und in verschiedenen Fliissigkeiten untersucht werden.
Dazu wurden hydrothermale Experimente iiber einen Tem-
peraturbereich von 150 bis 700 °C bei einem Druck von 50
und 200 MPa ausgefiihrt. Neben deionisiertem Wasser
wurden auch verdiinnte Losungen mit HCL, NaOH, H3PO4,
Si02 und CO2 verwendet. Als Ausgangsmaterial dienten
einphasige, polykristalline Zirkonolite (2M), welche mit
seltenen Erden, Hafnium sowie Uran versetzt wurden.
Diese Elemente dienten als Analogmaterialien fiir Akti-
nide sowie als Neutronenabsorber. Die Experimente wur-
den in aussenbeheizten Druckgefissen, also in einem ge-
schlossenen System ausgefiihrt. Sowohl feste als auch
fliissige Produkte der Experimente wurden durch verschie-
dene analytische Methoden untersucht (Umwelt Raster
Elektronenmikroskop (UREM), Raster Elektronenmikro-
skop (REM), Transmissions Elektronenmikroskop (TEM),
Mikrosonde (EPMA), XRD, RAMAN-Spektroskopie, IR-
Spektroskopie sowie ICP-MS).

Ganz allgemein gesehen zeigen die Resultate, dass bei
Temperaturen unter 250 °C mit dem UREM auf der Ober-
fliche von Zirkonolit keine Korrosion erkannt wird. Bei
hoheren Temperaturen wurden dann verschiedene Stufen
von Umwandlungen festgestellt. In sauren Fliissigkeiten
(HC1, H3PO4) wurde bis 500 °C nur eine schwache Korro-
sion festgestellt. Bei hoheren Temperaturen ist diese dann
ausgeprigter, und verschiedene TiO2 Phasen (Rutil und
Anatas) treten als Alterationsprodukte auf (moglicherwei-
se als Ausfillung wihrend der Abkiihlungsphase). Ande-
rerseits zeigt Zirkonolit in basischen Fliissigkeiten (NaOH)
stetig zunehmende Alterationsspuren. Bei einem Druck
von 50 MPa wird Zirkonolit oberhalb von 500 °C instabil
und durch die Produktphasen Perowskit (CaTiO3) und
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Calzirtit (Ca2Zr5Ti2016) ersetzt. Bei einem hoheren Druck
von 200 MPa kann dann Baddeleyit (ZrO2) neben Pe-
rowskit als Produkt festgestellt werden.

Weitere Untersuchungen waren auf die Beziehung zwi-
schen dem Ausgangsmaterial und den sekundiren Pro-
duktphasen ausgelegt. Fiir die Experimente in saurer Lo-
sung konnten keine chemischen oder strukturellen Details
bestimmt werden, was auf die begrenzte Grosse und An-
zahl der sekundiren Produktphasen zuriickzufiihren ist.
Diese konnten aber wegen ihres oberfldchlichen Auftre-
tens auch wihrend dem Temperaturabfall als Ausfillung
entstanden sein. Demgegeniiber stehen die Resultate der
Experimente in basischen Losungen. Mit AEM konnte eine
scharfe chemische Grenze zwischen Zirkonolit und Pe-
rowskit festgestellt werden. Diese zeigten auch, dass mehr
seltene Erden (in Gewichts-Einheiten) in sekundirem Pe-
rowskit als im Ausgangsmaterial vorhanden sind. Dies
wiederum kann als eine Anreicherung wihrend der Frak-
tionierung aller frei gewordenen seltenen Erden betrachtet
werden. Mitdem TEM gemachte hochauflosende Struktur-
analysen zeigen ein epitaxiales Wachsen von Perowskit auf
Zirkonolit.

Unsere Daten geben auch Anhaltspunkte fiir die zeitabhin-
gige Fraktionierung der von Zirkonolit stammenden Ele-
mente zwischen den verschiedenen Produktphasen und
dem Fluid. Die Konzentrationen dieser Elemente in sauren
Losungen sind bedeutend hoher als in basischen. Im zwei-
ten Fall wurden diese vorzugsweise in Perowskit und
Calzirtit eingebaut. Aufgrund ihrer Ionengrésse wurden
die meisten dieser lonen auf den grossen Ca-Gitterplatz im
Perowskit eingebaut.

Die Anwesenheit von Na oder allenfalls anderer Alkali-
elemente hat einen grossen Einfluss auf die Mobilisierung
der HFSE.

Die Daten zeigen, dass die Korrosion von Zirkonolit sowie
die Bildung von Produktphasen stark von der Ionenstirke
und Zusammensetzung des Fluids sowie von der Zeit, der
Temperatur und dem Druck abhingig ist. Obwohl unsere
Daten die Instabilitit von Zirkonolit in NaOH-reichen
Losungen bei Temperaturen oberhalb 500 °C zeigen, kon-
nen auch klare Evidenzen fiir das Festhalten der Abfall
simulierenden Elemente und Neutronenabsorber durch die



Produktphasen gegeben werden. Dabei iibernehmen diese
die Aufgabe eines sekundiren Abfallrezipienten. Diese
Daten sind wichtig fiir die Erstellung langfristiger Progno-
sen von auf Zirkonolit basierenden Abfallrezipienten in
einem Endlager.

Obwohl Zirkonolit nie als einphasiger Abfallrezipient die-
nen wird und immer zusétzlicher Schutz durch dussere
Barrieren (technisch und geologisch) notwendig ist, be-
steht immer ein Risiko zum direkten Kontakt mit dem

Bodenwasser im Endlager. Deshalb sollte die benachbarte
Umgebung des Abfalles das eindringende Wasser zu ei-
nem hohen pH und Na Gehalt puffern. Dadurch kann das
System zur Bildung des sekundiren Abfallrezipienten Pe-
rowskit gezwungen werden, falls die notwendige Tempe-
ratur erreicht wird (~500 °C). Dies wird am besten durch
die technischen Barrieren Bentonit (Na reich) und Zement
(hoher pH) und durch eine geeignete geologische Um-
gebung wie Tone oder Salze erreicht.
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1 INTRODUCTION

1.1 General Introduction

The aim of this Ph.D. project is to investigate the stability
of zirconolite in various hydrothermal fluids at elevated
pressures and temperatures. Natural zirconolite is reported
to be a host phase for various rare earth elements and
actinides (e.g., U). Its occurrence in nature reveals a high
corrosion resistance to natural ground and surface waters,
even though it is often metamict due to the radioactive
decay of the incorporated elements. Therefore zirconolite
is used as a major constituent of the Synroc nuclear waste
form, where it is a principal host phase for actinides and
certain fission products. Synroc is designed for the disposal
of high level nuclear waste (HLW).

Prior leaching experiments with Synroc in deionized water
up to 150 °C revealed a high durability of zirconolite
compared to the other phases present in Synroc. Following
these results, the experiments during this thesis were de-
signed to investigate zirconolite leaching up to higher
temperatures and pressures and in an extended variety of
fluid compositions. Single phase zirconolite was used as
starting material to gather information on the behavior of
the isolated zirconolite phase.

The work was mainly performed at the Institute of Miner-
alogy and Petrography of the Swiss Federal Institute of
Technology in Ziirich, where all experiments were carried
out. Intervening working periods were carried out at the
Materials Division of ANSTO in Sydney. In their laborato-
ries, the starting material was synthesized and at a later
stage of the project the solid product phases were analyzed
by TEM. All investigations by ESEM were performed at
the SEM Laboratory at University of Basel.

1.2 Nuclear Fuel Cycle

1.2.1 Introduction

During this thesis, detailed investigations of the behavior of
zirconolite under specific conditions (fixed P, T, fluid) are
made. However, those are only a small but important part
of the the current major problems of safe radioactive waste
disposal. This chapter gives some important background
for a better understanding of the entire nuclear fuel
cycle.

Since nuclear energy is part of our daily life (434 power
plants produce 17% of the worldwide used electricity in
1998, NucLEAR EUurROPE WORLDsCAN, 1999), human beings
have to deal with the resulting waste and its disposal. As a
first necessary production step, several chemical processes
generate nuclear fuel from mined uranium ore. This ore
contains at least 0.1 wt% total uranium and has to be
enriched up to 100% UO2 with at least 3.2% 235U/238U
needed for the chain reaction in thermal reactor types.
During the burn down of the nuclear fuel, 1 kg uranium
decomposes and forms 35 g fission products and 10 g
transuranic elements (e.g., 83Kr, 90Sr, 137Cs, 239Pu). Most
of the starting material (97%) may be reused after reproc-
essing as plutonium containing nuclear fuel (U-oxide + Pu-
oxide => MOX-fuel) for fast reactor types (see figure
1.2.1). This process is also used for the production of
plutonium needed for nuclear weapons.

Radioactive waste is defined as «material that contains or
is contaminated with radionuclides at concentrations or
activities greater than clearance levels established by the
regulatory body and for which no use is foreseen» (IAEA,
1993). High level radioactive waste consists of spent nu-
clear fuel (SNF) from nuclear power reactors, liquid waste
from reprocessing of spent nuclear fuel (high level waste:
HLW) and waste generated by nuclear weapon manufac-
turing and dismantling during the next years. Today, two
different ways of disposal are followed internationally. The
first one is the direct disposal of spent nuclear fuel (SNF)
after an adequate storing time (mainly USA). Other coun-
tries (Great Britain, France, Japan, and Switzerland) still
follow the idea of reprocessing spent nuclear fuel by
dissolving the fuel rods and regaining plutonium and ura-
nium by chemical processes. The resulting highly radioac-
tive liquid wastes (HLW) have to be solidified by vitrifica-
tion or inclusion into ceramics to produce an appropriate
waste form, which then can be disposed. Reprocessing
reduces the waste volume but adds an additional dangerous
process step and creates more mobile liquid materials.

All these processes also produce a certain amount of
radioactive intermediate level (ILW) and low level waste
(LLW). Such LLW is also produced by different applica-
tions in medicine, science and during processing of con-
sumer goods and food. New projects plan a monitored safe
disposal giving the possibility to recycle any waste after
new technical developments in the future. Waste classifica-
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Figure 1.2.1: The nuclear fuel cycle. Approximate yearly flows of material for the operation of a 1000 MW nuclear reactor
(fast reactor type). Case I: once-through cycle. Case Il: closed fuel cycle. (Source IAEA, 1994).

tions are slightly different in France, UK, USA, Japan and
Italy and are described in detailed reports by the Interna-
tional Atomic Energy Agency (IAEA, 1995).

Safe disposal of radioactive waste is required because
ionizing radiation can cause various health effects. These
may be classified as either non-stochastic or stochastic. The
non-stochastic effects have an increasing damage with
increasing exposure to large amounts of radiation, which
results in skin reddening and cell destruction. Stochastic
effects are based on long-term exposure to low levels of
radiation resulting in cancer and mutations. Furthermore, a
distinction has to be made between somatic and genetic
effects, that is to say large amounts of radiation are very
dangerous for single individuals whereas long-term radia-
tion will result in genetic changes. Supplementary risk for
the biosphere is generated by plutonium as an extremely
toxic element (BAIR & THOMPSON, 1974).

1.2.2  Radioactive Waste Disposal

A safe final disposal of SNF and HLW has the aim to
minimize, if not entirely preclude any migration of radio-
nuclides into the biosphere over a long period of time (e.g.,
half-life time !39Pu is 24’110 years). To ensure that only
minimum quantities of radioactive material reach the bio-
sphere and finally human beings, several barriers between
waste and biosphere are designed. Each barrier has a
specific role in preventing nuclide migration and is opti-
mized for its own and as a multi-barrier system (figure
1.2.2):

1) The first and most important barrier is the waste form
itself (several different glass and/or ceramic composi-
tions with incorporated waste). Many considerations
are made on its suitability, which will be discussed
separately later.

2) As an intermediate boundary layer, different technical
barriers are used to avoid any waste loss from the waste



form itself into the geosphere. These technical barriers,
containing the spent nuclear fuel or solidified waste, are
durable containers composed of Cu, Ti, Ni, Al or
stainless steel. These containers are then thought to be
embedded in an overpack (usually concrete). Between
the overpacked containers and the host rock, a buffer
material will be placed. It is designed to minimize the
access of water and to protect the containers from
chemical and physical damage. This material is called
backfill and consists mostly of compacted clay (e.g.,
bentonite). The remaining volume of the disposal vault
will be sealed up (backfilled) with the same, fluid
impermeable material. Upon contact with pore-water,
those clay layers will produce basic conditions (pH 8—
11; MURINEN & LEHIKOINEN, 1998).

3) As the final and ultimate barrier, optimal tectonic and
geochemical conditions in a stable geologic formation
are required for a possible disposal site. Present interna-
tional efforts focus on Precambrian shield areas with
low tectonic and volcanic activities, surrounding host-
rock with a very low fluid permeability (possibly gran-
ite, basalt, salt, tuff, or clay), and zones with a low
fracture abundance.

Each of these barriers must act independently but they also
have to complement each other to generate the best possible
solution for radioactive waste disposal.

The concept for a final disposal site has to fulfill many
conditions. Governments propose different environmental
radiation protection standards for the safety of mankind.
The first essential scientific question is: What are the
changes in physical properties (e.g., volume changes, frac-
ture toughness and hardness), chemical properties (e.g.,
presence or absence of fluids, and leach rate), and stored
energy as a function of radiation dose, temperature and
time? The second question should be: How can the changes
in physical and chemical properties to relevant radiation
doses be simulated in accelerated experiments (for a waste
form age of 10’000 — 1°000°000 years)? These issues are
discussed and summarized in detail by EwING et al. (1995).

For all described barriers, laboratory data are needed to
predict the behavior under various conditions and espe-
cially in contact with radioactive material. For validation of
laboratory data (often incompatible with nature) additional
tests are carried out in natural systems (e.g., Nagra Fels-
labor, Mont Terry) and are carefully compared to geologi-
cal observations. Most present schemes go 300-1000 m
below the surface and involve temperatures up to 300 °C
and water pressures up to 10 MPa. Additional studies are
made under conditions simulating deep boreholes (up to
6000 m) resulting in even higher temperatures and pres-
sures. These conditions range from the lowest grades of
diagenesis to the upper limit of the zeolite facies of regional
metamorphism. This is a regime where mineral water reac-
tions proceed slowly and metastable equilibrium abounds.
However, dehydration processes are very important and
generate aqueous fluids at these conditions.

technical barrier

— spent nuclear fuel (B)
or solidified HLW (B)
(glass or ceramic
waste form)

— container (A)

geotechnical barrier

— overpack (concrete)

— backfill (bentonite)
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— possibly underground drainage
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Figure 1.2.2: Sketch of the different barriers (geological,
geotechnical and technical) required for safe radioactive
waste disposal.

Long-term predictions (up to 10° years) are difficult to
assess only from experiments in laboratories. Therefore
final tests are carried out in possible waste disposal sites in
different countries (e.g., Yucca Mountain, Nevada, USA
and Forsmark, Sweden). Until now, no final disposal site
for HLW is sealed and thereby surrendered back to nature.

1.2.3  High Level Waste (HLW)

HLW is generated as liquid waste from reprocessing of
SNF and the production and dismantling of nuclear weap-
ons (defense waste) and has to be solidified prior to its
disposal. The earliest history of the development of these
radioactive waste forms is described by Lutze (1988). The
first major efforts in the 1950s focused on the incorporation
of radioactive waste into glasses of different compositions.
First choice was a nepheline syenite glass from Chalk River
in Canada with a processing temperature for waste incorpo-
ration of 1350 °C. Major programs during the 1960s in the
USA, Canada, France, Germany, Italy, UK, Japan and in
the former Soviet Union tried to develop glass composi-
tions with a lower melting point. Lower temperatures
decrease the loss of radionuclides by volatilization and
form more durable glasses for waste incorporation without
phase separation. Lead is incorporated to absorb nuclear
radiation due to its high density and the large cross section
for neutron absorption. Borosilicate glass is now the choice
for most nations. Industrial processing is in progress since
1978 in Europe and since 1996 in the USA.

Since 1978 new ceramic waste forms were also under
development, resulting from natural analogue studies (du-
rable minerals incorporate radioactive elements). The best
known of these is Synroc (SYNthetic ROCk), a titanate
ceramic waste form initially developed by the Australian



Professor A.E. Ringwood based on an idea from Penn State
University (USA). Other ceramic alternatives to the mostly
used borosilicate glass are still under investigation in vari-
ous laboratories all over the world (e.g. Sandia, USA;
ANSTO, Australia; CEA, France). They include zirco-
nium-titanates, phosphates and tailored ceramics as single
and multi phase ceramics (e.g., rutile, monazite, apatite),
cementitious waste forms, glass ceramics, polyphase ce-
ramics with high metal contents as well as mixed glass-
crystalline slags. HLW is present differently in each waste
form.

The detailed characteristics of the different waste forms are
described by Ewing et al. (1995) and Lutze & EwiNG
(1988). They are important for understanding the damage
resulting from radiation. The predominant radiation effects
in HLW waste forms are heating, radiolysis and radiation
damage. Heating is mainly due to the B-decay of fission
products (e.g., 2°Sr, 137Cs) during the first period of waste
storage. Radiolysis means that the ionizing radiation can
decompose the surrounding water to a more oxidizing
reactant. Radiation damage is caused by o- and -decay
(details see chapter 1.2.4).

The waste loading ultimately determines the radiation dose
and the thermal history (energy from any type of radiation
absorbed in a solid increases the temperature). Polyphase
waste forms show partitioning of radionuclides, actinides
and fission products into different phases. This may result
in selective amorphization and isotropic or anisotropic
expansion during amorphization and may lead to micro-
fractures and disaggregation of the waste form. The final
damage is a function of accumulated damage microstruc-
tures and for crystalline waste forms the kinetics of anneal-
ing.

1.24  Synroc

General

As a ceramic waste form, Synroc is designed for the
disposal of HLW which has to be solidified for long-term

storage in the repository. It creates an independent immo-
bilization barrier (increased degree of security) in the event
of unexpected failure of the geological barrier or the tech-
nical barriers. The idea of using ceramics was initially
developed with the aim to provide a waste form with much
greater resistance to leaching by groundwater than boro-
silicate glass (Ringwoob, 1978; Ringwoobetal., 1979). The
constituent minerals, or close structural analogues, having
survived in a wide range of geochemical environments for
periods of 20 — 4’500 Myr whilst immobilising the same
elements present in nuclear wastes lead to the basis of this
concept (Ringwoob etal., 1979). Synroc is the only ceramic
waste form other than glass that was developed and studied
to a degree that the processing technology could be evalu-
ated or demonstrated with actual waste.

Composition

Synroc is a polyphase assemblage principally consisting of
the four titanate phases zirconolite (CaZrTi207), perov-
skite (CaTiO3), hollandite (BaAl2Ti6O16) and titanium
oxides (TiO2). These phases together have the capacity to
incorporate nearly all elements found in HLW into their
crystal structure as solid solution (table 1.2.1). Partitioning
of the waste elements between the different phases is due to
the different crystal structures of the phases (BLACKFORD et
al., 1992; LumpKIN et al., 1995b; SmiTH et al., 1993; VANCE,
1994).

Out of the starting materials, several distinct formulations
were developed for different waste compositions. Synroc A
and B were designed to increase the physical quality and
chemical equilibrium as a ceramic material. Formulation C
is designed for commercial waste (Purex type) and D for
waste of the US Army (Savannah River). Synroc E is based
on the same phases as Synroc C, but with different propor-
tions, with the goal of incorporating microphases of Synroc
C into surrounding TiO2 as highly corrosion resistant
microenvironments. Synroc F is designed for the confine-
ment of non recycled spent fuel as direct disposal (table
1.2.2). Due to the preferential incorporation of specific
waste elements into the different phases of the waste form,

Table 1.2.1: Host phases for principal high-level waste elements in Synroc (Rinagwoop et al., 1988; Rinawoop et al., 1979).
Actinide elements and rare earth elements preferentially enter zirconolite when this phase is present. However, they can also

be accommodated by perovskite.

Mineral Formula Elements incorporated

Hollandite BaAl2Ti6cO16 Cs*, Rbt, K+, (Na*), BaZ*, Mo*t, Ru#*, Rh3*, Fe3*, Cr3*, Ni2+, Fe?*
Zirconolite CaZrTi207 U4, Pu*t, Np*, Zr**, Am3+, Y3+, Gd3+, La3*, Na*

Perovskite CaTiO3 Sr2+, (U*), (Y3%), (Gd3), (La’*)

metallic phases Tc, Ru, Rh, Pd, Cd, Fe, Ni, Mo, Ti




Table 1.2.2: Different Synroc formulations and their mineralogical composition in percent of the total volume.

Name and formulation Vol%
Synroc A: initial formulation, 10 vol% waste load

Hollandite (BaAl2TicO16) 29 %
Zirconolite (CaZrTi207) 26 %
Perovskite (CaTiO3) 6 %
Ba-Feldspar (BaAl2Si208, celsian) 13 %
Kalsilit (KAISiO4) 15 %
Leucite (KAI1Si206) 11 %
Synroc B: no waste added

Hollandite (BaAl2TicO16) 40 -35 %
Zirconolite (CaZrTi207) 35-31%
Perovskite (CaTiO3) 25-22 %
Rutile (TiO2) 0-7%
Synroc C: formulation B with 10-20 vol% waste load

Hollandite (BaAl2TieO16) 40 -35 %
Zirconolite (CaZrTi207) 30 %
Perovskite (CaTiO3) 20-15%
Rutile (TiO2) 15 %
Hibonite (Ca(ALTi)18019), Magnetoplumbite (Pb(Fe,Mn)18019) <5%
Alloy <5%
Synroc D: specific for US waste containing Fe, Na

Zirconolite (CaZrTi207) 16 - 19 %
Perovskite (CaTiO3) 11-15%
Nepheline (NaAlSiO4) 18 %
Spinel (FeAl204, Fe2TiO4) 55-48 %
Synroc E: designed for micro encapsulation in TiO2

Hollandite (BaAl2TieO16) 2-5%
Zirconolite (CaZrTi207) 4-7 %
Perovskite (CaTiO3) 4-7 %
Rutile (TiO2) 80 - 81 %
Synroc F: direct waste loading up to 50 %

Hollandite (BaAl2TicO16) 5 %
Rutile (TiO2) 10 %
Pyrochlore ([Ca,U]Ti207)

Perovskite ([Ca,U]TiO3) 85 %
Uraninite ([Ca,U]xTiO2)

these various formulations are necessary to achieve a high
degree of chemical equilibration and homogeneity amongst
the various chemical components of the entire waste form.

Several different techniques were used to produce Synroc. In
the early stages, the traditional «oxide-route» (mechanical
milling of ingredients and hot pressing for densification) was
used to prepare the precursor material. This procedure yielded
only unsatisfactory material, due to incomplete homogeniza-
tion. Other techniques such as the «Sandia» method (reactive
precursor with high specific surface area as powder or slurry),
the «hydroxide-route» (hydrolyzed homogeneous mixture of
alkoxides developed at ANSTO in 1985), crystallization from
a melt (VANCE et al., 1996) and the application of sol-gel
chemistry processing (SizGex et al., 1998; SizGek et al., 1994)

yielded much better qualities. Upgrading of laboratory scale
batches (0.1-1 kg) to large production batches resulted in
lower final densities, which might lead to higher leach rates for
some materials.

In the 1990s, alternative Synroc formulations have been
developed (Jostsons et al., 1995; Vance et al., 1992)
primarily for actinide-rich wastes and weapons Pu.

Radiation effects

Radioactivity is a process where an atomic nucleus decays
spontaneously and thereby emits o, B-, or y-radiation.
Radiation interacting with matter then induces changes to
the material; these are called radiation effects. Most promi-



nent effects are heating, radiolysis and ionic displacements.
The B-decay of fission products adds a significant amount
of heat to the repository in addition to the natural heat flow
and therefore has an effect on the mineral stability and the
fluid migration processes in the vicinity of the waste form.
It may also affect the stability of the canisters containing the
waste form. The surrounding water may be radiolytically
decomposed by ionizing radiation, which turns water into
a more oxidizing solution, thereby changing the solubility
of the waste form itself.

Radiation damage induced by o.- and B-decay are the most
dangerous radiation effects for a crystalline waste form due
to the possible amorphization of the crystal structure. Three
processes cause this damage: (1) inelastic collisions be-
tween nuclear particles and host matrix atoms; (2) ioniza-
tion; and (3) transmutation. Most important is the a-decay
resulting in inelastic collisions causing structure displace-
ments. When the o.-particle is ejected from the parent atom,
the resulting product nucleus is significantly recoiled (oi-
recoil track). Whereas the o-particle loses most of its
energy by ionization, the recoil atom loses its energy
mainly by displacement, leading to physical and chemical
changes in the waste form (figure 1.2.3). The final result is
the metamictization of the primary crystalline phases.

This metamictization, primarily a result of o-decay of
actinides (e.g., 235U) because B-decay does not lead to
amorphization by itself, is accompanied by an increasing
volume of the unit cells, which can lead to microfractures.
Therefore many research projects were planned to under-
stand this problem by analyzing synthetic samples with
various neutron irradiation techniques and by analyzing
natural samples which contain ¢-decay damage compara-
ble to that which will be experienced by Synroc. All
experimentally induced radiation dose rates are much higher
(factor of 10*-10%) than the ones active wasteforms will

o—track
range ~10-20 um
~100 displacements

208pp

o—recoil track
range ~10-20 nm
~1500 displacements

Figure 1.2.3: Schematic demonstration of the o-decay
(e.g.,%12P0) revealing the ejection of the small a-particle
(*He) and the recoil of the much larger product nucleus
(e.g., 208Pb) leading to the o-recoil track.

encounter. In addition, all phases of the irradiated samples
experience the same fast-neutron flux, even hollandite,
which is normally less affected because it does not contain
actinides as a-emitting radionuclides in the proposed waste
form. On the other hand natural samples are exposed to
lower dose rates (factor of 102—103) than those encountered
by active waste. But this factor is smaller than the one from
laboratory irradiated tests hence radiation doses from natu-
ral analogues are closer to those from active waste. There-
fore natural samples are more relevant for the prediction of
radiation damage effects (Ringwoob et al., 1988). A de-
tailed overview is given by EwING et al. (1995), who also
discusses the impact of radiation on glass waste forms.
Additionally, individual phases of Synroc were doped with
actinides to test their individual behavior during o.-decay.
Specific results have been described by various authors
(EwiNnG et al., 1982; EwING & HEADLEY, 1983; LUMPKIN et
al., 1986; Pupovkina et al., 1974; SINCLAIR & RINGWOOD,
1981; WEBER et al., 1985). These single phases were also
studied in nature. Investigations on old metamict zirco-
nolites (completely amorphous due to radiation damage)
revealed exact zirconolite stoichiometry without elemental
zoning (LumpKIN et al., 1986). No specific material loss by
leaching was observed and therefore a very resistant behavior
of zirconolite in natural ground waters may be proposed
(GIERE et al., 1994; GIERE et al., 1998; Harr et al., 1996;
LumpkIN et al., 1994a).

Leaching behavior

For each waste form it is very important to determine the
chemical durability. Therefore different leach tests were
carried out and compared to hydrothermally altered miner-
als. Experiments under static conditions in deionized water
at 90 °C by Ringwoop & KELLY (1986) showed that the
initial leaching of Synroc is highly incongruent with re-
spect to the different elements, time, temperature, and
phase. The overall leach rate decreased by a factor of 1000
after 80-90 days (Ringwoobp et al., 1988; SoLoMAH &
ZumwaLT, 1982; figure 1.2.4). For most elements, leach
rates decreased rapidly for the first ten days and then
reached a plateau value. For some other elements (e.g., Cs,
Sr) the leach rate decreased over a period of up to 100-300
days (LEvins et al., 1986; LumpkiN et al., 1991; OVERSBY &
Ringwoob, 1982; REEVE et al., 1982; SMmiTH et al., 1996;
SmitH et al., 1997a; SmiTH et al., 1992; SmiTH et al., 1997b).
Ringwoob et al. (1981) explained the initial high leach rates
due to incomplete equilibrium during hot pressing which
caused small proportions of some elements to be located at
grain boundaries or other metastable phases, or a higher
porosity present at the surface received during preparation.
Various reports and authors showed different leach rates
for different precursor materials and fabrication mecha-
nisms (OVERSBY & VANCE, 1995). The temperature depend-
ence of the leach rate of Synroc is discussed by REEVE et al.
(1981) and SoLomaH (1983) and increases over the tem-
perature range of 45-300 °C by a factor of 25 (figure 1.2.5).
Increasing the waste loading in Synroc (with the desirable
effect of lowering the hot-pressing temperature for full
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Figure1.2.4: Leachratefrom Synroc-C (10 wt% simulated
HLW) under static conditions in deionized water at 90 °C
(data from Rinawoop & KELLy, 1986).

densification) has no serious effect on the chemical durabil-
ity before metamictization (OvErsBY & Ringwoobp, 1982;
REEVE et al., 1983). Various effects on the chemical dura-
bility are induced by different impurities. Even low addi-
tions of silica (0.2 wt% Si02) had a significant deleterious

effect on the leach rate of the more leachable elements
(doubled for Cs; LEvINs et al., 1985). But other elements
like Na as impurities showed beneficial effects and are
easily incorporated into perovskite (KEssoN & RiNnGwooD,
1981). Na is mostly not present but may be added to
intermediate level wastes as a production contaminant
from reprocessing. Other impurities mostly have no effects
(MyHRA et al., 1987). Because Belgium is considering the
disposal of their HLW packages in a Boom clay layer as
surrounding host rock, leaching experiments in Boom clay
media were carried out. The effect of its interaction with
Synroc was mainly to increase the solubility of Ti, Zr and
the REEs in solution (HART et al., 1995; VAN ISEGHEM et al.,
1996).

From studies of weathered or hydrothermally altered min-
erals and from other laboratory-based studies it is known
that the different phases in Synroc exhibit distinct leaching
behavior under identical experimental conditions. These
studies revealed that perovskite is less durable than hol-
landite and especially zirconolite. They also indicate that
under certain circumstances perovskite breaks down to
anatase and brookite and a protective TiO2-enriched rim is
developed (MyHRra et al., 1987; NessitT et al., 1981; RING-
woobD et al., 1988; Ringwoob et al., 1981). These results
were confirmed by leaching experiments producing sec-
ondary phases (TiO2 polymorphs and monazite) on specific
phases (mainly perovskite) of the Synroc surface (LUMPKIN
et al., 1995a). These secondary phases acting as a more
resistant shield may in part explain the decrease in leach
rate over time observed for Synroc.

1
10 9 wt% —95 °C

20 wt% — 95 °C
9 wt% — 200 °C
20 wt% — 200 °C
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Figure 1.2.5: Effect of increasing temperature and simulated HLW loading on the Cs
release from Synroc-C (data from OvErsBy & RINGWooD, 1982).



However, to describe the leaching behavior for Synroc in
natural systems with active waste, two competing pro-
cesses have to be considered. (1) Leaching decreases with
time, but (2) it increases with higher temperature. Due to
the radioactive decay in the repository, the temperature
increases rapidly but cools down slowly at the disposal site
with time (RyBAcH, 1975) resulting in higher leach rates as
shown in figure 1.2.5. This assumption is shown as a sketch
in figure 1.2.6.

Comparison with glass

At the present time, the waste form of choice for most
countries is still borosilicate glass. This choice is mainly
based on:

1) Theease of glass fabrication due to the easy mixing with
the liquid waste supported by the low melting point and
the consistent glass composition for different waste
compositions.

2) This technology is well demonstrated and used for
actual waste.

3) The assumption that glass more easily accommodates
the large variation of HLW composition (up to 30
components) because its structure is aperiodic and that
the HLW elements are evenly distributed throughout
the solid.

4) Glass has cheaper production costs than ceramics.

Differential Leach Rate

But more detailed analyses point to the outstanding charac-
teristic of Synroc and its much higher resistance to leaching
by groundwater than glass at ambient temperatures and in
particular at elevated temperatures due to:

1) Alower solubility of the titanium- and zirconium-oxide
dominated ceramic matrix relative to the sodium boro-
silicate matrix. The solubility of TiO2 is much lower
than that of SiO2 under hydrothermal conditions (table
1.2.3). Leaching experiments revealed a better resist-
ance by three orders of magnitude (NEessITT et al., 1981;
REEVE et al., 1987; figure 1.2.7).

2) Experiments by LEviNs & SMART (1984) exhibited a
much lower leaching dependence of Synroc to pH
compared to glass (figure 1.2.8).

3) In ceramics the radionuclides occupy specific atomic
positions in the periodic structure of the crystalline
phases and they partition unequally between different
phases. In contrary, in glass forms the radionuclides are
distributed homogeneously throughout the solid.

4) Synroc accommodates the same amount of HLW in
only 60% of the volume required by glass waste forms
(GIERE, 1999).

5) Natural analogues of individual ceramic phases allow
investigations on the long-term radiation damage features
and leaching behavior on a geologic time scale in natural
environments (GIERE et al., 1994; GIERE et al., 1998; HART
et al., 1996; LumpkiN et al., 1986; LumpKIN et al., 1994a).

Ti<Tr<T3<Ty

‘V

Time

Figure 1.2.6: Sketch of the effective leach rate as a combination of the increasing leaching rate from
heating due to the radioactive decay and the decreasing leach rate with time. Most heat generation
decreases after several hundred years after 90Sr and 137Cs have decayed, resulting in a decreasing

effective leach rate.



Table 1.2.3: Mass and elemental leach rates [g m™2 d ] of
Synroc and borosilicate glass in deionized water at 90 °C
after 28 days (Rinawoop et al., 1988).

Synroc C, Waste glass,
batch 325, PNL 76-78,
10 wt% HLW 33 wt% waste
simulate simulate
Mass 0.005 0.42
Al < 0.01 not available
Ba 0.036 not available
Ca 0.0065 0.068
Cs 0.033 1.03
Mo 0.12 1.40
Na <0.2 1.32
Sr 0.010 0.075
Ti/Si @ < 0.00005 0.73
Zr/B ® < 0.0006 1.12

) Synroc data are for Ti and Zr as its principal components,
glass data for Si and B as principal components.
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Figure 1.2.7: Leach results for Cs and Sr from Synroc-C
(10 wt% simulated HLW) and waste glass (PNL 76-68) at
100 °C indeionized water. The leachant was replaced daily
(data from REEVE et al., 1982).
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Figure 1.2.8: Comparison of the effect of pH on the leach
rates of Synroc-C (10 wt% simulated HLW) and waste glass
(PNL 76-78) at 90 °C (data from LEVINS & SMART, 1984).

6) Devitrification of glass and the crystallization of phases
including spinel (HRMA & CASLER, 1999) are predicted for
a high level waste glass at elevated temperatures (ORLHAC
et al., 1999). This process is very undesirable and could
lead to fractures and an unbalanced elemental fraction-
ation.

Ceramic waste forms in general have not been developed
and tested to the same degree as glass with the exception of
Synroc (operative demonstration plant at ANSTO). There-
fore the basis for the comparison of second generation
ceramics with glass mostly relies on tests performed with
surrogate elements (see HarTetal., 1998, for an exception).
Despite this shortcoming, the radiation effects on ceramic
waste forms are very well analyzed.

1.2.5 Other Ceramic Waste Forms

Several polyphase ceramics have been prepared on the
laboratory scale as second generation high level nuclear
waste matrices, but all are somewhat related to Synroc.
They all are based on silicate, titanate, phosphate, alu-
minate, titanosilicate and alumosilicate phases. Reviews of
these alternatives have been given by CLARKE (1983),
FieLpinG & WHITE (1987) and Lutze (1988).

Glass ceramics have been developed in Germany and
Canada (HAywarp, 1988). The latter consist of discrete
crystals of sphene (titanite), within a matrix of aluminosilicate
glass.

As a first major application of pure ceramics, the US
Department of Energy decided to use a pyrochlore-rich
titanate ceramic for the immobilization of the excess weap-
ons plutonium (Jostsons et al., 2000; Jostsons et al., 1995).
The schedule for this immobilization program is bound to
the START-II agreements between Russia and USA.
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2 SOLID PHASES

2.1 Introduction

The following part provides some important information
on the solid phases used for, and obtained as product phases
during the experiments. For understanding all processes
taking place during hydrothermal experiments, the crystal
chemical data of the involved phases are very important.

2.2  Zirconolite

2.2.1 Introduction

Zirconolite is a relatively rare accessory mineral with the
ideal formula of CaZrTi207. Until today only 52 terrestrial
and 7 lunar sites as well as 1 meteorite are reported as
localities where zirconolite occurs (WiLLiAMS & GIERE,
1996; GIErRE et al., 1998). Because zirconolite is easily
overlooked by light-microscopy studies (similar to ilme-
nite or rutile), it may actually occur at many more sites.
Interestingly these few occurrences are reported from a
wide range of rock types. Zirconolites from different geo-
logical environments show a large compositional variation
and often a significant deviation from the theoretical com-
position. The two following samples are simplified data
from WiLLIaMs & GIERE (1996, zirconolite C47 and M50):

(Ca0.452REE0.538Th0.006U0.007)(Z1r0.997Hf0.011)
(Ti1.225S810.022Mn0.037Fe0.423Nb0.291) 07

(Ca0.698REE0.041Tho0.134U0.227)(Z10.940Hf0.013)
(Ti1.506Mgo.228Fe0.130A10.048Nb0.056)O7.

GIERE et al. (1998) proposed a series of substitutions and
best suited end-members to describe the natural chemical
variation.

This knowledge is important for designing zirconolite-
based wasteforms. Zirconolite is also an ideal natural
analogue for its behavior in such wasteforms, because of
the significant incorporation of rare earth elements, acti-
nides and other elements in nature. The variability of
substituted cations, host rocks, ages and climates of weath-
ering are ideal for studying the relations between radiation
damage and geochemical alteration (HArT et al., 1996;
LumpkiN et al., 1994a; LumpkiN et al., 1998; LumpkIN et al.,
1994b; LumpKIN et al., 1997).

222  Crystal structure

Three different crystal structures of the composition
CaZrTi207 exist with monoclinic, orthorhombic and trigonal
symmetries named polymignite, zirkelite and zirconolite
(RosseLL, 1980). They are all polytypes (WHITE et al., 1984) or
polytypoids (BayLiss etal., 1989). Table 2.2.1 shows the most
recent nomenclature approved by the International Minera-
logical Association (IMA) under BayLiss et al. (1989).

For the experiments carried out during this thesis, zir-
conolite-2M was used exclusively and therefore only this
polytype is described. The monoclinic structure is close to
the one of fluorite and pyrochlore; it can be described as an
anion deficient superstructure derived from the fluorite-
type structure (c is parallel to (111) of the fluorite subcell).
The lattice of the monoclinic supercell is C-centered and
has eight times the volume of the distorted fluorite subcell.
The unit cell has a size of 12.611 (a) x 7.311 (b) x 11.444
(c) A, a beta angle of 100.52°, and belongs to the space
group C 2/c (GATEHOUSE et al., 1981; WHITE, 1984). Zirco-
nolite has five different cation sites, these being one Ca site
(8-coordinated), one Zr site (7-coordinated) and three Ti
sites (two [I, III] 6-coordinated, one [II] 5-coordinated).
The Ti—O octahedra are arranged in two-dimensional lay-
ers in contrast to the three dimensional network in cubic
pyrochlore. Therefore the structure can be described as a
layered structure parallel to (001) with layers of Ti polyhe-
dra alternating with layers containing Ca and Zr. The Ti
layer is built as a layer of 6-membered rings of TiOe
polyhedra (M6 site) that are connected by the corners. Each
ring surrounds a statistically occupied 5-coordinated Ti site
(M5 site). Alternating chains of CaOs cubes (MS site) and
ZrO7 polyhedra (M7 site) form the Ca- and Zr-rich layers
between the Ti layers (see figure 2.2.1). The polyhedral
volumes of the five different cation sites vary by a factor of
four from M5 to M8 (table 2.5.1). These are the reasons for
the large variety of possible elemental substitutions.

Natural zirconolite forms typically prismatic crystals elon-
gated along ¢ (ANTHONY & JoHN, 1997) and polysynthetic
twinning has been observed along the (111) plane (VLasov,
1966).

223  Crystal chemistry

Stoichiometrically ideal zirconolite contains 16.5 wt%
Ca0, 36.5 wt% ZrO2, and 47.2 wt% TiO2. These major
element contents may range in natural samples from 2.63 to
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Table 2.2.1: IMA-approved nomenclature of the CaZrTi207 polytypoids and their structure after BavLiss et al. (1989).

Polytypoid Structure

zirconolite undetermined polytypoid, may be metamict
zirconolite-2M monoclinic, two-layered, aristotype 1)

zirconolite-3T trigonal, three-layered

zirconolite-30 orthorhombic, three-layered

zirconolite-4M 2) monoclinic, four-layered, supercell of zirconolite-2M
zirconolite-6T 2) trigonal, six-layered, supercell of zirconolite-3T
zirkelite cubic, (Ti,Ca,Zr)O2—x

polymignite identical to metamict zirconolite

D WHITE et al. (1984)
2 SmitH & LumpkiN (1993)

16.5 wt% CaO, from 24.3 to 45.4 wt% ZrO2, and from 13.6
to 45.9 wt% TiO2 (table 2.2.2; GIERE et al., 1998). A
compilation of chemical analyses from natural zirconolite
showing the extensive range of the accommodated ele-
ments and the degree of substitutions has recently been

L. Casite
& Zrsite

®  Tiin split site (M5)

published by WiLLiams & GIERE (1996). Thirty or more
chemical elements may be present at more than 0.1 wt%.
The necessary substitutions or exchange vectors for the
complex zirconolite system comprises simple single-site
substitutions as well as more complex coupled substitu-

A

TiOg - polyhedron

Figure2.2.1: Crystal structure of zirconolite-2M showing the two-dimensional layers of TiO6 polyhedra respectively, Ca and
Zr site layers (by Crystal Maker 4.0 using data from GATEHOUSE et al., 1981).
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Table 2.2.2: Extent of site substitutions in natural and synthetic zirconolite.

Site Element Max/Min % in site | Reference, locality and host rock

M8 natural Ca min. 21.2 D Apollo 15, lunar basalt L11
natural > (REE) max. 78.8 ) Apollo 15, lunar basalt L11
natural > (U + Th) max. 40.4 ) Adamello, Italy, metasomatic

M7 natural Zr min. 97.6 D Apollo 15, lunar basalt L9
natural Hf max. 2.4 D Apollo 15, lunar basalt L9
synthetic Hf max. 97.0 Swenson et al. (1996)
synthetic REE (e.g. Nd, Ce) | max. 50 Vance et al. (1994)
synthetic ACT (e.g. U, Pu) |max. 50 Vance et al. (1995)

M5/6 natural Ti min. 34.8 ) Kaiserstuhl, Germany, carbonatite C71
natural >, (Nb + Ta) max. 41.2 1) Kovdor, Russia, carbonatite C15
natural Fe max. 30.5 D Apollo 14, lunar lithic fragment L7
natural Mg max. 14.8 D Tchivira Mt., Angola, nepheline syenite NS14
natural Al max. 11.3 D Tchivira Mt., Angola, nepheline syenite NS14
natural Mg max. 14.8 D Tchivira Mt., Angola, nepheline syenite NS14
natural Al max. 11.3 D Tchivira Mt., Angola, nepheline syenite NS14

D) Data from refer to table 3 in WiLLiaMs & GIERE (1996).

tions on one site or two different sites and were discussed
by GIERE et al. (1998).

224  Petrography

Several authors described the occurrence of zirconolite as
accessory mineral in a wide range of different host rocks
including kimberlite, metamorphic ultrabasic rocks, den-
dritic anorthosite, gabbro pegmatite, syenite, nepheline
syenite, carbonatite, metasomatic and metamorphic rocks.
The most commonly observed minerals in contact with
zirconolite are apatite, baddeleyite, calcite, calzirtite, dolo-
mite, geikielite, ilmenite, perovskite, phlogopite, pyro-
chlore and spinel. The existence of zirconolite is dependent
on the availability of Zr, Ti and REE as well as on the SiO2
content of the melt, fluid or rock during formation. More
detailed petrographic information is given by BELLATREC-
ciaetal. (1999), BuLakH & NESTEROV (1996), BuLAKH et al.
(1999), GIErE (1986), GIERE (1990), GIERE (1996), GIERE &
WiLLiams (1992), GIere et al. (1998), WiLLiamMS (1996),
WiLLiaMs & GIERE (1988) and WiLLIAMS & GIERE (1996).

2.3  Perovskite

2.3.1 Introduction

Perovskite belongs to the large group of mixed oxides of the
type AZ*B4+03. Compounds of the perovskite structure
are of great scientific and economic importance. Geo-
physically and mineralogically it is of tremendous signifi-

cance because MgSiO3-perovskite is the most abundant
mineral in the mantle. Synthetic perovskite as ceramics
exhibiting a wide range of electrical and optical properties
from insulators to semiconductors and superconductors to
nonlinear optical properties (e.g., KNbO3). The following
explanations are all specific to the end member CaTiO3,
which also has given its name to the whole family of
perovskites. It was first described by GusTav Rosk (1839)
and named after the vice president of Russia, Earl Lew
Aleksejewitsch from Perowski.

2.3.2  Crystal structure

Natural perovskite is orthorhombic (pseudocubic, space
group Pnma) with cell parameters a = 5.37 A, b=5.44 A,
and ¢ = 7.62 A (Hu et al., 1992). Other investigators
described different space groups like Pcmn (Kay & BAILEY,
1957) or Pbnm (most material scientists). The transforma-
tion of cubic to orthorhombic is mainly a consequence of
small displacements of Ca and O atoms from cubic posi-
tions; bis doubled and a and c are no longer equivalent. The
Ca site is ideally 12-coordinated; due to rotations (Koop-
MaNs et al., 1983) and significantly larger distances be-
tween four of all oxygens and the cation (0.32 nm instead
of the 0.25 nm mean distance, FIELDING & WHITE, 1987) the
coordination number often reduces to eight. The Ti site is
6-coordinated (see figure 2.3.1). Cubic mirror planes are
not present in orthorhombic perovskite and therefore, obvi-
ous twin planes are the two nonequivalent systems {112}
and {110}. Several different lattice planes have almost
identical d-values because of the relationship
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CaO1q3 - polyhedron

TiOg - polyhedron

Figure 2.3.1: The pseudo-cubic crystal structure of perovskite with alternating Ca and Ti sites (by Crystal Maker 4.0 using

data from KoopPmans et al., 1983).
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which makes indexing of selected area diffraction patterns
often difficult. The most reliably indexed lattice planes are
those with systematic absences of either h, k or 1.

The natural crystals commonly form distorted cubes, rarely
also cuboctahedral or octahedral morphologies. Twinning
mostly occurs 90° and 180° about [110] or rarely 180°
about [112]. Twins often form complex penetration fea-
tures, but lamellar or sector twins also occur.

233  Crystal chemistry

Stoichiometrically ideal perovskite contains 41.25 wt%
CaO and 58.75 wt% TiOz2. The mineral group is defined by
the two parameters

_ Ca
Ca+Na+ REE+K +...

Xcy >0.5 and

14

= I >0.5.
Ti+ Nb+ Al+Si+...

XTi

This shows that up to 50 wt% other elements may be
incorporated, following mostly single site substitutions, on
the Ca and the Ti site. These elements are mostly alkalis or
REEs on the Ca site and often Nb or Ta on the Ti site.
Several specific varieties are described by DEEr et al.
(1966), MitcHELL (1996), or NickEL & McAbpam (1963).
However, many of the given names are obsolete (not IMA
approved) and the possible names are discussed in chapter
5.2.3.

2.34  Petrography

Perovskite has been found all over the world at many
localities as an accessory mineral in basic and alkaline type
igneous rocks. There it is commonly found as an alteration
product often in association with nepheline, leucite and
melilite. It was also observed in kimberlites, carbonatites,
and in calcareous skarns where it is stable relative to rutile
and calcite at low Xc0.. In some carbonaceous chondrites
it is a common accessory phase occurring in Ca- and Al-



rich inclusions. In general it is frequently associated with
dkermanite-gehlenite, ilmenite, magnetite, nepheline and
titanite (ANTHONY & JOHN, 1997). Additionally itis reported
as a breakdown product of titanian clinohumite in the
Malenco serpentinite (TROMMSDORFF & Evans, 1980).

2.4  Calzirtite

24.1 Introduction

Calzirtite is an even rarer mineral than zirconolite with a
chemical composition (Ca—Zr-Ti-oxide) closely related to
the chemical composition of zirconolite and zirkelite. But
it shows much less compositional variability and therefore
alower potential for elemental substitution than zirconolite
as observed in the few presently known localities.

b /

—_—
a

242  Crystal structure

This Ca—Zr—Ti-oxide mineral has two different crystal struc-
tures. Mostly it occurs as tetragonal mineral (space group
I41/acd, RosseLL, 1982; SINCLAIR et al., 1986) but was also
found to be orthorhombic (space group Pbca, CALLEGARI et
al., 1997). After heating, the orthorhombic variety sponta-
neously recrystallizes in the tetragonal crystal system. The
detailed structure is described as an anion-deficient dis-
torted fluorite-related superstructure. The fluorite subcell
is tripled along the a- and b-axes and doubled along the c-
axis. This results in a tetragonal unit cell with the lattice
parameter 15.2203 (a) x 10.1224 (c) A and a volume that is
eight times larger than that of fluorite. The Ca site (M3) is
8-coordinated, the Ti site (IM2) is 6-coordinated, and four of
the five Zr sites (M4) are 7-coordinated; the remaining fifth
of the Zr cations (M1) randomly occupy one of two sites in

¢ Z10g - polyhedron (M1, split site)

TiOg - polyhedron (M2)

CaOg - polyhedron (M3)

ZrO7 - polyhedron (M4)

Figure 2.4.1: The crystal structure of calzirtite revealing two, in direction of ¢, clockwise upwards turning strings. These
consist of edge sharing CaOs- respectively corner sharing TiO6-polyhedra (A). They are surrounded by edge sharing ZrO7-
polyhedra (B) forming columns (C). Each of these is surrounded by four M1 site ZrOs polyhedra strings parallel to ¢ (by

Crystal Maker 4.0 using data from RosSELL, 1982).
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a distorted cube with oxygen at each corner (split site).
Parallel to (010), the cations are ordered into planes form-
ing alternating layers of M2, M3 and M4 between layers of
M1 and M4. As a result of the distribution of interstices,
vacant and alternating positions (details see SINCLAIR et al.,
1986), the structure of calzirtite displays alternating clock-
wise upwards turning helices of M2 and M3 strings sur-
rounded by a M4 double helix (see figure 2.4.1).

Natural calzirtite often forms twinned crystals (BUuLAKH &
NEsSTEROV, 1996) or even pseudotrapezohedral multiple
twins (trillings) and exhibits, as single crystal, a prismatic
dipyramidal habit (ANTHONY & JonN, 1997). Frequent inter-
growths with zirkelite and zirconolite have been observed
by BuLakH et al. (1999).

243  Crystal chemistry

The ideal composition mostly is given as Ca2Zr5Ti2016
(PyaTeNko, 1971) but sometimes also as CaZr3TiO9 (ZDORIK
et al., 1961; ZHABIN et al., 1962). This difference in the

chemical composition results from the many unknowns of
this mineral due to the few natural samples found. Stoichio-
metrically ideal calzirtite (Ca2Zr5Ti2016) contains 12.6
wt% CaO, 69.4 wt% ZrO2, and 18.0 wt% TiOz2, or 11.99
wt% Ca0, 72.41 wt% ZrOz2, and 15.60 wt% TiO2 (CaZr3Ti09).
Generally the chemical variation in all analyzed natural
samples shows a much lower variability than zirconolite
(BELLATRECCIA et al., 1999). The only exceptions are nio-
bium and tantalum, which may occupy up to 30% of the Ti
site (Kaiserstuhl, Germany; SINCLAIR et al., 1986).

244  Petrography

The described localities for this accessory mineral are
metasomatic rocks from Siberia and Japan, Italy, several
carbonatite rocks from Russia, Germany, Brazil, Ceylon
and Canada as well as alluvial deposits (mostly disag-
gregated carbonatite). It is primarily associated with apa-
tite, baddeleyite, calcite, forsterite, magnetite, perovskite,
phlogopite, pyroxene and zirconolite (ANTHONY & JOHN,
1997).

Table 2.5.1: This table shows for the phases zirconolite, perovskite, calzirtite and baddeleyite the cation acceptor sites and

their size.
Mineral Coord. | Polyhedron Metal-oxygenabond Polyhecalral volume Ref.
number lengths (A) (A3) 1D

Zirconolite: 2)
Ca site VIII cube 2.38-242 21.3
Zr site VII monocapped octahedron 1.90 — 2.39 15.0
Ti site (I) VI octahedron 1.91 - 2.10 10.2
Ti site (I) \Y% trigonal bipyramid 1.76 - 2.29 5.7
Ti site (III) VI octahedron 1.86 — 2.01 9.2

Perovskite: 3
Ca site XII cuboctahedron 2.50 - 3.20 56.2
Ca site VIII cube 2.50 - 2.68 30.4
Ti site VI octahedron 1.92 - 1.93 9.5

Calzirtite: 4
Ca site (M3) VIII cube 2.35-2.54 ~21
Zr site (M1) VIII cube 2.04 —2.67 ~20
Zr site (M4) VI monocapped octahedron 2.06 —2.22 ~ 15
Ti site (M2) VI octahedron 1.90 - 2.02 ~ 10

Baddeleyite 3)
Zr site VII monocapped octahedron 2.05-2.28 ~ 15

D Polyhedral volume data for zirconolite and perovskite after FIELDING & WHITE (1987), and thereafter estimated for calzirtite;

2 after GATEHOUSE et al. (1981);

3 after Koopmans et al. (1983);

4 after RosseLL (1982); SINCLAIR et al. (1986);
5 after SmitH & NEWKIRK (1965)
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2.5 Baddeleyite

2.5.1 Introduction

Baddeleyite is a rare zirconium oxide found as accessory
mineral in a variety of environments. It is named after
Joseph Baddeley, who found the original specimens in Sri
Lanka in 1890.

ZrO7 - polyhedron

Figure 2.5.1: The monoclinic crystal structure of bad-
deleyite revealing planes parallel to (100) (by Crystal
Maker 4.0 using data from SmitH & NEWKIRK, 1965).

2.5.2  Crystal structure

This Zr-oxide mineral belongs to the monoclinic prismatic
crystal system with the space group P21/c. One unit cell
contains 4 ZrO2 units (RoBERTS et al., 1990). It is a simple
oxide where Zr is sevenfold coordinated with a cation
charge of 4+. The structure can be described as a distortion
of the cubic fluorite structure. The detailed structure analy-
ses (SMITH & NEWKIRK, 1965) reveal that all three axis are
closely related with axial ratios of a:b:c =0.9893:1:1.0216
(unit cell with the lattice parameter 5.1477 (a) x 5.203 (b)
x5.3156(c) A)and the B-angle is 99.38°. The O atoms have
two different positions, both arranged as planes parallel to
(100) (figure 2.5.1). Along these plains occur also the
common polysynthetic twins.

2.5.3  Crystal chemistry

Stoichiometrically ideal baddeleyite (ZrO2) contains 74.03
wt% Zr and 25.97 wt% O. Generally the chemical variation
in all analyzed natural samples shows a low variability
containing mostly around 95 wt% ZrO2 (HIEMSTRA, 1955).
This is mainly due to only one cation site which is limited
in size and therefore only a few elements are possible to
substitute (table 2.5.1). But it is often known to incorporate
significant amounts of U and therefore is used for the
determination of U-Pb ages together with zircon.

2.54  Petrography

Baddeleyite is found in a variety of environments including
kimberlite, syenite and gabbro (FERrY, 1996; HIEMSTRA,
1955; RoBerTs et al., 1990; SmitH & NEWKIRK, 1965). It
often survives weathering as detrital mineral. It is reported
to occur as coating on zircon at several localities, including
kimberlites and a lamprophyre diatreme.
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3 EXPERIMENTAL PART

3.1 Introduction

The aim of this study is to investigate the stability and
corrosion behavior of zirconolite in hydrothermal fluids
under conditions simulating those expected in a possible
repository or at even higher p and T. Most present schemes
for radioactive waste disposal go 300-1000 m below sur-
face, whereas other projects discuss the disposal in deep
boreholes, which are 4000-6000 m deep. However, this
results in high temperatures (up to 700 °C) and pressures
(up to 200 MPa) in the disposal caverns. These tempera-
tures are estimated by using a geothermal gradients of 30—
40 °C/km plus an additional factor of self heat (several
hundred degrees) due to the decay of fission products
(Ewing et al., 1995; RyBacH, 1975). The pressure is calcu-
lated using a lithostatic fluid pressure gradient of 33 MPa/
km depth. Down to a certain depth (several hundred meters)
the fluid system could still be under the influence of
hydrostatic fluid pressure (one third of the lithostatic pres-
sure), but the high permeability of a hydrostatic system
(open pores) would be very undesirable for a repository.
Chemical reactions (and their equilibria) are only predict-
able for slowly migrating systems (reaching saturation).
This is easier to achieve under the fluid water table than
above, where gaseous phases have to be considered as well.
Below approximately 4-5 km depth, the fluid system is
controlled by grain boundary fluids and ductile processes.
Even though most international waste programs do not plan
to dispose under such high pressure conditions expected for
deep boreholes, it is always important to understand the
stability of a waste form under P-T-conditions higher than
expected, especially, because the long-term predictions of
the stability of a waste form are highly extrapolated from
experimental data.

However, most experiments were conducted at 50 MPa,
which corresponds to 1500 m depth over a temperature
range of 150 up to 700 °C. These physical conditions are
much higher than most present schemes expect, but may be
caused by the above explained geological and radiogenic
processes. In addition, experiments under high P and/or T
allow an estimation or determination of the upper boundary
of the stability field of a crystal phase. Such experiments are
also essential in evaluating multi barrier scenarios, where
each barrier is designed to provide independent immobili-
zation capacity in the event of failure of one or several
barriers.

Zirconolite is a principal host for actinides and certain
fission products. Therefore, the starting material was doped
with different REEs, Hf and U as actinide analogue and/or
neutron absorbers. This is essential for the understanding of
the behavior of diverse elements. For safety reasons during
the experiments only depleted (natural) uranium is used
and plutonium is not used at all. As a substitute for pluto-
nium, cerium is used because they both have similar ionic
sizes at the same valence and therefore should reside on the
same sites in the host lattice (BEGG & VANCE, 1997; BEGG et
al., 1998). Because of two possible valences (3+ and 4+),
the behavior of cerium is more difficult to understand but
still very important due to its affinity to plutonium.

The elemental fluid compositions used for the experiments
were chosen according to natural ground waters. The cor-
responding elemental concentrations were chosen to be
similar to or higher than those found in natural ground
waters (see chapter 3.3). All experiments were always
conducted with only one specific element in the fluid
besides hydrogen and oxygen.

3.2  Designing the Solid Starting Material

3.2.1 Introduction

All the design of the starting material was carried out in the
laboratories of the Materials Division at ANSTO. To fulfil
the aim of the experiments which is to investigate the
stability of zirconolite it was very important to obtain a
100% single-phase starting material. Reaching this goal
turned out to be more difficult than expected.

3.2.2  Sintering of Zirconolite

A whole series of chemically different samples was synthe-
sized following the fabrication process baseline: Sintering
by the alkoxide/nitrate liquid route (Ringwoob et al., 1988)
using wet milling (VANCE et al., 1997). This method com-
prises the following steps:

Primarily a precise calculation of the masses of the ingre-
dients has to be made (precursor materials, table 3.2.1).
Then the first process is to weigh the alkoxides (elements
Al, Ti, and Zr) and dilute them in ethanol by a ratio 1:1,
followed by weighing the nitrates (REEs) and diluting them
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in a different container with deionized water. The Ca
carbonate powder is weighed and put in a third container
together with the approximately similar amount of de-
ionized water and then dissolved with nitric acid to form a
clear solution. While using a shear mixer (2000 rpm) the
water-based solutions are added to the alkoxide solution.
The whole mixture is then stirred until a smooth jelly-like
liquid is formed. Then, the thickening material is trans-
ferred to an oven set at 110 °C to dry overnight (EB-
BINGHAUS, 1998).

After reducing the dried clumps to a coarse powder with a
scoop, the sample material is transferred into a calcining
container (Al-oxide crucible). Static bed calcination is
performed at 750 °C for a hold time of 1 hour under air.
Heating and cooling rates were chosen at 5 °C/min. After
calcining, all material is weighed to check the completion
of calcination and that no material was lost during the
process (calculated final weight should be reached at this
stage; WOOLFREY et al., 1988).

The sample is then wet milled (together with deionized
water) in a Teflon container with zirconium balls as grind-
ing agent for 16 hours. The feed slurry is then dried in an
oven at 110 °C. The formed dried clumps have to be size
reduced by an agate mortar and pestle and then pushed
through a nylon sieve to obtain particles smaller than 1 mm.
The powder is then pressed by a hydraulic powder press to
small pellets (9—50 mm in diameter) using oleic acid as die
lubricant on the die set. The pressure is kept constant at 80
MPa for 30 seconds.

The pellets are sintered on platinum foil for 60—100 hours
at 1400 °C under air. This temperature seems to be most
suitable for forming a single phase zirconolite-2M, close to
its melting temperature at 1470 °C (VANCE et al., 1990).
Heating rate is set at 5 °C/min, cooling rate at 10 °C/min.
Due to the volume decrease during cooling, some samples

Table 3.2.1: Precursor materials.

Oxide Precursor water Precursor | Common

soluble ethanol name
soluble

Al203 Al(OC4Ho)3 ASB

CaO CaCO3 and HNO3

CeO2 Ce(NO3)3 - 6H20

Gd203 | Gd(NO3)3 - 6H20

HfO2 Hf(OC4H9)4

Nd203 | Nd(NO3)3 - 6H20

TiO2 Ti(OC3H7)4 TPT

UO2 UO02 (NO3)2 - 6H20

ZrO2 Zr(OC4H9)4 TBZ
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Figure 3.2.1: Photograph of a sintered zirconolite batch
showing the drill holes for core sampling. The cylindrical
cores are further used in the experiments as polycrystalline
zirconolite samples.

cracked and therefore have to be reground and resintered
for 20 hours to obtain dense pellets (figure 3.2.1).

3.2.3  Other Fabrication Techniques Used

Sol-gel and spray-drying:

Another attempt to produce single phase zirconolite was
made by using an additional fabrication technique in col-
laboration with E. Sizgek at ANSTO. A sol-gel and spray-
drying process replaces the process of mixing and calcining
the chemical ingredients to the sinterable powder (SizGEK et
al., 1998; SizGek et al., 1994). This process is designed for
large-scale quantities (> 50 kg), and is much less time
consuming, but the results obtained are not as good as by
alkoxide mixing. Only about 80-90% of the obtained
powder was zirconolite beside other phases (e.g. perovs-
kite). This unsatisfactory result may be due to the starting
chemicals, which were probably not as pure, or to a particle
fractionation effect during spray drying.

Hot uniaxial pressing:

Hot uniaxial pressing is a process, which replaces cold
pressing and sintering and was developed at ANSTO (LE-
VINS et al., 1986; Ringwoop et al., 1983). The mixed and
calcined powder is filled into a steel bellow, closed by a
steel lid. This bellow is then placed into a graphite die and
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Figure 3.2.2: TEM bright field image of sintered (top) and
HIPed (bottom) zirconolite-2M revealing the strainfringes
in zirconolite crystals obtained from HIP processing.

hot-pressed for 2 hours at 1250 °C, using an applied
uniaxial pressure of 23 MPa. This method is supposed to
form a much denser material than sintering. The fo: is
buffered internal by the graphite dies. The resulting fo.-
buffer (CCO: carbon-carbon-monoxide) is very close to the
iron-wuestite buffer reaction representing reducing condi-
tions (HUEBNER, 1971). Due to these reducing conditions
about 20 vol% of perovskite are formed instead of zir-
conolite. Therefore this method can not be used to form
single-phase zirconolite even though it increases the density of
multi-phase Synroc samples (OVERSBY & VANCE, 1995).

Hot isostatic pressing:

Hot isostatic pressing (HIP) is a process to reduce the pore
volume of a presintered ceramic (HARKER & FLINTOFF,
1984). The sintered pellets are placed into a pressure
chamber (Ar gas as pressure medium) at 200 MPa for 2
hours at a temperature of 1350 °C. In the literature the
density after the process is above 99% of the theoretical
possible value. Our sample showed a very high density (at
least 99%), but minor amounts of perovskite were formed
as main reason not to use HIP to form single phase zircono-
lite. In addition, TEM bright field images of the zirconolite

crystals showed heavy strain fringes revealing grain defor-
mation (figure 3.2.2). Such weakened crystal structures of
high energy react more easily than unstrained crystals.
Such a weakening is undesirable for a product that is
supposed to be very corrosion resistant.

Summary:

The three additional fabrication techniques discussed above
were not suitable to our purpose of forming a single-phase
zirconolite. But they are applicable to the fabrication of
Synroc, which is simpler to fabricate because of its multi-
phase composition.

3.24  Characterization of Starting Material

From all starting materials polished samples were made
and analyzed in back-scattered electron imaging mode on
the SEM to detect any additional phase beside zirconolite.
The same polished cross sections were afterwards analyzed
by the EPMA to determine the precise chemical composi-
tion of the zirconolite. Moreover, these values were used to
determine the experimental k-factors for use in the analyti-
cal TEM. Table 3.2.2 (and appendix C6) shows the exact
composition of the starting materials used in the experi-
ments. Powdered starting material was analyzed by XRD to
determine the zirconolite polytypoid. This was then again
used to define the electron diffraction pattern, which had to
be subtracted from the measured patterns of corroded
sample surfaces after the experiment. The starting material
was also analyzed as a crushed grain sample by electron
diffraction on the TEM. The obtained diffraction patterns
revealed a perfect zirconolite-2M (figure 3.2.3). The bright
field images showed no internal strain (in contrast to the
zirconolites obtained by HIPing). The ESEM was used to
characterize the broken or polished surface of all samples
before each experiment. This technique has the advantage
of no need for any type of coating and therefore, the sample
was not contaminated by the coating material before the
experiment. The broken surface has smooth clear faces
with sharp edges, whereas the polished surface showed the
mechanically added scratches (figure 3.2.4).

Aes fes

Figure 3.2.3: Selected area diffraction patterns showing
perfect zirconolite-2M. Visible is the fluorite subcell with
[111]fparallel to c*z. The volume of the zirconolite super-
cell is 8-times the volume of the subcell.
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3.2.5  «Quality» of the Products

Table 3.2.3 gives a summary of all zirconolite samples
synthesized. This list shows also that only a few samples
fulfill the aim of forming a 100 % single-phase zirconolite.
A tendency for the formation of perovskite at the expense
of zirconolite was also reported in the literature (VANCE et
al., 1994; Whuite, 1984). Some observations have been
made during these syntheses resulting in a list of difficulties
preventing the formation of single-phase zirconolite:

1) The single-phase field of zirconolite in the system CaO-
TiO2—ZrOz2 is very limited (figure 3.2.5, COUGHANOUR et
al., 1955) and therefore not easy to achieve.

2) Impurities added during the processing (e.g., silica
from mortar and pestle) lead to the formation of addi-
tional phases.

3) The composition of the alkoxides changes with time
due to evaporation out of the unsealed containers and
therefore, the ingredients are not always what they are
supposed to be.

During all processes, some minor amounts of the bulk
material get lost during changing of the containers. If
this happens prior to a homogenous distribution of the
ingredients, the proportions between the chemicals are
changed and therefore, the single-phase field could be
reached accidentally.

4)

Most of these problems are very difficult to avoid in routine
sample production.

The majority of the experiments were finally carried out
with single phase Nd-doped zirconolite. At a second stage
experiments were carried out with a single phase zir-

Table 3.2.2: Analytical electron microscopy (AEM) analysis of untreated zirconolite analyzed before the experiment from the

two different starting materials (standard deviation (s.).

wt % zirconolite-(Nd) (n = 15) zirconolite-(Gd) after (n = 5)

mean S. min max mean s. min max
Na20 0.02 0.07 0.00 0.28 0.00 0.00 0.00 0.00
ADO3 2.73 0.21 2.46 3.19 1.50 0.21 1.16 1.68
CaO 12.14 0.41 11.31 13.06 12.74 0.11 12.65 12.93
TiO2 40.14 0.97 38.26 41.88 41.82 1.26 40.80 44.00
FeO 0.11 0.04 0.02 0.17 0.12 0.03 0.09 0.15
ZrO2 33.90 0.94 32.63 35.84 28.75 0.89 27.21 29.45
Ce203 4.17 0.15 4.02 4.35
Nd203 10.36 0.54 9.37 11.59
Gd203 5.32 0.14 5.10 5.46
HfO2 0.60 0.13 0.37 0.84 5.58 0.08 5.45 5.65
sum 100.00 100.01

Formula based on 7 oxygens

Na 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.00
Al 0.19 0.01 0.17 0.22 0.11 0.02 0.08 0.12
Ca 0.78 0.03 0.72 0.84 0.83 0.01 0.81 0.84
Ti 1.80 0.03 1.73 1.86 1.91 0.05 1.87 1.98
Fe 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Zr 0.99 0.03 0.94 1.05 0.85 0.03 0.80 0.87
Ce 0.09 0.00 0.09 0.10
Nd 0.22 0.01 0.20 0.25
Gd 0.11 0.00 0.10 0.11
Hf 0.01 0.00 0.01 0.01 0.10 0.00 0.09 0.10
sum 4.00 3.99
> REE D 0.22 0.01 0.20 0.25 0.20 0.01 0.19 0.20
> Zr, Hf D 1.00 0.03 0.95 1.06 0.95 0.03 0.89 0.97

]
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Figure 3.2.4: Secondary electron images by ESEM show a
broken surface (top) with smooth clear faces and sharp
edges. The polished surfaces (bottom) reveal the mechani-
cally added scratches. Both show the closed porosity.
During the first series of experiments broken surfaces were
used to characterize the corrosion after the experiments,
for the later (more detailed) experiments, polished surfaces
were used.

conolite doped with Ce, Gd and Hf. Additional experiments
finally were carried out with U- and Gd—Hf-U-doped
zirconolite. These were all produced by sintering but were
not completely single phase.

3.3  Fluid Composition

Most standard leach tests for the determination of the
corrosion resistance of glass, Synroc, or single crystalline
phases are generally carried out in deionized water at 90 or
150 °C. Natural ground waters have different compositions
(Birp & FyFE, 1982; Bruno et al., 1997; DguTscH et al.,
1982; Fritz & LobpeEMANN, 1990; Fritz & FraPg, 1982;
NAaGRA, 1990) and may reach extreme salinity. In this study,
we have taken a simplified but systematic approach to-
wards these complex fluid compositions.

[ one phase area
[ ] two phase area
[] three phase area

1450 °C
1 bar

CaO CaZrO3 710,

Figure 3.2.5: Phase diagram after COUGHANOUR et al.
(1955) of the ternary system CaO-TiO2—ZrO2 revealing
the limited single-phase field of zirconolite at 1450 °C.

All experiments were carried out with only one element
beside hydrogen and oxygen added to the deionized water.
The added element was chosen according to the composi-
tion of natural groundwater in granitic rocks from the Swiss
Alps (NaGra, 1990), Sweden (Bruno et al., 1997) and
Yucca Mountain (US DOE, 1994). The main ions of these
waters are Ca2*, Na* and CI~ (figure 3.3.1). However, no
experiments were carried out with Ca-containing waters,
because zirconolite already contains up to 13 wt% Ca. Most
experiments were carried out in NaOH or HCI enriched
fluids with ionic concentrations similar or higher than those
found in natural waters. Some additional experiments were
carried out with some minor ions present in natural ground
waters, namely Si**, PO43~ and CO2. These experiments
were carried out in much higher concentrations than ex-
pected in nature. Table 3.3.1 lists all experimentally used
fluids with their molal concentration and pH at ambient
conditions (25 °C and 0.1 MPa). The pH during the actual
experiment differs considerably under elevated pressure
and temperature. Higher temperatures result in lower pH.
Some calculations for the actual pH during the experiment
were made, but above 400 °C and 50 MPa, the aqueous
species equations are beyond the range of applicability. At
400 °C and 50 MPa the neutral pH is 5.678. Figure 3.3.1
shows the composition and concentration of natural ground
waters compared to the experimentally used fluids.

As the geotechnical barrier in a possible repository, ben-
tonite is used as backfill (buffer). Bentonite mainly consists
of Na-rich montmorillonite. Additionally the waste form is
placed into cement. A fluid flowing through these two
materials will achieve a high Na concentration from the
bentonite and a high pH from the cement. Therefore basic
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Table 3.2.3: Summary of all zirconolite samples synthesized.

Name | Intended composition Determined composition ) | Procedure Other phases
Z1 CaZrTi207 sintered 1% perovskite
72 CaZrTi207 sintered and HIPed 3% perovskite
73 Ca0.95Zr1.05Ti1.9A10.107 perovskite, TiO2, ZrTiO4
74 Ca0.99Zr1.07Ti1.9407 1-2% ZrTiO4
75 CaZrTi207 sol-gel and hot pressed | 15% perovskite
5% baddeleyite
76 CaZrTi207 sol-gel and sintered 5% perovskite
Nd-Z1 | Ca0.8Ndo.2ZrTi1.8Al0.207 | Ca0.78Nd0.22Zr0.99 sintered no other phases!
Ti1.80Al0.1907
Nd-Z2 | Ca0.8Ndo.2ZrTi1.8Alo.207 sintered and HIPed 1% perovskite
Y-Z Ca0.8Y0.2ZrTi1.8Al0.207 sintered 2% perovskite
La-Z Cao.8La0.2ZrTi1.8Al0.207 sintered 2% perovskite
Gd-Z Ca0.85Ce0.1Gd0.1Zr0.85 Ca0.83Ce0.09Gdo0.11Zr0.85 sintered no other phases!
Hfo.1Ti1.9Al0.107 Hfo.10Ti1.91Al0.1107
U-Z 1 |Cao.8U0.2ZrTi1.6Al0.407 sintered 3% ZrTiO4
U-Z 2 | Cao0.85U0.1Gdo.1Zro.85Hf0.1 | Ca0.85U0.11Gdo.11Zro.84Hfo.1 | sintered no other phases!
Ti1.8Al0.207 Ti1.86Al0.1107

1) The composition was only determined if the BSE images on the SEM showed sufficiently good results (no secondary phases).

fluids (high pH) with a high Na content are expected in a
possible repository. These circumstances show the impor-
tance of experiments to be carried out in Na-rich fluids.

Table 3.3.1: All experimentally used fluids, their composi-
tion and pH at ambient conditions.

Fluid concentra- | pH at 25 °C |preparation of
tion and 0.1 chemicals
MPa
deionized 7 doubly deionized
H20 water
HCl 0.1 M 1 diluted from HCI
0.01 M 2 suprapur 65%
0.001 M 3
NaOH 0.1 M 13 diluted titration
0.01 M 12 solution 1 M
0.001 M 11 NaOH
H3PO4 0.1 M 1.02 diluted from
H3PO4 suprapur
30%
SiO2 0.1 M 7 pure synthetic
quartz powder
CO2 0.1 M 4.5 diluted oxalic
acid

24

3.4 Experimental Techniques

34.1 Introduction

In this part the hydrothermal apparatus, some other experi-
mental equipment and specific procedures used for the
experiments during this work is described.

3.4.2  Hydrothermal Apparatus

S. Girsperger designed the hydrothermal apparatus used at
the experimental petrology laboratories at ETH Ziirich
(figure 3.4.1). All experiments were performed in exter-
nally heated pressure vessels. This laboratory has been
described by various authors (GunTer etal., 1983; Mok, 1993;
PHiLipp, 1988; Raz, 1983; VAVRECKA-SIDLER, 1998).

The cold seal pressure vessels used are made out of nickel
alloy (Nimonic 105 and René 41). They are 485 mm long,
have an outer diameter of 50 mm and a 455 mm deep 6.45
mm bore. The closure cap is a screwed on male cone, which
holds the filler rod inside the bore of the autoclave and, on
the outside, the thermocouple, the capillary pressure tubing
and the pressure transducer. The filler rod (stainless steel
tube) firstly holds the sample in a 3—6 cm long slot at the
internal end together with the thermocouple at the hot spot
of the furnace, and secondly reduces the dead volume of the
apparatus and reduces thermal convection in the bomb. The
temperature gradient at the hot spot was determined for
each furnace experimentally at ambient pressure (no influ-
ence of pressure on the thermal gradient according to Raz,
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Figure 3.3.1: Elemental composition of natural ground water from Aspé (left) and variation of the Na and Cl concentration
in natural ground waters compared to the experimentally used concentrations (data from Bruno et al., 1997; NAGRA, 1990).

1983). Figure 3.4.2 shows this setup and the thermal gradi-
ents at the desired furnace temperature in the pressure
vessels measured by a thin thermocouple embedded in
corundum beads (to reduce convection). After reaching
equilibrium the thermocouple was moved through the
whole length of the bore in steps of 1 cm out of the vessel.
The position of the slot in the filler rod at the hot spot was
chosen to keep the temperature gradient over the whole
sample below 1 °C. The hot junction of the thermocouple
was adapted about 1 mm into the slot.

The used furnaces are designed to keep the temperature
fluctuations over the period of an experiment below 1 °C.
This was reached by a manually set PID-controller (propor-
tional-integral-differential), which continuously control-
led the AC heating current by means of two thyristors. This
PID-controller is connected to a chromel-alumel thermo-
couple at the hot spot of the furnace. The density distribu-
tion of the heating wires (Kantal) is apportioned to achieve
isothermal conditions around the hot spot (thermal gradient
below 1 °C for at least several centimeters). The furnaces
are packed with compressed ceramic fibers for insulation
into cubic Eternit™ casks. The maximum heating rate with
this type of furnace is ~10 °C/min.

Temperature was measured by commercial inconel sheathed
nicrosil-nisil (NiCrSi—NiSi type N) thermocouples. They
had an overall length of 600 mm and a diameter of 1.0 mm
and a specially condensed MgO insulation to prevent a
collapse of the hot junction under pressure. They were
fitted tightly into the filler rods and brazed into a steel
pressure fitting. The position of the fitting is chosen so, that
the thermocouple tip is in contact or as close as possible to
the sample. As zero-point reference a conventional ice bath
was used. To avoid thermal stratification in the ice bath, a
large ice block was mechanically kept below the surface in
the water.

An air driven membrane pump generated the pressure (up
to 300 MPa). Argon 5.0 (> 99.999%) was used as pressure
medium and was fed into the autoclave over pressure
capillaries with an inner diameter of 0.1 mm. Each pressure
vessel can be disconnected from the pressure line by
manually operated high-pressure valves.

As a new part of the hydrothermal apparatus, pressure
transmitters (WIKA) measured pressure during the experi-
ments. Pressure can be determined up to 400 MPa with a
precision of 0.01 MPa. Before each experiment, externally
calibrated Heise gauges were used for pressure calibration.

3.4.3  Data Acquisition

A Pentium 330 MHz Dell Optiplex PC controlled the
experiments. Highly accurate measurements were possible
using a PCI-GPIB interface card (NI-488.2M) and a 6 !/2
digit multimeter (Keithley model 2001) with a 10 channels
2-pole scanner card (Keithley model 2000-SCAN). This
setup allowed measuring temperature and pressure of the
four furnaces used at the same time. The basic hardware
functions are supported by software routines, which can be
called by conventional software languages or by Lab View ™,
The latter one has the big advantage of saving programming
time when changing experimental setups. The data acqui-
sition and control program developed for the experiments
is shown in appendix B. This program controls and moni-
tors online the process-variables, graphs, numerical and
boolean indicators and controls like an instrument panel. It
shows for individually determined time steps the tempera-
ture and pressure variations during the experiment (most
due to room temperature changes) for all four vessels. It
also generates a text-file with time-stamped pressures and
temperatures during the whole experiment on the hard-
disc.
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344  Capsule Loading

The solid starting materials were small cylinders, drilled
out of the sintered zirconolite batch with a diameter of 2.3
mm and a height of 1.0 mm resulting in an average weight
of 0.02 g (min. 0.016 g, max. 0.024 g, depending on the
exact height of the cylinder, figure 3.2.1). For the first
series of experiments those cylinders had a broken surface,
whereas for the more detailed experiments one side was
polished (figure 3.2.4). Before the experiments all cylin-
ders were ultrasonically cleaned in deionized water to
remove small grains and dust.

Electrolytically pure gold was chosen as capsule material
because itis inert against the used corroding fluids. 500 mm

long gold tubes with an outer diameter of 5.0 mm and a wall
thickness of 0.3 mm were cut into 25 mm long pieces and
welded on one side. Then the zirconolite cylinder together
with the 25 pl of fluid (added with a piston-stroke pipette)
is filled into the capsule. Its upper half is immediately
pressed together and marked by dies with the experiment
number. Then they are placed into a liquid nitrogen con-
tainer (—196 °C) to avoid fluid loss during welding by a
plasma-arc welder. Each capsule was heated up to 140 °C
in the oven at atmospheric pressure before the experiment.
Thereby tight capsules showed no mass loss. The se-
quences of the capsule preparation are documented in
figure 3.4.3. The closed capsules then represent a closed
system.

Figure 3.4.1: Laboratory at ETH where all experiments are carried out. The photo (top) shows the furnaces containing the
pressure vessels. In front of the vessels are the pressure transducers and the connecting wires to the voltmeter. Temperature
and pressure are continuously computer controlled. Detailed photos (bottom left) of the pressure vessel (length 485 mm) and
the filler rod containing thermocouple and pressure supplies. The gold capsule (bottom right) is placed in the slit at the end

of the filler rod at the low temperature gradient position.
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The calculated ratio of the zirconolite surface area to fluid
volume was 4-6 cm™! at loading conditions.

34.5 Heating and Cooling

To start the experiment, the capsule was placed into the slot
of the filler rod and placed at the hot spot of the vessel. After
closing the vessel, pressure was added to the sample to
avoid bursting of the capsule during heating due to the
expansion of the fluid phase. Preferably more than 21.8
MPa are needed to avoid the liquid/gaseous phase transfor-
mation (critical point of water: 218 bar / 647.30 K). Then
the furnaces were heated up to the desired temperature
(reached after one hour), and the pressure was now adjusted
to the exact pressure wanted.

For cooling at the end of the experiments the pressure
vessels were taken out of the furnaces and cooled in a tube
with compressed shop air. The cooling rate was about 110
°C/min. After releasing the pressure, the collapsed capsules
are removed from the vessel and weighed to test for
possible material loss during the experiment.

34.6 Runs

Because no data on the solubility of zirconolite at higher
temperatures were available at the beginning of this pro-
ject, a first series of leaching experiments was made over a
broad range of temperature, time, and fluid compositions.
The lowest temperature was chosen to begin at the highest
temperature (150 °C) used in experiments conducted at the
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Figure 3.4.2: Nimonic 105 pressure vessel and the standard setup for temperature-pressure analysis (top). The lower part
shows the determined thermal gradients of the four furnaces used at a desired temperature (250,400,550 and 700 °C). These
thermal gradients are below 1 °C at the best position for the samples.
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laboratories of ANSTO (LumpkiN et al., 1995; McGLINN et
al., 1995; SmitH et al., 1997) and from there stepwise up to
700 °C at a pressure of 50 MPa, representing 1500 m depth.
These experiments were conducted over 21, 63 and 189
days for various fluid compositions (NaOH, HCI, de-
ionized water) and molalities (0.1-0.001).

Figure 3.4.3: Picture at the top shows the steps described
in the text of the capsule preparation from a cut gold tube
(left) to the capsule after the experiment (right). The lower
picture shows the plasma-arc welding with the sample in
liquid nitrogen (—196 °C).
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At a second stage, some additional experiments were car-
ried out in H3PO4-,CO2- and SiO2-rich fluids. At the
temperature of 550 °C two experiments were made at 100
MPa (3000 m depth) and 200 MPa (6000 m depth).

More experiments were carried out in 0.1 M NaOH at the
specific conditions of 550 °C and 50 MPa. These experi-
ments were performed over several different run times (one
hour to 21 days) to determine the kinetics of the corrosion
process.

A detailed list of all experiments can be seen in the appen-
dix A. All experiments were performed in duplicate at the
same time to test reproducibility and to avoid data loss if
one capsule broke during the experiment.

3.4.7  Extraction of Solid and Fluid after the Experiment
from the Capsule

After removing the collapsed capsules from the vessel, they
were reheated with a hot air gun for some seconds to inflate
the collapsed capsule, a necessary step to recover fluid and
sample. Then the capsule was opened in a small container
filled with 3 ml of 5% HNO3 to stabilize the solution.
Thereby the leachate was washed out of the capsule and
diluted. This process had to be done extremely carefully in
order to avoid any contamination. During this process the
speciation of the diluted elements changes, because the pH
of the fluid shifts from basic (experiments with NaOH) to
acidic. But this does not affect the analysis by ICP-MS
afterwards, because the elements are measured independ-
ent of their speciation. No elements are expected to precipi-
tate because the solubility in 5% HNO3 is comparable to
that during the experiment and due to a strong dilution (>
100) the tendency towards solubility is even higher (D.
GUNTHER, personal communication).

The mass loss on the solid sample could not be determined
by weighing because the small zirconolite cylinder usually
broke into pieces during the experiment and/or opening of
the capsule, and some bits were not recoverable.



4 ANALYSIS AND RESULTS OF THE EXPERIMENTS

4.1 Introduction

4.1.1 General

All through this thesis, corrosion of zirconolite during
hydrothermal experiments (for details see chapter 3.4) has
been investigated using a wide range of analytical tech-
niques for solid and liquid run products to obtain qualitative
and quantitative results. Experiments were carried out over
a wide range of temperatures (150—700 °C) at a pressure of
50 MPa in various hydrous fluids (mainly NaOH and HCI).
The results described in this chapter are mainly based on
experiments carried out with two synthetic single-phase
zirconolite-2M as starting material with the composition:

(Ca0.8Ndo.2)Zr(Ti1.8Alo.2)O7
and zirconolite-2M with the composition:
(Ca0.85Gdo.1Ce0.05)(Zro.85Hf0.1Ce0.05)(Ti1.9Al0.1)O7

(chapter 3.2). The dopant Hf plays the role of a neutron
absorber, Gd as a neutron absorber and actinide analogue,
and Nd and Ce as actinide analogues.

Additional experiments were carried out at 200 MPa and
fluids containing H3PO4, CO2 and SiO2, respectively. In
chapter 4.9 some results from experiments carried out with
U-doped zirconolites are summarized. The first of these
radioactive samples was doped only with U4+ (Al as charge
balancing element), whereas the second sample is doped
with U#*, Gd and Hf (charge balanced by Al). Unfortu-
nately these starting materials were not absolutely single
phase.

4.1.2  Alteration

Mineral alteration in general is caused by fluid — mineral
interactions. In aclosed system, dissolution/precipitation is
the main alteration process. Models for dissolution proc-
esses were established (e.g., MOUNTAIN & WILLIAMS-JONES,
1994) but may only be used with caution. External vari-
ables (e.g., pressure, temperature, fluid composition) play
an important role as will be shown later in this chapter. In
addition, the fluid evolution over time is not only dependent
on the rock composition but also on the changing physical
properties of the rock during alteration (e.g., surface).

4.2  Qualitative Surface Characterizations

After the experiments, the qualitative characterization of
the corroded zirconolite surface and secondary run prod-
ucts was made by ESEM (appendix C.2). These observa-
tions permitted to estimate qualitatively the degree of
corrosion during the experiment. Three different stages of
corrosion can be discerned:

1) In the first stage, no surface reactions are observed at
ESEM resolution (Wwm) and the run products exhibit the
same features as the unreacted starting material (figure
4.2.1).

2) The second stage shows partly corroded crystal sur-
faces and edges. Moreover, some product phases (e.g.,
quench phases) are observed on the surface (figure
4.2.2).

3) In the third stage the entire zirconolite surface is cov-
ered by product phases or does not exhibit pristine
surface features anymore (figure 4.2.3).

A complete table of all experiments carried out is given in
appendix A. This table summarizes the qualitative corro-
sion stage (1 to 3) reached. If only a few features are visible
on the surface, the rating was chosen to be 1-2.

Corrosion of the zirconolite surface as seen at ESEM
resolution starts at crystal edges and grain boundaries and
progressively embraces the entire surface. This is also
confirmed by polished cross sections analyzed by EPMA
whichreveal that corrosion stage two takes place only atthe
outermost 2 um of the individual crystal surfaces, but
follows the grain boundaries into the polycrystalline bulk
of the cylindrical sample (figure 4.2.4). For corrosion stage
three, where the entire zirconolite surface is corroded, cross
sections reveal transformations several tens of um deep
into the cylinders from the surface (figure 4.2.5). Over all
stages of corrosion, the fluid migrates along the grain
boundaries into the connected pore space and starts corro-
sion from there (MALMSTROM et al., 1999). All experiments
carried out in NaOH and HCI showed a direct relationship
between the extent of corrosion and temperature, molality
of the fluid, and time, as schematically shown in figure
4.2.6.

Starting from the observation, that some individual grain
surfaces are corroded more easily than others it is assumed
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Figure 4.2.1: Secondary electron images (by ESEM in low vacuum and wet mode) of zirconolite surface after experiments
revealing first stage of corrosion.

Figure 4.2.2: Secondary electron images (by ESEM in low vacuum and wet mode) of zirconolite surface after experiments
revealing second stage of corrosion.

Figure 4.2.3: Secondary electron images (by ESEM in low vacuum and wet mode) of zirconolite surface after experiments
revealing third stage of corrosion and the product phases rutile (r), perovskite (p), and calzirtite (c).
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that the corrosion of zirconolite crystals depends on its
crystallographic orientation (figure 4.2.7). This is not sur-
prising for a monoclinic crystal with layer structure (see
chapter 2.2).

The large range of different fluid compositions used during
the experiments permits a qualitative comparison of the
corrosion capability of a particular fluid on zirconolite.
Experiments conducted with deionized water did not pro-
vide any evidence for corrosion up to 400 °C and, only
some very weak corrosion indicators (e.g., quench prod-
ucts) were observed at higher temperatures. The experi-
ments with a CO2- and SiOz2-rich fluid both revealed next
to no corrosion, as with deionized water (figure 4.2.8).
They all barely reached corrosion stage two. The experi-
ment in a H3PO4-rich fluid showed significantly higher
corrosion than those in deionized water, CO2- or SiO2-rich
fluids and reached stage two of corrosion after 21 days
(figure 4.2.9). The third stage of corrosion (entire zirconolite
surface corroded) was only observed in HCI- and NaOH-rich
fluids above 500 °C. At these temperatures, NaOH is probably
even more corrosive than HCl whereas at lower temperatures
(< 500 °C) the opposite effect was observed. No unique pH

20 um

dependence of the corrosion has been observed. Experiments
at 90 °C showed also just a weak pH-dependence with slightly
higher corrosion at a low pH (McGLINN et al., 1995).

4.3  Product Phases

4.3.1 Introduction and Characterization

Beside the observed surface corrosion, secondary product
phases (e.g., quench crystals) were noticed on the surface
and in the closed pores of the starting zirconolite after the
experiment. With increasing temperature and time, first,
they were observed as isolated crystals, then as clusters and
finally they covered the entire surface. These three differ-
ent ways of accumulation of product phases are comparable
to the earlier (chapter 4.2) described corrosion stages (iso-
lated crystals => stage 1-2; clusters => stage 2; fully
covering surface => stage 3). The size of the secondary
phases is mostly below 2 um. Only the experiments in
higher concentration of NaOH at temperatures above 500
°C formed larger phases with a length exceeding 10 um.
Many of these secondary phases are quench products, but

t2

t1

Figure 4.2.4: EPMA X-ray elemental distribution maps and secondary electron image (SE) from a cross section through
zirconolite (figure4.2.2 left) treated with0.01 M HClfor 21 days at400 °C and 50 MPareaching the second stage of corrosion.
On the surface (s) and along grain boundaries (g) Ca is depleted. On the surface (t1) and in the pores (t2), Ti is enriched.
Some parts on the surface are enriched in Zr (z). The crystals are corroded only on the outermost 2 mm, but the fluid migrates
along the grain boundaries several tens of mm into the pores (black areas).
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the detailed and individual crystallization process of these
secondary phases will be discussed later.

Because many of these product phases occurred at a small
size and low abundance, it was impossible to identify all of
them. For the characterization of these newly grown phases
alarge variety of analytical methods was used (appendix C)
each having its specific advantages and disadvantages. By
ESEM only qualitative phase descriptions (specific phase
morphology) were made. The attached EDX was used to
obtain qualitative information on the chemistry. Experi-
ence gained during this study showed that for XRD phase
detection, most of the remaining zirconolite surface needed
to be covered by secondary phases (> 50%) for its phase
detection, which only rarely was achieved. Another prob-
lem appeared for the TEM sample preparation (crushed
grain and ion beamed thin section), which required a
minimum of secondary phases beside the remaining zirco-
nolite to be statistically detected by the TEM. For analyzing
samples by EPMA, a properly polished surface is needed.
During polishing, the thin layer of secondary phases on the
surface mostly was ripped away. Additionally the analyti-
cal volume of the probe (1-3 um in diameter) was too big
to measure the small particles. Raman-spectroscopy finally
had the big advantage of no special sample preparation, but
the secondary phases had to be visible (> 2-5 um) by an

20 um

optical microscope to determine them. Therefore not all
secondary phases are unequivocally specified in the fol-
lowing descriptions.

4.3.2  Experiments with HCI

No corrosion was observed on the zirconolite surface after
the experiments in HCI below 250 °C. In contrast, those
conducted in more concentrated HCI1 (0.1 M) and above
250 °C revealed quench phases with various morphologies
showing a bimodal size distribution. Some are extremely
small (< 0.5 um) whereas others are found to occur in the
range of 1-3 um (figure 4.2.3 left). No clues could be made
for the smaller ones.

For the larger phases, a generally high Ti content was
determined by ESEM/EDX as well as by X-ray maps on the
EPMA (figure 4.2.4). By TEM, only one crystal was found
and determined as TiO2, but because of its small size and
orientation, the structure could not be analyzed. By Raman-
spectroscopy, the two TiO2 polymorphs rutile and anatase
were qualitatively determined (appendix C.5). In addition,
rutile could be confirmed by XRD on the same sample. All
surface quench products showed different morphologies as
distinctive features by ESEM. Rutile revealed its typical
morphology with knee twins (figure 4.2.9) and parallel

Figure 4.2.5: EPMA X-ray elemental distribution maps from a cross section through zirconolite (figure 4.2.3 right) treated
with0.1 M NaOH for 21 days at 550 °C and 50 MPareaching the third stage of corrosion. The zirconolite matrix (z) is replaced
by two different phases perovskite (p) and calzirtite (c). Replacement starts from the surface (s) and the grain boundaries (g).
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intergrowth (figure 4.3.1) whereas the other TiO2 poly-
morph anatase showed its typical tetragonal bipyramidal
morphology (figure 4.3.1). The presence of the third natu-
ral TiO2 polymorph, brookite, is not assumed due to its
instability in fluids at a low pH (VOGLER-PAZELLER, 1990).
Because of the small size and number of all phases, how-
ever, their exact composition and structure is undetermined
and the fate of Nd, originally present in zirconolite, is
unknown at the present time (MALMSTROM et al., 1999). The
incorporation into TiO2 is very unlikely, but CI- com-
plexing with REEs is expected (for further discussion see
chapter 5).

4.3.3  Experiments with NaOH

Experiments in strong basic environments (0.1 M NaOH)
at400 °C and below revealed only a very weak corrosion of
zirconolite starting material. No quench products could be
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determined and/or characterized. At 500 °C and higher, the
corrosion strongly increases and two different product
phases were observed to replace zirconolite. These two
phases are easily discernible by size and shape (figure 4.2.3
right).

By ESEM, the larger secondary product phase (10 um edge
length) was morphologically recognized by crystallized
cubes frequently showing twin features (figure 4.3.2 left).
Sometimes these crystals also exhibited octahedral mor-
phology. After short term experiments, a rough surface
indicated incomplete crystallization. The EDX attached to
the ESEM revealed a high Ti and Na content for this phase
compared to zirconolite. Due to this morphology and chem-
istry, pseudocubic perovskite is presumed. A polished
cross-section, analyzed by EPMA (figure 4.2.7), showed a
composition, which is consistent with but not very common
for perovskite. Analysis by XRD then clearly revealed
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Figure 4.2.6: Qualitative surface characterization of zirconolite in HCI (left) and NaOH (right) revealing a strong
dependence on elemental concentration of the fluid, temperature and running time of the experiment.
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Figure4.2.7: Secondary electron images (by ESEM in low
vacuum and wet mode) of zirconolite surface after an
experiment revealing different surface corrosion of two
grains due to different crystallographic orientation.

perovskite. By TEM, this phase was subsequently analyzed
in detail and identified as an orthorhombic perovskite. The
very unusual crystal chemistry of this perovskite and other
details are discussed in chapter 4.6.

The smaller secondary product phase analyzed by ESEM
also displays cubic morphology, but with a much shorter
edge (1-2 uwm) often forming twins or even trillings, reveal-
ing the shape of a three dimensional cross (figure 4.3.2
right). ESEM/EDX analyses and X-ray maps from the
EPMA showed a high Zr content compared to perovskite
and zirconolite. Detailed analysis by TEM allowed the
identification of this phase as tetragonal calzirtite (see
chapter 4.7).

An experiment at the same temperature (550 °C) but with
lower NaOH concentration (0.01 M) showed less corrosion
features than those with higher concentration. While perov-
skite was observed as secondary phase, analysis by ESEM
showed no calzirtite but another yet unidentified Zr rich

Figure 4.2.8: Secondary electron images (by ESEM in low vacuum and wet mode) of zirconolite surface after experiments
with SiO2 and CO2 revealing no surface corrosion at the resolution of ESEM.

Figure 4.2.9: Secondary electron images (by ESEM in low vacuum and wet mode) of zirconolite surface after experiments
in H3PO4 showing rutile (larger secondary phases, r) and possibly monazite (smaller secondary phases, m).
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phase (ESEM/EDX) forming prismatic long columns with
a square cross section (figure 4.3.3 left). XRD or Raman-
spectroscopy did not provide further clues. The qualitative
determination of this phase requires further experiments in
order to obtain more material for TEM analysis. This
experiment, however, revealed a strong dependence on the
NaOH content in the fluid for the formation of secondary
phases during hydrothermal zirconolite alteration.

Additional experiments at 550 °C in 0.1 M NaOH but at the
higher pressure of 200 MPa were performed. They resulted
in the formation of secondary perovskite, but calzirtite did
not crystallize as an alteration product. As a second new
phase, large (up to 50 pum) prismatic blades were observed

by ESEM (figure 4.3.3 right). They all had a very high Zr
content determined by ESEM/EDX. This morphology,
their regular intergrowth, and the distinct idiomorphism are
consistent with the ZrO2 phase baddeleyite (VLasov, 1966,
see also chapter 4.5). Raman-spectroscopy subsequently
confirmed these blades to be baddeleyite.

Generally, investigations by TEM on the structure and
chemistry of zirconolite after the experiments showed no
significant difference from the starting material. This indi-
cates that selective leaching of Ca or other elements does
not extend to any great depth into the zirconolite. If present,
these effects must be localized near surface (see chapter
4.8). Any changes in structure and chemistry would reveal

Figure4.3.1: Morphologic observations showing the typical features of the two TiO2 polymorphs anatase and rutile. Anatase
is typical tetragonal bipyramidal (upper left, lower left, center) and rutile shows the typical parallel intergrowth (right).

Figure 4.3.2: Morphologic observations by ESEM showed twinning of perovskite (left) and mutually perpendicularly
oriented trillings of calzirtite (right). Such trillings have been ovserved in nature by Zporix et al. (1961 ).
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Figure 4.3.3: Secondary electron images (by ESEM in low vacuum and wet mode) of zirconolite surface after experiments
in 0.01 M NaOH revealing perovskite (larger squares) and an unidentified phase (smaller bars; picture left) and after an
experimentin0.1 M NaOH at a higher pressure (200 MPa) revealing the secondary phases perovskite (cubes) and baddeleyite

(blades; picture right).

crystallization of secondary zirconolite under hydrother-
mal conditions. All product phases are listed according to
the experimental conditions in table 4.3.1.

4.34  Experiments with other Fluids

Introduction

To get more information on the behavior of zirconolite as
a function of fluid composition, additional experiments
were carried out with different fluid composition.

Deionized water

Previous studies have shown that zirconolite is highly
resistant to leaching in deionized water at temperatures
between 60 and 150 °C (HARKER, 1988; Ringwoop et al.,
1988; VANCE et al., 1996a; VaNCE et al., 1996b). After
treatment at 150 °C, rutile and anatase have been described
in previous studies as alteration product phases (LUMPKIN et
al., 1995; McGLINN et al., 1995; SmitH et al., 1997).

Atthese low temperatures but at higher pressures (50 MPa),
experiments conducted during this Ph.D. study confirm the
high corrosion resistance of zirconolite in deionized water
at ESEM resolution (um). Only experiments above 400 °C
in deionized water revealed corrosion features and some
tiny quench phases appeared on the zirconolite surface.
These had the shape of very fine needles (figure 4.3.4) and
seemed to be Ti-rich phases as suggested by ESEM/EDX
spectra, but they could not be identified because of their
small number and size.

CO2 and SiO2

Experiments with CO2 and SiO2, respectively, in the fluid
were carried out because most natural fluid systems include
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some CO2 and/or SiO2. During the examination by ESEM
of the product of these experiments at 550 °C and 50 MPa,
no alteration on the surface was observed (figure 4.2.8).
This observation was very surprising, especially because
zirconolite only crystallizes in SiO2 poor systems (chapter
2.2). But because no other elements were present in the
fluid necessary for the mobilization of elements during the
experiment (further discussion chapter 5.4), and the pH
decreased only slightly for CO2 or stayed neutral for SiO2,
the fluid did not affect the stability of zirconolite.

H3PO4

Corrosion experiments in diluted phosphoric acid (0.1 M)
resulted in the formation of two different quench products.
One species crystallized as large (5-10 um) tetragonal

Figure 4.3.4: Secondary electron images (by ESEM in low
vacuum and wet mode) of zirconolite surface after experi-
ments in deionized water revealing needles of undeter-
mined composition.



Table 4.3.1: Product phases on zirconolite surface determined after experiments.

Temperature (°C) Pressure (MPa) Fluid Concentration (M) Product phases
550 50 HClI 0.1 rutile & anatase
> 500 50 NaOH 0.1 perovskite & calzirtite
> 500 50 NaOH 0.01 perovskite & unknown (Zr-rich)
> 500 200 NaOH 0.1 perovskite & baddeleyite
550 50 H20 Ti-rich needles
550 50 CO2 0.1 no
550 50 SiO2 0.1 no
550 50 H3PO4 0.1 rutile & possibly monazite

columns, revealing a high Ti content by ESEM/EDX. Its
morphology is typical for the TiO2 phase rutile, which was
also confirmed by Raman-spectroscopy.

The others were long, narrow blades forming clusters with
a high phosphorus content (ESEM/EDX). Their chemical
composition and characteristic morphology referred to Nd-
monazite (figure 4.2.9). Other authors determined monazite
after Synroc leaching experiments at 150 °C (LumpPkIN et al.,
1995; Lumpkin et al., 1991). Monazite is a highly durable
phase, which is able to immobilize not only REEs but also
trivalent and tetravalent actinides (Woobp & WILLIAMS-
JoNES, 1994). Monazite is actually desirable as a secondary
phase replacing zirconolite during the experiment (not as a
quench phase) because of its durability and radiation resist-
ance. Therefore, this result would support the development
of monazite-based waste forms (BOATNER & SALES, 1988).

4.3.5 Comment

As already described, many of the product phases present
after the conducted hydrothermal experiments (table 4.3.1)
could be determined by various analytical methods (appen-
dix C). Some others would require newly designed experi-
ments to obtain more and/or larger material for an un-
equivocal determination. Especially for XRD and TEM
analysis a certain amount of material is required. Analysis
by a Gandolfi camera would determine single crystals, but
requires a certain size (> 50 wm). The problem of TEM
cross-sections is that they are only successful for abundant
secondary phases or thick alteration layers. The probability
of getting a result is very poor when the abundance of
secondary phases is low. Also, the surface is easily dis-
turbed or damaged during the cutting/milling steps.

4.4 Fluid Data

44.1 Introduction

Mineral alteration is a process based on the interaction
between solid mineral phase and fluid phase. The changes
of the mineral phases were previously described. To under-

stand the whole process of dissolution/precipitation it is
important to obtain some information on the compositional
changes in the fluid during the experiment. Unfortunately
this goal was not easy to achieve. One major experimental
problem was to extract the very small fluid volume (0.025
ml) from the capsule after the experiment (see chapter
3.4.7). Other analytical problems were the high dissolution
factor resulting from the fluid extraction procedure. Fi-
nally, problems and non-availability of the ICP-MS labora-
tory made several series of fluids unusable. This is because
the fluid was only usable immediately after terminating the
experiment due to very fast complexing (and at a later stage
precipitation) of several elements (e.g., Zr).

A combination of solid phase composition and fluid data is
necessary to monitor the total mass balance during the
experiments. Unfortunately not all elements in the fluid
could be measured. Generally, the fluid mass balance could
be calculated by the total charge balance, which is supposed
to stay constant during the experiment in a closed system.
But, due to hydrogen diffusion even through welded gold
capsules (GIRSPERGER, personal communication) at tem-
peratures above 200 °C this calculation is not possible
(disturbed mass balance due to diffusive loss of H2).

44.2  Elemental Fluid Data

First, the elemental concentration in the capsule after the
experiment was calculated from the measured elemental
composition in the diluted leachate (by ICP-MS; appendix
C.7). Then all obtained data were converted to mMol.
Unfortunately the detection limit for Ca was too high for the
concentration of interest.

Fluid determinations were carried out after experiments at
550 °C and 50 MPa after 7 days for the two fluids 0.1 M HCI
and 0.1 M NaOH and both starting materials (Nd- and Gd-
Ce—Hf-doped zirconolite). Unfortunately no data for the
Gd—Ce—Hf-system were obtained at this temperature in
NaOH (fluid got lost during capsule opening), therefore
comparable data from 525 °C were used. In general, the
results show a different behavior (solubility) of the in-
volved elements in acidic and basic environment (figure
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Figure 4.4.1: Plot of elemental concentration in the leachate determined by ICP-MS after experiments in 0.1 M HCI
respectively 0.1 M NaOH at 550 °C (or 525 °C, see text) and 50 MPa for 7 days with Nd-doped and Gd—Ce—Hf-doped

zirconolite.

4.4.1). For experiments conducted in NaOH, the higher Na
concentration in the Gd—Ce—Hf-system after the experi-
ment might be due to the fewer perovskite crystals formed
(incorporating Na from the primary fluid) according to the
lower experimental temperature (only 525 °C). This is
supported by the higher Al concentration in the Nd system,
which is released from zirconolite, but not incorporated
into perovskite and calzirtite (for details see chapters 4.6
and 4.7) formed during these experiments. Therefore the
total Al concentration after the NaOH experiments allows
estimating the total zirconolite dissolution. No Na should
be present after experiments with HCI (only contamination
from processing). The Al concentrations after the experi-
ments in HCI are inconclusive. This shows either that
zirconolite is selectively dissolved or that Al is incorpo-
rated into an undetermined secondary phase.

The concentration of Ti in HCl is below the detection limit.
This implied that all released Ti is incorporated into the
described secondary TiO2 polymorphs (chapter 4.3.2),
whereas in NaOH some Ti remains in solution. The concen-
tration of Zr stays relatively constant during all analyzed
experiments. The concentrations of Ce, Nd, Gd and Hf
(used as actinide analogues and/or neutron absorbers) are
much higher in HCI than in NaOH. This implies that the
secondary phases crystallizing during experiments in NaOH
show a much higher ability to incorporate these elements
into their crystal structure than those crystallizing in HCL
This is a very important observation, which implies that
zirconolite-based waste forms should preferably be dis-
posed in a basic, Na-rich environment (below a certain
temperature).

Additional detailed fluid data will be discussed in relation to
changing temperature and time in chapters 4.5.1 and 4.5.3.
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4.4.3  Diamond Trapping

One series of experiments was made by a new experimental
technique, designed to determine element partition coeffi-
cients using diamond aggregate extraction traps (STALDER
etal., 1997). To each capsule, containing fluid and solid, a
small gold container filled with diamond crystals (grain
size 50 um) was added before the experiment. As described
in detail by STALDER et al. (1997), the pore space between
the diamond grains traps the fluid during the experiment
and preserves the elemental partitioning after quenching.
The fluid compositions may easily be measured then by
laser ablation ICP-MS from the polished cross sections of
the diamond traps.

Unfortunately different results were observed during ex-
periments containing diamond traps compared to the stand-
ard experiments. This was mainly indicated by different
corrosion features and different secondary phases on the
zirconolite surface (compare figure 4.4.2). These observa-
tions indicate that under the used experimental conditions
additional processes occur and therefore no further experi-
ments were made using diamond traps. Possible reasons
could be that diamond is not completely inert at the experi-
mental conditions and is therefore actively involved in the
corrosion processes. C could change fluid by forming
complexes as CO, CO2, or CH4. Another reason could be the
variation of physical conditions (e.g., volume change) in the
capsule by adding an internal capsule. Additionally, the total
surface area of all materials in the closed system is much larger
with diamond powder than without, leading to a massive
reduction of the solid surface area to fluid volume ratio (SA/
V) of zirconolite, which is an essential parameter to character-
ize leaching experiments. Its presence also could change the
active fluid volume by trapping dissolved species.



Figure4.4.2: Secondary electron images (by ESEM in low
vacuum and wet mode) of zirconolite surface after experi-
ments with diamond traps in the capsule. The corrosion
features and secondary phases are completely different
with respect to the same experiments without diamond
traps (compare figure 4.2.3).

4.5 Temperature, Pressure and Time Dependence of
Experiments

4.5.1 Temperature

Experiments in HCI and NaOH were conducted from 150
°C to 700 °C. This range in temperature was chosen
following experiments conducted earlier at ANSTO from
70 °C to 150 °C in various fluids (LumPKIN et al., 1995;
McGLINN et al., 1995; SmitH et al., 1997). Their results
revealed that zirconolite is highly resistant to leaching,
which is confirmed by our experiments, as no corrosion
was observed at these low temperatures at ESEM resolu-
tion. Incremental temperature steps were first set to 150°
over the whole range. They were then scaled down to 12°
in the region of interest (400-550 °C) according to the
obtained results (major changes observed). A strong de-
pendence of the zirconolite corrosion rate on temperature in
combination with fluids was already observed during the
first series of experiments carried out over the whole
temperature range (figure 4.2.6). Our data revealed that
temperature is a limiting factor for the stability of zirconolite.

The results thus obtained reflect that the progressive altera-
tion of zirconolite is not linear with increasing temperature.
Short term experiments (7 days) with constant pressure (50
MPa) and fluid composition (0.1 M NaOH) between 450
and 550 °Crevealed that zirconolite is barely affected up to
488 °C. Increasing the temperature to 500 °C strongly
affected the surface and, at 512 °C, no pristine zirconolite
surface may be observed anymore. Further increasing of
the temperature up to 700 °C did not result in major
changes. The stability of the observed secondary phases
showed inverse temperature dependence. Whereas perov-
skite and calzirtite crystals are barely present at 488 °C,

they are regularly present at 500 °C and cover the entire
surface at 512 °C (figure 4.5.1). Interestingly, the two
phases perovskite and calzirtite start crystallizing at the
same temperature and are both still present at 700 °C.

Elemental fluid data from experiments over the tempera-
ture range of 475 to 525/550 °C in NaOH did not reveal
fully consistent results for the Nd and Gd—Ce-Hf-doped
system. In the Nd system, the elemental concentration of
Nd and Zr in the fluid decreases parallel to the crystalliza-

Figure 4.5.1: Series of secondary electron images (by
ESEM in low vacuum and wet mode) of Nd-doped zirco-
nolite surface after experiments in 0.1 M NaOH at 50 MPa
showing the temperature dependent breakdown of zirco-
nolite to perovskite and calzirtite.
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tion of perovskite and calzirtite. Simultaneously the el-
emental concentration of Ti decreases slowly and, together
with the elemental concentration of Na, decreases distinc-
tively only at higher temperature, probably due to an
increasing crystallization rate of the product phases. This is
combined with the increasing elemental concentration of
Al In the Gd—Ce-Hf-system, only the elemental concen-
tration of Gd and Hf decreases above 500 °C, whereas the
other elemental concentrations level off over the analyzed
temperature range or even increase (Zr). Unfortunately no
data for 550 °C could be obtained that possibly would have
shown an elemental concentration decrease similar to the
Nd system (figure 4.5.2). But all fluid data reveal a general
decrease of the waste simulating elements Nd, Gd and Hf
except Ce, parallel to the crystallization of the product
phases perovskite and calzirtite.

These results do not only document zirconolite corrosion,
but also demonstrate the stability limits of the involved
phases, which will be discussed in detail in chapter 5.3.

4.5.2 Pressure

Most experiments were conducted at the pressure of 50
MPa. To investigate the influence of increasing pressure on
the stability of zirconolite, experiments were made at 100
and 200 MPa. The obtained results indicated only a weak,
if any, relationship between corrosion and pressure, but a
major influence of pressure on the crystallization of the
product phases. The experiments at 550 °C in 0.1 M NaOH
at 50, 100 and 200 MPa always resulted in the formation of
perovskite, but calzirtite was only observed at 50 and 100

MPa (figure 4.2.3 right), whereas at 200 MPa baddeleyite
was present (figure 4.3.3 right). Even though pressure has
no significant influence on the corrosion of zirconolite, it
determines together with temperature and fluid composi-
tion which product phases are formed. Calzirtite and bad-
deleyite, both revealing similar crystal structures (ZDORIK
etal., 1961), indicate crystallization in two different stabil-
ity fields. Therefore, according to their chemical composi-
tion, a pressure dependent mass balance from calzirtite to
baddeleyite and perovskite may be proposed:

calzirtite <=> 2 perovskite + 5 baddeleyite

Further discussions on the stability field of zirconolite and
the secondary phases will be made in chapter 5.3.

453 Time

In general, long-term (up to 10° years) safety predictions for
radioactive waste disposal are very difficult to make. The main
problem is the high uncertainty in highly extrapolated data
from experiments over various time steps. Such data are
mostly generated using arbitrary curve fitting and do not
follow physical or chemical laws, which would lead to more
accurate and meaningful extrapolation results.

Increasing the experimental run time from 21 to 63 and 189
days at 200, 400 and 550 °C resulted in unique zirconolite
alteration and gave no evidence for any dependence of
zirconolite corrosion on time (figure 4.2.9). Therefore the
experimental run time was decreased from 21 days to 14, 7,
6,5,4,3,2and 1 day, and in a second series from 24 hours
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Figure 4.5.2: Plot of elemental concentration in the leachate determined by ICP-MS versus temperature after experiments
in 0.1 M NaOH at 50 MPa for 7 days with Nd-doped (left) respectively Gd—Ce—Hf-doped zirconolite (right).
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to 12, 6, 4, 3, 2, and 1 hour. Those experiments were
conducted in 0.1 M NaOH at 550 °C and 50 MPa revealing
strong alteration after 21 days.

The results thus obtained and analyzed by ESEM showed
that the reaction at these conditions started after one hour
with the corrosion of the zirconolite surface and with the
formation of the product phase perovskite. The presence of

Figure 4.5.3: Series of secondary electron images (by
ESEM in low vacuum and wet mode) of Nd-doped zirco-
nolite surface after experiments in 0.1 M NaOH at 550 °C
and 50 MPa indicating time dependent reaction progress.
They clearly show that perovskite (cubes) crystallizes ear-
lier than calzirtite (grains on substrate).

calzirtite as the second product phase is observed several
hours later. After 2 to 4 days, the zirconolite surface is
completely covered by perovskite and calzirtite. After the
initial period of perovskite growth, its grain size was
observed to increase with increasing time (figure 4.5.3).
This growth process dependent on time indicated that
perovskite is a secondary phase growing during the experi-
ment and is not a quench phase. Similar observations were
made with the Gd—Ce—-Hf-doped zirconolite.

These details, together with the analyzed leachate data
(figure 4.5.4) revealed that the corrosion process begins
with dissolution of zirconolite indicated by a concomitant
general concentration increase of the elements Zr, Ti, REE,
Al in the fluid phase. Perovskite incorporates Na but no Al.
The fast formation of perovskite between 6 and 24 hours is
simultaneously reflected by the decrease of Na and the
increase of Al in the fluid. The slightly later crystallization
of calzirtite is reflected by the decreasing Zr concentration
in the fluid after 12 hours and up to 3 days. The Al con-
centration increases to a high level in the fluid because it is
notincorporated by the secondary phases. After this period,
elemental release rates appear to decrease with time.

4.54  Conclusions

No results obtained so far show a linear or exponential
progression. Rather, alteration of zirconolite was observed
to advance in steps, which are related to the presence of
secondary phases. One major step is very obvious for
instance by the experiment at 512 °C after 12 hours show-
ing a fully corroded surface, compared to the experiment at
500 °C after 7 days revealing only weak corrosion. This
indicates that at a certain temperature not only dissolution,
but also mineral reactions take place.

4.6  Secondary Perovskite

4.6.1 Introduction

After hydrothermal experiments above 500 °C in a NaOH
rich environment, the main alteration product observed on
zirconolite was perovskite. It covered up to 70% of the
former zirconolite surface. Perovskite is, like zirconolite, a
major constituent in Synroc nuclear waste forms. EPMA X-
ray maps (figure 4.2.5) revealed that this secondary pe-
rovskite incorporates significant amounts of the REEs used
as actinide analogue and/or neutron absorbers. Therefore
detailed investigations were made on the crystal chemistry
of perovskite (possibly acting as secondary waste form
after the replacement of zirconolite).

4.6.2  Crystal Structure and Composition

As already described, the 5-20 um large perovskite crystals
show frequently twinned, octahedral to cubic morpho-
logies (chapter 2.3). After investigations by TEM of crushed
grain samples, selected area diffraction patterns (SAD)
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Figure4.5.4: Plot of elemental concentration in the leachate
determined by ICP-MS versus experimental run time after
experiments in 0.1 M NaOH at 550 °C and 50 MPa. The
bars at the top indicate the main growth time of perovskite
and calzirtite as reflected in the fluid.

demonstrated a simple orthorhombic perovskite with no
general high-order superstructure (figure 4.6.1). Only one
of all analyzed perovskites showed some stacking faults, or
an undefined superstructure, in one direction (figure 4.6.1,
SAD [101], only visible on negative). These weak spots
need to be studied in further detail.

-

L [001]

The observed perovskite has an unusual chemical compo-
sition with an exceptionally high Zr content as determined
by thin-film AEM analyses (table 4.6.1, for individual
analyses see appendix C.6):

Ca0.40Na0.33Ndo.13Zr0.15Ti0.9603
(Nd-system)

Ca0.31Na0.43Gd0.04Ce0.05Zr0.16Hf0.01T10.9803
(Gd—Ce-Hf-system).

4.6.3 Discussion

Crystal chemistry

Three different working hypotheses were considered to
explain the crystal chemistry of these unusual perovskites.
Inthe first approach, all Zr was allocated to the Ti site which
results in a large number of Ca-site vacancies (~30%) and
oxygen vacancies. The crystal structure of perovskite may
have large Ca-site or up to 15% O-site vacancies, but needs
a full Ti-site occupation to avoid collapse of the structure
(detailed description in Wyss, 1995). No general high-
order superstructures, which are expected for many Ca-site
vacancies, are observed by TEM (figure 4.6.1). In addition,
MircHELL & CHAKHMOURADIAN (1998a) showed that such
high-order superstructures in Na1/2+xLa1/2-3xTh2xTiO3 pe-
rovskite only revealed ordering at the A-site with x > 0.083,
accompanied by the change of structure from orthorhombic
to tetragonal, which was not observed after our experi-

[101]

7 [131]

-

[100]

[010]

Figure4.6.1: Selected area diffraction patterns (SADs) and a sketch of the crystallographic unit cell of perovskite. The SADs
show a simple orthorhombic perovskite with no strong high-order superstructure, which would indicate a cation-vacancy

ordering.
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ments. In a hydrothermal system, perovskite could be
hydrated and thereby charge balanced by OH~ on the
oxygen site, a possibility that had to be investigated. There-
fore, an attempt was made to collect IR-spectra of the
secondary perovskite. But, because perovskite could not be
fully separated from zirconolite, small zirconolite particles
with a fully alterated surface were used (2040 wm deep).
Calculations based on cross-sections gave approximately
10vol% perovskite. However, IR-spectroscopy analysis on
these samples showed no OH~ (appendix C.8). In the
second approach, all Zr was assigned to the Ca site, and as
third hypothesis, Zr was distributed between both sites.
Elemental site occupancies in minerals may be determined
by axial electron-channeling analysis (LumpkIN, 1992;
Rossouw et al., 1988a; Rossouw et al., 1988b; Rossouw et
al., 1989). A [110] zone axis electron-channeling analysis
was performed in order to test these hypotheses. Because

this experiment was not made with a cold-stage and the
studied crystal is a twin (discussed later in this section), the
obtained data are only qualitative. However, the results
(appendix D) indicate that Na, REEs, and most of the Zr
occupy the 8-fold coordinated Ca site. Based on these
results the following single-site substitutions were pro-
posed:

<=> 2Ca?
<=> 3Ca?

REE3+ + Nat
Zr4 + 2Nat

(D
Q).

Unfortunately the calculated elemental correlations of all
analyzed perovskite crystals are irregular and not fully
conclusive (figure 4.6.2-a). For example, no strong corre-
lations exist between REEs and Na or between Zr and Na
(R2 for Nd and Gd—Ce-doped samples below 0.24). Addi-
tionally no correlations exist between Ca and Zr or Zr and

Table 4.6.1: Analytical electron microscopy (AEM) analysis of secondary perovskite resulting from the two different starting

materials (standard deviation (s.)).

wt % perovskite-(Nd) (n=14) perovskite-(Ce) (n=19)

mean s. min max mean s. min max
Na20 6.75 1.00 4.71 8.81 8.99 1.52 6.49 11.46
Al203 0.01 0.05 0.00 0.19 0.02 0.10 0.00 0.42
CaO 15.08 1.38 13.49 18.25 11.70 2.18 8.37 14.32
TiO2 51.44 2.15 46.51 54.34 52.67 1.60 49.37 56.97
FeO 0.52 0.23 0.13 1.04 0.23 0.18 0.00 0.61
ZrO2 12.04 2.42 8.25 16.67 13.63 2.52 8.93 17.78
Ce203 5.79 1.67 322 9.28
Nd203 13.91 3.65 5.84 20.81
Gd203 5.13 1.18 3.58 7.11
HfO2 0.26 0.18 0.01 0.59 1.88 0.52 1.07 2.95
sum 100.02 100.04

Formula based on 3 oxygens

Na 0.33 0.05 0.23 0.43 0.43 0.07 0.31 0.56
Al 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Ca 0.40 0.04 0.36 0.48 0.31 0.06 0.22 0.38
Ti 0.97 0.03 0.90 1.02 0.98 0.02 0.93 1.04
Fe 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01
Zr 0.15 0.03 0.10 0.20 0.16 0.03 0.11 0.21
Ce 0.05 0.02 0.03 0.09
Nd 0.12 0.03 0.05 0.19
Gd 0.04 0.01 0.03 0.06
Hf 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.02
sum 1.98 2.01
> REE D 0.12 0.03 0.05 0.19 0.10 0.02 0.06 0.13
> Zr, HE D 0.15 0.03 0.10 0.20 0.17 0.03 0.12 0.23

D

This sum is relative to one measurement and not the sum of the min/max of different measurements.
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Ti (RZ < 0.35; figure 4.6.2-b), which would support the
result from the zone axis electron-channeling experiment.

But a good negative correlation exists between REE and Zr
(R% = 0.62 (Nd doped) and RZ = 0.80 (Gd—Ce-doped))
indicating that these elements occupy the same lattice site
(Ca site). Therefore a combination of the substitutions (1)
and (2) resulting in substitution (3) shows much better
elemental correlation (R% > 0.5; figure 4.6.2-c) and best
explains the overall variability on the Ca site, with all
excess Zr on the Ti site:

Ca2 + REE™ <=> Zr* + Na*t  (3).

In the Nd doped system, the slope of the regression Nd
versus Zr is close to minus one, and in the Gd—Ce-doped
system, the slope is close to minus two thirds, revealing that
2 REE ions are substituted by 3 Zr ions (figure 4.6.2-c).
These two different gradients reveal on one side a total
compatibility between Nd and Zr, and on the other side a
decreased compatibility between REE (Gd and Ce) and Zr
which may be due to the possible tetravalent oxidation state
of Ce (discussed later in this section). Only these elements
reveal good elemental correlations compared to all other
analyzed elements and therefore probably are not included
into any other substitution. But Na incorporation for perov-
skites with higher Zr or REE content is necessary for charge
compensation (substitution (1) and (2)) and is indicated in
figure 4.6.2-a. Interestingly, multi-site substitutions (in-
volving two or more lattice sites in a crystal structure) were
not observed, even though they are important in natural
perovskites.

The compositional variation of perovskite was observed to
be quite large (e.g., the Na and Zr contents varied by a factor
of two; table 4.6.1). This variation was observed to be
constant over all experiments, which means that each
experiment formed grains of different composition, but
comparable perovskites were formed during different ex-
periments. This variability may be due to an inhomogene-
ous fluid distribution in the cell, to a change of the fluid
composition with time, to boundary layer effects or simply
that no equilibrium was obtained. This is supported from
the observation that the perovskite has a different appear-
ance (shape) after different experimental run times. Possibly
alsoquench phases of various composition are present after the
experiment beside the hydrothermal secondary perovskite.

Even though EDX line scans by TEM revealed high inter-
nal homogeneity in the individual perovskite crystals (fig-
ure 4.6.3), the total Na concentration decreases from one
side to the other (perovskite2) from 8 to 5 oxide wt%
parallel to a slightly increasing Ca concentration from 14 to
15 wt%. A second observation is that deviations in the total
Ti content are inversely correlated to the Zr content. This
could be due to the earlier described excess Zr on the Ti site.
A third observation is that Zr and Ce exhibit a weak
negative correlation. This is illustrated on TEM Zr and Ce
X-ray maps from the same crystal (figure 4.6.4). They

reveal that this idiomorphic perovskite exhibits sector
zoning indicated by the negative correlation of Ce and Zr
(figure 4.6.5). The compositions of all analyzed perovskite
crystals reveal a general good correlation of Ce and Zr
(R2=0.68).

As described above, the sum of Gd and Ce behaves differ-
ent from Nd. Interestingly no correlation exists between the
REE Gd and Ce (R% = 0.12, figure 4.6.5). If both were
present as trivalent cations, they would show a positive
correlation due to similar properties of trivalent REE. The
observed variation of Ce, which is more similar to Zr than
to Gd leads to the hypothesis that part or all of the Ce is
tetravalent. This assumption is supported by the fact, that
Ca is well correlated with Gd (R2 = 0.83) but not with Ce
(R2=0.11, figure 4.6.5). Ca and trivalent REE should be
positively correlated according to substitution (3), which is
demonstrated for Ca and Gd. Another disparity is the
overall variability of Ce in perovskite, which is much
higher than the overall variability of Gd (0.03-0.09 versus
0.03-0.06). This is consistent with two different processes,
one is described by substitution (3) and the second is
revealed by sector zoning and the negative correlation of Ce
and Zr.

For charge balancing, monovalent Na on the bivalent Ca
site controls the total possible accommodation of tri- and
tetravalent REE and tetravalent Zr on the Ca site. Table
4.6.1 shows that there is enough Na for charge balance and
only minor amounts of excess Zr would be present on the
tetravalent Ti site. The Na content in the perovskite of the
Gd—Ce-doped system is always higher than in the Nd
system. This even supports the presence of tetravalent Ce in
perovskite.

Crystal growth

The crystallographic orientation of the idiomorphic perov-
skite revealing sector zoning was determined by electron
diffraction analysis ([-110]; figure 4.6.6). This idiomor-
phic grain analyzed and oriented by TEM was used as a
basis for indexing the crystal faces of other analyzed
orthorhombic perovskites by ESEM. Similar pseudo-cubic
grains with truncated corners were frequently observed by
ESEM after many experiments (figure 4.6.7 A-D).

In general, the anisotropic, orthorhombic perovskite crys-
tals nucleate from a combination of pseudo-cubic faces and
pseudo-octahedral faces. Growth in a hydrothermal envi-
ronment provides ideal conditions for supplying the nu-
cleus with the desired elements from the fluid. The growth
velocity is larger for octahedral than for cubic faces (STROBEL,
1971). Therefore the octahedral sides grow further than the
cubic sides leading to smaller octahedral surface-areas and
larger cubic surface-areas (sketch in figure 4.6.7). During
the experiments similar features were observed. Figure
4.6.7 pictures A to D show several sequences of the crystal-
lization process with increasing time, forming pseudo-
cubic crystal morphologies from initially octahedral crys-
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Figure 4.6.2-b: Elemental correlation in secondary perovskite crystals of the Nd-doped system (left) and the
Gd-Ce-Hf-doped system (right). Data measured by AEM (appendix C6). Error: 2s < 0.5%.
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tals (only visible as one triangular surface). Whereas sketch
A in figure 4.6.8 shows all orientations of the octahedral
and cubic faces of perovskite, sketch B provides a possible
orientation for the octahedral and cubic faces of the just
described crystal. For the crystallization of secondary pe-
rovskite, elements released from zirconolite in combina-
tion with Na from the fluid are used. Therefore, simultane-
ous to the decreasing Na level in the fluid, the crystalliza-
tion of perovskite levels off or stops (chapter 4.5.3). Figure
4.6.7 pictures E and F show the incomplete crystallization
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of perovskite probably caused by the low Na concentration
in the fluid.

Sector zoning: This interesting feature has been described
in the literature from experimental hydrothermal synthesis
of clinopyroxene (KoucHr et al., 1983), but also occurs
naturally in various minerals from magmatic rocks (titan-
ite, Ca-augite, zircon), from sedimentary rocks (calcite)
and metamorphic rocks (staurolite, monazite). A detailed
overview is given by KrzemnIckI (1996). Sector zoning is

6

4

3 . VIV Vv Y
0 50 100 150 200 250 300 350
A distance [nm] B

Figure 4.6.3: TEM bright field images of perovskite showing the position of the EDX line scans with two different step sizes
(5 nm respectively 20 nm). Corresponding the obtained elemental composition quantified in oxide wt%.
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Figure 4.6.4: TEM X-ray maps from an idiomorphic perovskite showing sector zoning visible by the negative correlation of

Ce and Zr. Data are corrected for specimen thickness but not for absorption of X-rays due to carbon contamination (visible
as spot in the upper center of the grain).

48



0.1

0.08

0.06

Ce

0.04

0.02

0.1

0.08

0.06

Ce

0.02

0.04 r

° 5
®©
o
o © ©
o
o

0o &

o

R2=0.12
0.02 0.04 0.06 0.08 0.1
Gd
%
00
@ © 0 °
o
o
0o S
o
R2=0.11
0.1 0.2 0.3 0.4 0.5

Ca

0.1

0.08

0.06 |

Ce

0.04 ¢

0.02

0.1

0.08

0.06 |
gl
©0.04 |

0.02

R2=0.68
y =—(0.43 +0.07) x + (0.12 £ 0.01)

0.05 0.1 0.15 0.2 0.25
/Zr
R2=0.83
y=(0.15+0.02) x — (0.01 £0.01)
o2
oo&
0.1 0.2 0.3 0.4 0.5

Ca
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Figure 4.6.6: Selected area diffraction pattern (SAD) and TEM bright field image showing the orientation of a pseudo-cubic
idiomorphic perovskite crystal [-110] already shown in figure 4.6.4. This crystal is limited by the pseudo-cubic faces (110)
and (001), which are both TiO6-polyhedral lattice planes and the truncated edge is the projection of the fast growing pseudo-
octahedral face (102) (see also figure 4.6.8). The SAD reveals twinning with {110} and {001} as twin planes.
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caused, at least partially by selective element adsorption on
different growth surfaces with different growth rates of
anisotropic minerals (Dowty, 1976). This is based on the
concept that each sector has a specific capacity for elemen-
tal adsorption on the crystal-fluid interface. Further discus-
sions by PATERSON & STEPHENS (1992) and WATSON & LiaNG
(1995) introduce several factors such as normal and lateral
growth velocities of crystal/fluid interfaces and specific
diffusion of incorporating elements in the fluid as well as in
the lattice plains.

From the data in figure 4.6.4 it is clear that the difference in
probability of Zr and Ce uptake is controlled by the differ-
ent crystal structure and crystal chemical properties of the
surfaces of the growing crystal. Whereas the probability of
the uptake of all other elements is essentially constant, it
appears to be a relationship between the size of the ions and
the probability of uptake via the different growth surfaces
of the crystal. The ionic size for 8-fold coordination (after
SHANNON, 1976) of Zr** (0.84 nm) is closer to the size of
Ce** (0.97 nm) than that of Ce3* (1.14 nm), which implies
to conclude that a simple substitution of Zr** by Ce*+ and
vice versa takes place. For a coupled substitution, any other
element in perovskite should be observed to show a related
variation in concentration. However, the general negative
correlation between Zr and Ce measured through all perov-
skites (figure 4.6.5) reveals that other perovskite crystals
than this show sector zoning as well. Therefore we con-
clude that most Ce is present at a tetravalent oxidation state.

Figure 4.6.9 shows schematically the boundaries between
the sectors in the discussed sector zoned perovskite grain.
The crystallographic orientations (Miller indices) of the
individual sectors were calculated according to sketch C in
figure 4.6.8, which in turn is based on the SAD shown in
figure 4.6.6. The growth directions of the four visible
sectors representing the pseudo-octahedral faces are all
parallel to (010) whereas those representing the pseudo-
cubic crystal faces are parallel to (110).

Figure 4.6.10 shows the crystal chemical composition of
the cubic and octahedral faces indicated by CrystalMaker
4.0™_ TiOe¢-polyhedral lattice planes limit all six cubic
faces. The four octahedral faces parallel to the [001] axis
are limited by TiOe-polyhedral lattice planes whereas those
four parallel to the [010] axis are limited by alternating Ti-
Ca lattice planes. The latter are those depleted in Zr and
enriched in Ce and belong to the faster growing octahedral
system (see figure 4.6.4). This indicates that during fast
growth the larger Ce** is preferentially accommodated by
the large Ca site in perovskite than the smaller Zr*+, thus
resulting in sector zoning. This result is supported by data
from CRESSEY et al. (1999) on monazite which revealed that
this process is governed by the size of the REE ion and by
the variations in orientation and geometry of the acceptor
sites on each growth surface.
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Twinning

The TEM SAD pattern obtained from the perovskite (figure
4.6.6) reveals twinning with {110} and {001} as twin
planes. This specific twin feature was described by WHITE
etal. (1984) as aremarkable display of even three recogniz-
able composition planes. Their study revealed {110}, {001}
and {112} as twin boundary planes. Perovskite domains
related by this twin law are identified by a diffraction
pattern yielding a pseudospacing of 7.6 A, which was also
observed in our study. Further detailed investigations by
WHITE et al. (1984) showed that these twin interfaces do not
result in a displacement of the Ti atoms from their special
positions. The Ti array will suffer only minimal distortion
and should be perfectly coherent across the interface. The
author could not show any change in the twin behavior of
perovskite due to the incorporation of trivalent REEs and
tetravalent actinide elements. These elements also failed to
reveal any presence of cation ordering leading to superstruc-
tures. Therefore our high chemical variability on the A-site
does not affect the possibility for the formation of twins.

Huetal. (1992) report that the twin system {112} is caused
by the doubling of the c-axis, e.g., as a result of the
transformation of cubic to tetragonal perovskite. They also
showed that twinning along { 110} is due to the transforma-
tion of tetragonal to orthorhombic symmetry. Already
Howrmquist (1897) noted that all defects (e.g., twinning) are
generally more common in nonstoichiometric perovskites.
He also observed that twinning was more prominent in Ce-
rich varieties. These observations are confirmed by our
experiments.

4.7  Secondary Calzirtite

4.7.1 Introduction

The hydrothermal experiments carried out in 0.1 M NaOH
above 500 °C at 50 MPa formed always perovskite and
calzirtite as secondary phases. Calzirtite is not a constituent
of the Synroc nuclear waste form, but is often associated
with zirconolite in nature. They both have similarities in
their chemical composition (mainly Ca, Zr and Ti) and
structure (distorted fluorite subcell) and show the ability to
incorporate a large variety of other elements. Therefore the
occurrence of calzirtite calls for further investigations.
Details on calzirtite were discussed in chapter 2.4.

4.7.2  Crystal Structure and Composition

After the experiments, calzirtite is aggregated between the
larger perovskite crystals and morphologically forms short
prismatic, sometimes almost cubic crystals (1-3 um in size,
figure 4.2.3). They are frequently found as T-shaped tril-
lings or twins of prismatic individuals, which are oriented
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Figure 4.6.7: Pictures A to D show a time series of the crystallization process of pseudo-cubic
perovskite transformation from octahedral to cubic morphology (compare figure 4.6.8). This
process is due to different growth velocities (v) of orthorhombic (o) and cubic (c) crystal faces.
A higher growth velocity results in a smaller crystal face with time as explained in the sketch.
Pictures E and F show possibly the same process, but from a different direction. The face c is
parallel to the initial o-face (compare sketch D in figure 4.6.8). No actual growth rate may be
given, because different stages were found after the same experiment revealing different starting
times or growth rates for different crystals.

51



orthorhombic
unit cell

pseudo-cubic
crystal

(110)

pseudo-octahedral
crystal

crystal surface (110)

[100]
from figure 4.6.7

twin crystal surface
from figure 4.6.4

crystal surface (102)
[010] from figure 4.6.6

[001]

[100]

(110)

" 7*\/‘% [010] [010]

[100] [100]

7_
\
U I

Figure4.6.8: Sketches of the crystallographic orientation of pseudo-cubic perovskite. A shows the orientation of the pseudo-
cubic and pseudo-octahedral system in the orthorhombic unit cell with the orientation of the earlier described two
dimensional crystal surface (figure 4.6.3 —4.6.6). B shows the same crystal in three dimensions revealing the assignment of
the visible faces to the cubic (light) and octahedral (dark) system. C shows the orientation of the sectional plane between cube
and octahedra. D reveals one face belonging to both crystal orientations, which does not change during morphology
transformation.
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Figure 4.6.9: TEM bright field image of the perovskite
(figure 4.6.4) showing sector zoning. The sectors and their
growth directions are oriented according to figure 4.6.8
(sketch C) showing the cubic and octahedral system, re-
spectively.
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Figure 4.6.10: Crystal structure
and orientation of the pseudo-cu-
bic and pseudo-octahedral faces
(by Crystal Maker 4.0).

—> [110]

mutually perpendicular to one another (figure 4.3.2). Inter-
estingly, the same features are described from natural
calzirtites where XRD analysis allowed to consider that
they are cubic (ZHABIN et al., 1962) and from calzirtites
from eastern Siberia where frequently trillings were found
(Zporik et al., 1961).

The TEM diffraction patterns of this experimentally pro-
duced secondary phase revealed a tetragonal calzirtite. The
calzirtite structure is formed due to a tripling of the a- and
b-axes, and a doubling of the c-axis of the fluorite subcell
which is visible in the diffraction patterns [110], [010] and
[023] of figure 4.7.1.

Two tilting experiments by TEM were performed starting
with a crystal at the position [010] to obtain detailed
analyses of the structure. The grain was tilted around the a-
axis respectively c-axis for 45°, and all encountered zone
axes were recorded. All diffraction patterns and their cor-
responding tilting angles were then compared to those
calculated by Desktop Microscopist™. This comparison
confirmed that all zone axes up to order three were ob-
served. The difference between measured and calculated
angles was less than 1%.

TiOg - polyhedron

— Casite

[010]

—> [100]

[001]

—> [100]
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Calzirtite is described in the literature with two different
structural formula Ca2Zr5Ti2016 and CaZr3TiO9 (see chap-
ter 2.4). Thin-film analyses (table 4.7.1 and appendix C.6)
reveal that the chemical composition of this hydrothermally
grown calzirtite is closer to the composition Ca2Zr5Ti2O16.
This is most obvious in the TiO2 content, where 16.15—
18.65 wt% are measured compared to 18.0 wt% and 15.6 wt%
for stoichiometrically ideal Ca2Zr5Ti2016 and CaZr3TiO9,
respectively. These thin-film analyses demonstrate further
that the calzirtite formed in these experiments incorporates
significant amounts of Na, REEs, and possibly contains up
to 5% vacancies on the 8-fold coordinated Ca site. The
following average compositions were found for the two
types of starting material:

Ca1.33Na0.29Ndo.14Zr5.15T11.94016
(Nd-system)

Ca1.30Na0.36Gd0.07Ce0.02Zr4 48Hf0.60Ti2.07016
(Gd—Ce-Hf-system).

4.7.3  Discussion

Crystal chemistry

In contrast to the results obtained for perovskite, the deter-
mined chemistry is close to the stoichiometrical composi-
tion. No unexpected site occupations are estimated but also
no crystal was analyzed by TEM, which allowed detailed
analyses for the elemental distribution on the lattice sites
(compare appendix D). Therefore the simple substitution
on the Ca site is expected:

REE3* + Na* <=> 2Calt 1.

But, as for perovskite, the elemental correlation did not
confirm this substitution (R2 = 0.25; figure 4.7.2). Additional
elemental correlations revealed that the REEs are negatively
correlated to Zr (R? = 0.84; figure 4.7.2), which leads to the
assumption of the following multi-site substitution:

Ca?* + REE3 <=> Zr% + Na* ),

which could be confirmed by anegative correlation (R2=0.70;
figure 4.7.2). In addition, our experimental crystals also reveal
the ability for a small exchange of Ti and Zr (R%=0.80; figure
4.7.2) as reported for natural calzirtite (RosseLL, 1982).
Unfortunately, only three crystals could be determined for
the Gd—Ce—Hf-doped system. Therefore no prediction could
be made for the oxidation state of Ce in calzirtite.

However, calzirtite revealed a smaller capacity to incorpo-
rate REEs compared to perovskite, even though it replaces
zirconolite and might act as secondary waste form. The
conspicuous high Hf content is due to the close elemental
relation of Hf to Zr. Even at laboratory scale, Zr may never
be separated completely from Hf, which is indicated by the
Hf concentration after experiments with the «Hf-free»
starting material.
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General

By ESEM calzirtite was observed to form twins or
multiple twins. In comparison to perovskite, no peculiar
growth phenomena like sector zoning were recorded dur-
ing investigations by TEM. This may be due to its smaller
size, its minor occurrence or just because of its different
behavior.

4.8 Relations between Perovskite, Calzirtite and Pri-
mary Zirconolite

4.8.1 Introduction

Zirconolite, perovskite and calzirtite have several chemical
and physical characteristics in common. First they are all
oxides, mainly consisting of Ca and Ti (perovskite) and Ca,
Ti and Zr (zirconolite and calzirtite). In nature, zirconolite
and calzirtite are often associated or even intergrown. In
contrast to perovskite, calzirtite and zirconolite are rare
accessory minerals. The three mineral phases were de-
scribed in detail in chapter 2 and further discussions of their
phase stability will be made in chapter 5.2.

The secondary phases perovskite and calzirtite (chapter 4.6
and 4.7) replace the primary zirconolite above 500 °C at 50
MPaina0.1 M NaOH solution. Both phases attract interest
because they incorporate significant amounts of the ele-
ments used as analogues for waste elements and/or as
neutron poisons released from zirconolite. In our experi-
mental run products, they are always easy to distinguish
because of their difference in size and morphology. From
time dependent studies in 0.1 M NaOH it is obvious that the
crystallization of perovskite starts slightly earlier than that
of calzirtite (chapter 4.5.3).

4.8.2  Crystal Chemistry

Elemental distribution

X-ray elemental distribution maps from cross sections
show that the Nd content (used to simulate the behavior of
rare earth elements and trivalent actinides) of perovskite is
higher than that of the primary zirconolite (figure 4.2.4).
Similarly, perovskite is enriched in Ti, Ca and Na. The X-
ray maps reveal further a different elemental distribution in
calzirtite. These results document different capabilities of
different phases for the incorporation of the analogue
elements and neutron absorbers. Because the zirconolite
replacing phases incorporate these elements and thus, act as
a secondary waste form, it is useful to estimate the partition
coefficients of these elements between these secondary
phases.

Three assumptions were made for the calculation of the
average partition coefficients of the individual REEs and
Hf (figure 4.8.1). Firstly, we have assumed that Ce occurs
trivalent and tetravalent in both perovskite and calzirtite,
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Figure 4.7.1: Selected area diffraction patterns and a sketch of the crystallographic unit cell of calzirtite. The diffraction
pattern [010] shows the cubic fluorite subcell ([100]-type pattern, compare plot by Crystal Maker at bottom) tripled along
a and doubled along c. A tilting experiment around the c-axis for 45 degrees shows all zone axes up to order three with their
respective tilt angles. [110] shows again the fluorite subcell ([110]-type pattern, compare plot by Crystal Maker at bottom).
The equivalent tilting experiment around a shows that this calzirtite is tetragonal. The fluorite subcell is now visible on [023]
as a [110]-type pattern.
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Table 4.7.1: Analytical electron microscopy (AEM) analysis of secondary calzirtite resulting from the two different starting

materials (standard deviation (s.)).

wt % calzirtite-(Nd) (n=13) calzirtite-(Gd) (n=3)

mean s. min max mean s. min max
Na20 1.05 0.30 0.53 1.46 1.17 0.21 1.00 1.40
Al203 0.14 0.40 0.00 1.41 0.08 0.13 0.00 0.23
CaO 8.11 0.44 7.70 9.44 7.67 0.79 6.76 8.24
TiO2 17.21 0.75 16.15 18.65 17.38 0.15 17.27 17.55
FeO 0.53 0.27 0.18 0.94 0.66 0.41 0.36 1.13
ZrO2 68.60 1.28 66.74 70.84 58.09 0.39 57.65 58.35
Ce203 0.42 0.09 0.37 0.53
Nd203 3.03 1.07 1.28 4.42
Gd203 1.35 0.19 1.17 1.55
HfO2 1.33 0.26 0.79 1.89 13.19 0.62 12.50 13.70
sum 100.00 100.01

Formula based on 16 oxygens

Na 0.31 0.09 0.16 0.43 0.36 0.06 0.31 0.43
Al 0.02 0.07 0.00 0.25 0.01 0.02 0.00 0.04
Ca 1.32 0.06 1.26 1.51 1.30 0.13 1.15 1.40
Ti 1.96 0.08 1.85 2.12 2.07 0.01 2.06 2.08
Fe 0.07 0.03 0.02 0.12 0.09 0.05 0.05 0.15
Zr 5.07 0.10 4.93 5.25 4.48 0.03 4.45 4.50
Ce 0.02 0.01 0.02 0.03
Nd 0.16 0.06 0.07 0.24
Gd 0.07 0.01 0.06 0.08
Hf 0.06 0.01 0.03 0.08 0.60 0.03 0.56 0.62
sum 8.97 8.99
> REE D 0.16 0.06 0.07 0.24 0.10 0.01 0.08 0.10
> Zr, HE D 5.13 0.10 4.98 5.30 5.07 0.04 5.04 5.12

D

with a similar Ce3* to Ce** ratio due to unique growth
conditions. Secondly, we have assumed that all the trivalent
REEs occupy the Ca site of perovskite and calzirtite
whereas Hf** and Ce** occupy both sites in perovskite (as
described for Zr) and only the Zr sites in calzirtite. Finally,
we considered the Ca site of perovskite as eight coordinated
by ignoring four of the 12 oxygens which lie at distances of
up to 0.32 nm away from the central cation (0.25 nm mean
distance for eightfold coordination) (FIELDING & WHITE,
1987). This facilitates a direct comparison between the Ca
sites of calzirtite and perovskite. Using ionic radii for Ce3+,
Nd3+, Gd3* in eightfold coordination and for Hf*+ and Ce**
in sevenfold coordination (SHANNON, 1976), the data from
figure 4.8.1 show that elemental partitioning between the
secondary phases is mainly controlled by ionic size. The
polyhedral volumes of the two eight coordinated Ca sites
are significantly different: in calzirtite, this volume is
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This sum is relative to one measurement and not the sum of the min/max of different measurements.

approximately 30% smaller than in perovskite (table 2.5.1).
Thus, the large cations (trivalent REEs) have a preference
for the large Ca site in perovskite (D/P << 1). On the other
hand, the smaller cations (Hf**) prefer the smaller sites in
calzirtite (DSP > 1); here, the Zr site has a polyhedral
volume that is approximately 50% smaller than that of the
Ca site in perovskite. Therefore it is assumed that Ce*+,
which is significantly larger than Zr** preferentially occu-
pies the larger sites in perovskite than in calzirtite. How-
ever, another hypothesis would propose that Ce is tetrava-
lent only in perovskite and trivalent in calzirtite. This is
supported by the very low total Ce content in calzirtite.

LumpkiN et al. (1995) described a similar distribution of these
elements between perovskite and zirconolite in Synroc.
Therefore calzirtite and zirconolite exhibit similar behavior
with respect to elemental fractionation in Na-rich systems.
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Figure 4.7.2: Elemental correlation in secondary calzirtite crystals of the Nd-doped system (bright spots) and the Gd—Ce—
Hf-doped system (dark spots). Data measured by AEM (appendix C6). Data points Nr.1 and 2 are outliers (>4 s) and the three
points from the Gd—Ce—Hf-doped system are not taken for linear regression calculation. All plotted data have count statistics
with 2s < 0.5% revealing that the data points are larger than the error bars would be.

However, almost no Al3* is accommodated by secondary
perovskite and calzirtite (table 4.6.1, 4.7.1, appendix C.6),
which is released from the corroded zirconolite. In zirco-
nolite, Al is used as charge balancing element and is
accommodated by the Ti site. Zirconolite has a fivefold
coordinated Ti site, which is significantly smaller than the
sixfold coordinated Ti sites in perovskite and calzirtite and
therefore more easily accommodates the small Al3* ion.
Until now, no Al-rich secondary phase was observed. Fluid
data reveal a very high Al concentration in the fluid com-
pared to all other elements released during the dissolution
of zirconolite (see chapter 4.5.3). The high Al content in the
leachate may be due to the high solubility of Alin solutions
with a high pH, possibly as AI(OH)3Y or any other hydrox-
ide.

Differences

A comparison of the overall variability of the chemical
composition of the two secondary phases perovskite and
calzirtite shows that the standard deviation for the main
elements Ca, Ti and Zr in calzirtite (table 4.7.1) is much
smaller than in perovskite (table 4.6.1). The total amount of
the other minor elements (e.g., Na, REEs) is much smaller

in calzirtite than in perovskite (figure 4.8.1). This reflects
the capability of these phases to substitute other elements
and is consistent with observations on natural specimens.
As already described in chapter 2.3, natural perovskite is
able to substitute up to 50% of Ca on the A and of Ti on the
B site with various elements without changing its structure
(ANTHONY & JoHN, 1997), whereas calzirtite shows only a
low variation of its stoichiometrical composition.

The results of the experiments revealed for perovskite an
even lower Ca content (30—40% of total on that site), but
almost no substitution on the B site. They showed also the
limited ability for the incorporation of other elements into
the crystal lattice of calzirtite. BELLATRECCIA et al. (1999)
described that calzirtite is much less able to accommodate
substitutions of Ca, Zr and Ti by REE and actinides than
zirconolite, but the two minerals are often intergrown. This
need for a narrow defined chemical composition may be
explained by the crystal structure of calzirtite, because
major chemical changes result in the change of the struc-
ture, which results in the formation of other related miner-
als. Experiments from Zporix et al. (1961) showed that the
structure of calzirtite is very close to the cubic undistorted
structure of pyrochlore. The replacement of a certain amount
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Figure4.8.1: Average partition coefficient (DC/P : average
concentration in calzirtite divided by the average concen-
trationinperovskite inwt%) of Ce3*, Ce?*, Nd>*, Gd>*+ and
Hf** between the secondary calzirtite and perovskite plot-
ted versus effective ionic radii (SHANNON, 1976, trivalent
REE eight coordinated, Hf and Ce** seven coordinated).

of Zr by Ti theoretically must lead to a distortion of the
structure. Fortheratioof Zr: Ti=3: 1, aset of XRD reflections
still fits the cubic structure, and the additional reflections show
the distorted tetragonal structure. The authors also found a
close structural relation between calzirtite and baddeleyite
(lattice parameters close to 1/2 of calzirtite). They also
proposed that the Zr : Ti ratio may not vary very much,
which is confirmed by our own data in table 4.7.1.

If we exclude the chemical variability in perovskite due to
sector zoning (chapter 4.6.3), all measured perovskite and
calzirtite crystals exhibit a homogenous internal composi-
tion (figure 4.6.4). Therefore the extensive chemical vari-
ance between different grains may be due to a heterogene-
ous fluid composition, possibly caused by a lack of fluid
convection in the capsule. The fluid composition would
then directly be related to the composition of the dissolved/
replaced zirconolite in its microenvironment. It should
again be emphasized that the primary zirconolite also
shows variable composition (see table 3.2.2). Alterna-
tively, the observed chemical differences between indi-
vidual crystals of the same product phases could be ex-
plained in terms of the fluid boundary layer effect. Thereby
only unit layers of the ideal chemical composition (similar
to the nucleus) are attached to the mineral surface out of the
fluid boundary layer and build a new crystal layer. After a
period of time, one element understeps a critical concentration
in the fluid and the oscillating fluid system swings back to the
starting composition and anew layer of ideal composition may
be attached to the crystal (PATERSON & STEPHENS, 1992).

4.8.3  Crystal Boundary

Analyses of the grain boundary between primary zirco-
nolite and the product phases perovskite and calzirtite
should provide any clues about the mechanism of the
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dissolution/precipitation process. To obtain detailed infor-
mation, investigations by high-resolution TEM were re-
quired. In the analyzed TEM-samples, the boundary be-
tween zirconolite and perovskite was found but never the
boundary between zirconolite and calzirtite or perovskite
and calzirtite. This is mainly due to the difficult sample
preparation with a high chance of failure.

To analyze the variation of the chemical composition
between primary zirconolite and secondary perovskite,
EDX-line-scans were made by TEM at a high resolution
with the beam diameter set to 1 nm (figures 4.8.2). The
large-scale composition profile revealed that the reaction
zone at the zirconolite surface is up to 30 nm thick. Na has
penetrated up to 30 nm into the zirconolite reaction zone.
The fine-scale composition profile showed a concentration
gradient that is steeper on the perovskite side compared to
the zirconolite side. But this analytical method revealing a
sharp chemical border between the two phases is limited by
the possibility of beam broadening (several nm) and count
statistics (see appendix C.6). Additonally there could be
some interaction of the two phases.

High-resolution TEM images revealed an epitaxial over-
growth of secondary perovskite on primary zirconolite and
no evidence of any intergranular segregation at the inter-
face. The Ti polyhedral layers of zirconolite are perpen-
dicular to ¢* and have a measured d spacing of 5.32 A
(figure 4.8.3). The Ti polyhedral layers of perovskite par-
allel to the (120) layers have a d-spacing of 2.64 A (figure
4.8.3) which is about one half of the d-spacing between the
layers in zirconolite. The orientation of the boundary be-
tween the two phases is parallel to (802) in zirconolite and
parallel to (116) in perovskite.

4.84 Mass Balance

Introduction

In this chapter, calculations are presented for the estimation
of the mass balance during the experiments. The composi-
tion of the starting material (solid and fluid), the composi-
tion of the determined secondary phases, and the composi-
tion of the fluid after the experiment are the required input
data. The calculations were made for the Nd-doped system
and experiments at 550 °C and 50 MPa in 0.1 M NaOH,
because only for these conditions sufficient data were
obtained. Unfortunately, the concentration of Ca after the
experiment in the fluid could not be determined due to
detection limit problems. At ambient conditions, the con-
centration of Ca in the fluid could be determined by
calculating the total charge balance during the experiment,
but due to the diffusive loss of hydrogen above 200 °C, its
concentration has to be estimated after the calculations.

Calculation

Thefollowing partdescribesthe calculations carried out (fordetails
see appendix E), based on the following equation system:



«zirc» + a-NaOH = x -«pero» + y-«calz» + z-«leachate»

In vector notation, the equation system can be described as
follows, where the numbers represent the average compo-
sition in moles:

zirconolite

zirconolite

Oxide (Wt%)

Oxide (Wt%)

(11
(2]
(3]
(41
[51
[6]
[71

50

30

20

10

Ca
Zr
Ti
Nd
Al
Na

0.78

1.8
021 = x-
0.19

0.4
0.15
0.97
0.12

0.33

1.33
5.13
1.96

+ y-|016( +

0.31

0.003
0.02
0.002

a -

S © o o C©

100

perovskite

zirconolite

Interface 1

TiOy
Nay,O
AlLO3
CaO,
ZrOy

Distance (nm)

Interface 2

—o— TiOy
—— NayO
—— AlOj3
—eo— Ca0Oy
—v— ZrOy
—— NdyO3

zirconolite

Distance (nm)

Figure 4.8.2: TEM bright field images of the boundary between primary zirconolite and secondary perovskite showing the
position of the EDX line scans with two different step sizes (10 nm, top, and 2 nm, bottom). The elemental compositions
quantified in oxide wt% show the sharp boundary between the two phases. All plotted data are thickness corrected and have
count statistics with 2s < 0.5% revealing that the data points are larger than the error bars would be. An indeterminable error
is generated by beam broadening and by overlying effects of the two phases due to a not completely vertical grain boundary,
which is marked in the plots as a physical grain boundary on the sample surface.
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Figure 4.8.3: High-resolution TEM image of the boundary between perovskite and zirconolite. Also shown are oriented

selected area diffraction patterns of perovskite and zirconolite.

Because the equation system (7 equations) is overde-
termined (4 unknowns: a, X, y, z and two questionmarks for
the undetermined concentrations of Ca and O in the fluid),
several assumptions were made to solve the problem.
Firstly, to approximate the stoichiometric coefficients of
perovskite (x), calzirtite (y), the leachate (z) and the fluid
(a), the 5 equations [2] until [6] were calculated as a matrix
by MATLABT™. The results obtained were x = 1.553,y =
0.1495, z = 0.0238, and a = 0.0068. In other words, the
molar ratio of perovskite to calzirtite in this doped system
is roughly 10.

The fluid analysis determined also the amount of Na
preserved in the fluid and notincorporated by the secondary
fluid, which was approximately 5% of original mass. This
number together with the above calculated coefficients
were used to determine the total mass balance (total zirco-
nolite replaced) and to determine the unmeasurable con-
centration of Ca and O in the leachate according to the
relations:

Na out of starting fluid
a=
Na in perovskite + Na in calzirtite

total zirconolite replaced = a - Mzirconolite

Celemenis in fluid = Czirconolite + CNaOH — Cperovskite — Cealcirtite

Results

First, the calculations showed that roughly 8—10 wt% of the
total starting zirconolite is replaced by the secondary pha-
ses. Additionally the x and y values revealed that about 10
times more moles perovskite crystallized in comparison to
calzirtite. The relation in wt% is about 5 parts of perovskite
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to 3 calzirtite. These results may be supported from the
surface analyses by ESEM and the cross sections analyzed
by EPMA. These estimates of corrosion showed that the
zirconolite cylinder used in the experiment is corroded to a
depth of 20-40 um, which results in approximately 10
vol% of the total starting material being affected.

Secondly, the result for the concentration of Ca in the fluid
gave a slightly negative value. This might be due to the
determined fluid composition, which comprises a large
source of error as described in chapter 4.4 or any other
unknown processes in the system. However, this result
means that the system is either undersaturated with respect
to Ca or oversaturated with respect to Ti. Therefore two
different solutions of the problem were proposed:

1) If all Ca, Zr and Nd is incorporated into the secondary
phases, Ti is in excess, which was not determined by
ICP-MS. Therefore it is possible that a third secondary
phase is present but it was not observed. This phase
could be a pure titanate (e.g., brookite) or any alumino-
titanate phase.

2) If the system is undersaturated in Ca, some additional
Ca could be leached out of the abundantly present
primary zirconolite and then be incorporated into the
secondary phases.

Unless other results are available to support either one of
the two possibilities, both solutions are possible and no
results may be proposed.

Interestingly, only 85% of the oxygens released from
zirconolite and NaOH were used for the crystallization of
perovskite and calzirtite. The excess oxygen is presumably
used to hydrate the released Al to AI(OH)3 or any other
unknown species at present time.



4.9  Corrosion of U-doped Zirconolite

4.9.1 Introduction

Two additional starting materials were used to obtain some
information on the behavior of U-doped zirconolite. One of
these zirconolites was doped only with U; the other one
contained Ce and Hf as well. Unfortunately these zirco-
nolites were not single phase starting materials (figure
4.9.1) as already described in chapter 3.2.5. Results from
alteration experiments with two-phase ceramic waste forms
do not necessarily reveal data on the behavior of one single
phase. For instance the additionally present phase prior the
experiment may affect the chemical composition of the
solution due to its dissolution and thereby change chemical
parameters. Therefore the obtained results may not be
compared directly to the results obtained with the experi-
ments carried out with the Nd- and Gd-Ce-Hf-doped
zirconolite samples.

Figure4.9.1: Secondary electron images (by ESEM in low
vacuum and wet mode) of untreated U-doped zirconolite
showing inclusions of ZrTiO4 crystals. This sample, thus, is
not single phase and therefore may not be used for more
detailed predictions for the stability of pure U-doped zirco-
nolite.

Figure4.9.2: Secondary electronimages (by ESEM in low vacuum and wet mode) of U-doped zirconolite after the experiment
in NaOH forming secondary Ti and U rich crystals (possibly brannerite (b)). The second primary phase ZrTiO4 (s) is better
visible after the experiment due to the corrosion of the boundary to zirconolite.

Figure 4.9.3: Secondary electron images (by ESEM in low vacuum and wet mode) of U-Ce—Hf-doped zirconolite after the
experimentin NaOH forming secondary perovskite (cubes), calzirtite (substrate grains), and a third at present unknown phase

(blades).
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492  Pure U-doped Zirconolite

Experiments with a U-doped zirconolite as starting mate-
rial were carried out at 550 °C and 50 MPa in 0.1 M NaOH
for 21 days. The behavior of REE-doped single-phase
zirconolite under similar conditions is quite well known
(chapter 4.3.3). Figure 4.9.2 (left) shows that the surface of
zirconolite and of the second primary phase (ZrTiO4) are
both affected by corrosion features. The boundary between
them is strongly corroded which helps to distinguish the
two primary phases. Additionally secondary phases with
short, oblate prismatic stems as morphology were observed
(figure 4.9.2). They are frequently orthogonal aggregated
and the ESEM/EDX spectrarevealed a high Ti and a minor
U content.

This result is quite different from the results obtained
during similar experiments carried out with Nd- and Gd-
Ce—Hf-doped zirconolite samples. The surface seems to be
less corroded and much less product phases are present on
it after the experiment. As already mentioned, this may be
due to the presence of an additional primary phase influenc-
ing the fluid composition. On the other hand, the stability
field of each phase is dependent on its composition. There-
fore, these results indicate that U-doped zirconolite is
possibly more resistant than REE-doped zirconolite and
that the secondary phases perovskite and calzirtite (present
after experiments with REE-doped zirconolite) are only
thermodynamically stable with excess REEs under these
experimental conditions.
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493  U- and REE-doped Zirconolite

These additional experiments with a U- and REE-doped
zirconolite as starting material were planned to provide
data as a link between the experiments with pure REE-
(chapter 4.3.3) and pure U-doped samples (chapter 4.9.2).
The experiments were conducted at the same conditions
(550 °C, 50 MPa, 0.1 M NaOH, 21 days). The results
revealed extensive corrosion and associated crystallization
of three different secondary phases (figure 4.9.3). Two of
these phases were determined as perovskite (large cubes)
and calzirtite (small grains), both very similar in appear-
ance to those present after experiments with purely REE-
doped zirconolite. Compared to the results of experiments
with purely U-doped zirconolite, the formation of perov-
skite and calzirtite seems to be bound to the presence of
REEs. Further AEM investigations are needed to obtain
information on the U-content of these two secondary pha-
ses. However, the presence of U seems to stimulate the
formation of a third secondary phase, whose structure and
composition are unknown at the present time. It forms long
(30 um) prismatic blades and the ESEM/EDX spectra
revealed a high U and Ti content.

Investigations by Raman-spectroscopy on chemically re-
lated natural phases (betafite, brannerite, davidite, eu-
xenite, malakon, microlite, monazite, pitchblende, samar-
skite, thorutite, tazheranite, zirkelite) gave no results be-
cause these minerals all were fully metamict due to the
radioactive decay of incorporated elements. Morphologi-
cal comparison with expected phases like brannerite (GRASER
& GUGGENHEIM, 1990) or senaite (OBERHOLZER et al., 1997)
did not give any clues either. Therefore further investiga-
tions by TEM are required.



5 DISCUSSION

Because zirconolite based waste forms are designed for the
disposal in nature, this chapter tries to compare the experi-
mental results described in chapter 4 with similarities
described by various authors in natural systems. Specific
interest is given on the phase stabilities and different
reactions as well as on the mobilization of the elements
primarily present in zirconolite.

5.1  Quench-phases or Phase Reactions

5.1.1 Introduction

Quench crystals are typical cooling products of experi-
ments carried out at high temperatures and pressures. They
form during rapid cooling from the experimental tempera-
ture in a liquid or gaseous environment, because decreasing
the temperature leads to a decreasing solubility of many
dissolved species and thereby to an oversaturation. Typical
quench phases crystallize in shapes similar to snow crystals
and form skeletal bodies or, sometimes, rims on preexisting
crystals but with different composition. Such crystals have
not been observed after any experiment carried out during
this entire study.

5.1.2  Experiments in NaOH

The observed crystals after the experiments in NaOH are
idiomorphic with well developed crystal faces. Their size
was usually larger than 3 wm, and sometimes reached 30
pm. One of the observed secondary perovskites showed
sector zoning (see chapter 4.6). This is a crystal growth
phenomenon resulting from growth rates that are different
for different crystal faces. This would be very unusual to be
achieved during a quench process, which lasts only a few
seconds. Typical quench phases form at temperatures far
below the temperature of dissolution. An experimental
series with temperature steps of only 12 °C showed that the
secondary phases perovskite and calzirtite formed con-
stantly from 500 up to 700 °C but never formed below 488
°C (chapter 4.6). All these observations are very unusual
for quench phases if not impossible (M. Kunz, personal
communication).

During some experiments, secondary crystals were also
found on the inner wall of the gold capsule (figure 5.1.1).
This in general would be typical for quench phases, but
these phases on the capsule wall were only found at one

specific site, most probably where the zirconolite cylinder
was in touch with the gold capsule during the experiment.
Quench phases would distribute homogeneously on all
inner walls of the capsule as well as on the zirconolite
surface. Additionally, different numbers of secondary phases
were found on the polished and unpolished surfaces of each
zirconolite sample. While the polished surface mostly was
completely covered by secondary phases, the unpolished
(broken) crystal surface showed much less overgrowth.
This indicates that nucleation of secondary phases is easier
achieved on mechanically treated surfaces.

Additionally a series of experiments was designed to obtain
results on different cooling techniques. They all were
conducted at 550 °C in 0.1 M NaOH at 50 MPa. The first
series was pressure quenched. The confining pressure was
released suddenly at 550 °C making the capsule burst and
the fluid disappear within a fraction of a second. Secondly,
the experiment was cooled under pressure within several
seconds by plunging the pressure vessel into cold water.
The third series was cooled by a defined cooling rate of 10
°C per 15 minutes. These were the observations:

— All three methods yielded perovskite with the same
shape, size, and morphology.

— Calzirtite shows slightly larger crystals after the de-
fined slow cooling than after fast cooling or the pres-
sure release (figure 5.1.2), but was present after all
three experiments.

— No secondary phases were observed around the slit in
the capsule, where the fluid disappeared during the
sudden pressure release. They were only observed on
the zirconolite surface.

—  Calzirtite never nucleated on perovskite as would be
expected for a quench-phase.

—  Mostprobably calzirtite nucleates as a reaction product
and during slow cooling; most elements present in the
fluid grow as a second generation on the surface
leading to larger calzirtite crystals.

In addition, perovskite and calzirtite did not incorporate
any Al, which was released from the dissolved zirconolite.
The chemistry of the quench-phases in general is very
similar to the chemical composition of the fluid during the
experiment, but this was not observed. Both secondary
phases could easily incorporate Al into their crystal lattice
(see chapter 2).
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5.1.3  Experiments in HCI

The experiments in HCI produced some very fine-grained
phases (< 1 um), which could not be identified because of
their size. Rutile and anatase were the only phases securely
determined as slightly larger crystals (1-4 pm). But no
detailed information on their structure and composition
was obtained (see chapter 4.3.2).

The secondary rutile and anatase are present as idiomorphic
crystals with a morphology similar to their natural occur-
rence. They were never observed as cavernous or skeletal
crystals typical for quench phases. Additionally, no sec-
ondary phases were observed to crystallize on the inner
walls of the capsule as would be expected for quench
phases. Compared to the secondary phases formed during
the experiments in NaOH, where these phases replace
zirconolite, rutile and anatase crystallized only on the
zirconolite surface as product of fluid supersaturation (see
chapter 4.3). No detailed analysis of the morphology of the
small and undetermined phases was made. Therefore, no
statement about possible crystallization processes (e.g.,
quenching) can be made.

5.14  Conclusions

Following the described analyses and observations, the
secondary phases perovskite and calzirtite that appeared
during the experiments in NaOH rich fluids are almost
certainly not quench-phases, but rather precipitates or reac-
tion products at the attended experimental conditions. Dur-
ing slow cooling some additional overgrowth of the cal-
zirtite (and perovskite?) may occur.

For the experiments in HCI, no clues could be obtained.

Figure5.1.1: Secondary electronimages (by ESEM in low
vacuum and wet mode) of the internal side of the gold
capsule after the experiment showing the secondary phase
perovskite near a crack on the wall.
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However, further investigations are required to understand
more properly how these product phases crystallize, be-
cause this is very important for the applications in radioac-
tive waste disposal (see also chapter 6.3).

Figure5.1.2: Secondary electronimages (by ESEM in low
vacuum and wet mode) of zirconolite surface showing
perovskite (p) and calzirtite (c) after an experiment in 0.1
M NaOH at 550 °C and 50 MPa and quenched by sudden
pressure release (top), quenched by fast water cooling
(middle) and cooled by controlled slow temperature de-
crease (bottom).



5.2 Stability Fields of Experimental Phases

5.2.1 Introduction

The stability and composition of oxides during experimen-
tal investigations depends on the external parameters pres-
sure and temperature, the composition of the fluid phase,
and on the fugacity of species in the fluid such as, e.g.
oxygen fugacity (fo:; Frost, 1991; LutH, 1989). The fo.
during the experiments is intrinsically determined by the
apparatus and may be controlled by an external buffer. In
our case it is controlled by the bombs, which are made of Ni
based alloys. Specific experiments conducted at 500 °C and
50 MPa with Fe203/Fe304 (HM) and Ni/NiO (NNO) re-
vealed that the intrinsic fo. during our experiments is
between these two buffers (HUEBNER, 1971; figure 5.2.1).
Therefore our experimental conditions are comparable to
experiments carried out with an external NNO-buffer as
lower limit and a HM-buffer as upper limit. No additional
external buffers were used for our experiments due to the
size of the internal capsule, which had already the dimen-
sions of the bore in the pressure vessel (compare MUKHO-
PADHYAY & HoLDAWAY, 1994). Smaller inner capsules would
have made fluid analysis impossible, which would have
resulted in the loss of important data.

The fo: present in the capsule during an experiment also
determines the valence-state of polyvalent elements. For
example the valence-state of Ce (trivalent or tetravalent) is
unknown, but may be estimated by its oxidation and reduc-
tion potential. The reaction can be written as a reduction
half reaction:

CeO2 + 4 H* + e = Ce’* + 2 H20
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Figure 5.2.1: Plot of calculated reaction boundary for
hematite—magnetite and Ni-NiO buffer reaction at 50 MPa
in terms of temperature and oxygen fugacity (fo2). Experi-
ments showed that the apparatus used for the experiments
controls the oxygen fugacity between these two buffer
reactions (data from HUEBNER, 1971).

The valence state of Ce in zirconolite, in solution and in the
secondary phases is important because Ce is used as an
analogue element for Pu due to their similar ionic size at the
same valence states. The reaction above shows that the Ce
activity is largely controlled by pH rather than Eh (DE BAAR
etal., 1988). At alow pH, Ce is present in a trivalent state
in solution (Brookins, 1988; figure 5.2.2). The author states
that at a neutral to basic pH, any available Ce3* will be
oxidized and removed from solution as CeO2 or any other
solid oxide. Ce may also be incorporated into carbonate
phases, where it is present as tetravalent or trivalent ion
(Brookins, 1989). The authors interpretation, that dis-
solved Ce** is negligible, is supported by figure 5.2.2.
Other authors propose that at a pH higher than 8, the Ce**
species may become dominant under oxidizing conditions
but due to lack of data, this hypothesis may not be con-
firmed (DE Baar et al., 1988). Unfortunately, there are
presently insufficient data to evaluate the impact of tem-
perature on the stability of Ce**. But from studies on
divalent and trivalent REE (Woob, 1990b) and from com-
parison with figure 5.2.1 it is assumed that the importance
of Ce** should decrease with increasing temperature, but
increase with increasing pressure. For the results of this
study, it is assumed that temperature and pressure nullify
each other and therefore are less important compared to pH.

System Ce-C—O-H

1.0 —

0.6 —

04 —

02 + Ce*3

Eh (V)

CeO3 (solid)

ar Cez(CO3)3

Ce(OH)3

pH

Figure5.2.2: Eh—pH diagram for part of the system Ce—C—
O-H at 25 °C and 0.1 MPa. Assumed activities for dis-
solved speciesare:Ce=10-10-0,C = 103 (after BRooks,
1988).
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Therefore it is expected that Ce is trivalent during our
experiments in HCI, but in NaOH it is possible that Ce is
tetravalent. These theoretical deliberations are supported
by the behavior of Ce in perovskite, where it interacts with
Zr*+ and thereby causes sector zoning (chapter 4.6).

The following part describes details on the stability of the
experimentally observed phases.

5.2.2  Zirconolite

Introduction

The detailed occurrence and petrographic behavior of
zirconolite has been described in chapter 2.2. The mineral
occurs in a wide range of different host rocks as accessory
phase (GIERE et al., 1998; WiLLiamMs & GIERE, 1996) and is
described as product of intense metasomatic alteration of
primary pyroxenites (VLAsov, 1966). Its formation is strongly
dependent on the chemical composition of the melt, meta-
somatic fluid or host rock. It generally forms in SiO2-poor
rocks (mostly in the absence of quartz). Exceptionally, in
alkaline hydrothermal fluids, zirconolite precipitates in a
SiOz2-richer environment together with zircon (GUIMARAEs,
1948). Zirconolite was observed in association with bad-
deleyite and pyrochlore even though baddeleyite is only
stable in SiO2-undersaturated environments (VLASOV, 1966),
but mostly due to progressing reactions (BuLAkH et al.,
1999). Carbonatite is the most common host rock for this
mineral.

Results

Zirconolite, present as starting material, showed a high
stability during most hydrothermal experiments (details
described in chapter 4.2). Strong corrosion, or instability,
was restricted to high temperatures (above ~450 °C) and
was only observed at very low and high pH in combination
with strong ligands (CI~, OH") or complexing agent (Nat)
indicating ability to mobilize Ti, Zr and REEs. Rapid
replacement was only observed at a high pH in a Na-rich
fluid. This observation may be compared to the instability
of pyrochlore in alkaline fluids (Jaco & GitTiNs, 1993)
where it is replaced by a perovskite type phase. Zirconolite
is described as a pyrochlore-derived polytypoid with close
structural relationship to pyrochlore (ONDINA FIGUEIREDO et
al., 1992). The present experiments emphasize now also
their similar chemical behavior.

5.2.3  Perovskite

Introduction

Details on perovskite are given in chapter 2.3. Perovskite is
known from nature as one of the most important mineral
hosts for REEs, which occur in concentrations ranging
from trace to major element status (MITCHELL, 1996). The
chemical composition of the secondary perovskite grown
in our experiments is very uncommon. There is a relatively
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high Na content compared to the REE content (usually
trivalent REEs are charge balanced by monovalent Na on
the Casite) and some Zr located on the Cassite (chapter 4.6).
Therefore this section is restricted to a discussion of Na-,
REE- and/or Zr-rich perovskites as determined in this
study.

Discussion

Natural occurrences of high Na contents (6-9 wt%) were
described in high-pressure perovskites from Kola Penin-
sula and named as loparite (HAGGERTY, 1987). Loparite is a
type of dysanalyte (not the IMA approved niobian variety
of perovskite) which is particularly rich in REEs (DEEr et
al., 1966) and is the only perovskite strictly qualified as a
distinct rare earth mineral (MiTcHELL, 1996). Loparite is
also reported in carbonatite—ultramafic rock complexes
from the Afrikanda complex (MITCHELL, 1996), Schryburt
Lake (PraTT, 1994), and the Lovozero alkaline complex
(MitcHELL & CHAKHMOURADIAN, 1996) in association with
a low SiOz2-activity environment.

Only a few perovskite names are IMA approved and many
names are obsolete (e.g., dysanalyte, knopite) even if they
are still used by various authors. However, the complex
compositional variation in natural perovskites calls for
prefixes, added to the basic name to reflect the dominant
cation present (MITCHELL, 1996). Following this procedure,
the secondary products of our experiments are named as
calcian zirconian loparite and sodian zirconian perovskite.
The proper term for these REE minerals would be perovs-
kite-(Nd) or loparite-(Ce) but does not provide any details
on its composition. Another classification scheme is based
on the valence of the A cations (NICKEL & McADaM, 1963).

A*2BO;3
[] perovskite
[] lueshite
[ loparite
forbidden
region
AT1BO3 (A*195A73) 5)BO3 A3BO3

Figure 5.2.3: Classification of perovskite group phases
based on the valence of the A cation as monovalent (Na),
divalent (Ca) or trivalent (REE). Cel (Gd—Ce—Hf-doped
system) and NdI (Nd-doped system) consider only Na, Ca
and REE, whereas Ce2 and Nd2 include Zr as well.



According to this classification, phases of the perovskite
group are classified as lueshite, perovskite and loparite,
respectively, depending on whether the A cation is mono-
valent (Na), divalent (Ca) or trivalent (REE). For our
composition, first only Na, Ca and REE were considered, and
inasecond stage Zr was included with the REEs (figure 5.2.3).
The result ratified the earlier conclusion that the secondary
phases have a composition most comparable to loparite. The
mineral name loparite has been IMA-approved since 1987.

The only proven occurrence of Zr rich perovskite (2.8-3.3
wt%) has been described from the Polino carbonatite (Lu-
PINI et al., 1992). No good analysis is available on uhligit,
regarded as a perovskite in which Ti has been replaced by
Zr and Al (~22 wt% ZrO2; HAUSER, 1909). But VLasov
(1966) considered that these analyses may be in error.

The hydrothermally grown perovskite revealed that Ce was
incorporated as trivalent and tetravalent ion (chapter 4.6.3). In
perovskite, the valence of Ce is essentially determined by
its chemical composition, and thus Ce may be present in
both valence states on the A-site (BEGG et al., 1998). This
ability to substitute Ce** on the A-site indicates that Zr**
may be accommodated on the A-site as well (similar ionic
size). The authors also described the high ability of perov-
skite for its «self-charge-compensation».

Results

The experimental stability of our perovskite-type is limited
to temperatures above 500 °C and a pressure range of 50—
200 MPa. It only grew in solutions with a high pH and Na
concentration (0.1 M) revealing its stability in such fluids,
similar to the lueshite described by Jaco & GiITTINS (1993).
However, perovskite (loparite) showed its high ability for
the incorporation of REEs and in combination with its
stability at high temperatures may be a proper waste form
for HLW in deep boreholes at elevated temperatures.

5.24  Calzirtite

Introduction

The generic description of calzirtite is given in chapter 2.4.
It has rarely been reported in natural rocks and only limited
information on its specific behavior in various environ-
ments is available. Up to 30 different mineral phases are
found in the rocks, where calzirtite is formed. Of these,
magnetite, hematite, ilmenite and goethite are often major
components (VAN DER VEEN, 1965). Besides other essential
data, VLasov (1966) indicated that calzirtite occurs mostly
with loparite and apatite. In the Guly massif, it is associated
with baddeleyite and anatase, and forms intergrowths with
loparite (BuLakH et al., 1967). Its natural intergrowths with
perovskite are particularly characteristic (ZHABIN et al.,
1962). Despite the fact that calzirtite is chemically related
to and often coexists with zirconolite, it is much less
capable of incorporating actinides and REEs into its crystal
structure (BELLATRECCIA et al., 1999; ZDporIK et al., 1961).

Calzirtite is easily dissolved on heating in concentrated
acids and therefore does not likely occur in environments
with low pH groundwater (VLasov, 1966; Zporix et al.,
1961).

Results

The calzirtite phase grown during our experiments, most
probably only crystallized at temperatures above 500 °C
and at pressures around 50 MPa in a strongly basic and Na
rich environment. It was always associated or even inter-
grown with perovskite, similar to natural occurrences. Its
chemical composition supported the perceptions from natural
crystals, revealing a lower capability for the incorporation
of REEs into its crystal structure than zirconolite and also
perovskite. Therefore it may be assumed, that calzirtite
would not provide an optimal host phase for HLW com-
pared to the previously mentioned phases, i.e. less good
than perovskite and zirconolite.

5.2.5 Baddeleyite

Introduction

This mineral was discovered in the 1890’s by lozeph
Baddeley in Ceylon placers. Details on baddeleyite as a
rare mineral were initially described from the Kovdor
carbonatite complex by BuBovna et al. (1973), where it is
often intergrown  with zirconolite and pyrochlore. Dur-
ing the initial stage of carbonatite formation, it is a high-
temperature mineral crystallizing together with pyrochlore
and apatite (Vrasov, 1966). The same author describes
baddeleyite as a highly stable mineral, which does not give
rise to any new formations. Itis also reported that among all
Zr minerals, baddeleyite has the least chemical diversity
(BurakH et al., 1999). In alkaline hydrothermal fluids,
baddeleyite only precipitates in a SiO2-undersaturated en-
vironment (GUIMARAES, 1948). Figure 5.3.3 shows the cal-
culated stability dependent on L SiO2. Additionally, it is
often present as secondary phase in kimberlites as microc-
rystalline to cryptocrystalline coating on zircon. There it is
assumed to result from desilification of zircon (HAGGERTY,
1987). In those rocks, RABER & HAGGERTY (1979) describe
the reaction between ilmenite and zircon yielding Ti-
baddeleyite, diopside, calcite and zirconolite. The occur-
rence of baddeleyite in metamorphic siliceous dolomites is
reported from FerrY (1996) and the following prograde
reaction was mapped:

zircon + 2 dolomite <=> baddeleyite + forsterite + 2
calcite + 2 COa2.

Results

The experimental formation of baddeleyite revealed its
formation and stability only above a certain temperature
(~500 °C) and pressure (~200 MPa) in a Na-rich, high pH
fluid. Similar to its natural occurrence, where the condi-
tions of formation are high temperature and adequate
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pressure, it grows at higher experimental pressure than
calzirtite even though these conditions are not comparable
to those of kimberlites.

5.2.6  Rutile | Anatase

Introduction

During the experiments in HCI, only rutile and anatase
were determined as secondary phases on the surface of
zirconolite. Therefore some details on their stability and
conditions of formation are necessary.

TiO2 is known in six different modifications (table 5.2.1).
Until now, rutile is very common, anatase and brookite are
more or less frequently found in nature, whereas TiO2 (B)
is very rare in nature and always associated with anatase
(BANFIELD etal., 1991); the two high pressure modifications
are only known from experiments. The structure of all
TiO2-polymorphs are based on two edge sharing TiO¢
polyhedras, which are linked differently for each type by
corner and/or edge sharing to form the three dimensional
lattice. Details on all polymorphs are discussed by VOGLER-
PazELLER (1990). Natural and synthetic samples indicated
transformation of anatase to brookite (Suwa et al., 1984) or
rutile (WAGNER, 1975) and brookite to rutile (BARBLAN et
al., 1944), but no observations on the transformation of
brookite to anatase, or rutile to anatase or brookite were
made. These studies indicate that rutile seems to be the only
stable phase under surface or upper crustal conditions. But
because the transformation processes at surface tempera-
tures (25 °C) are extremely slow all three phases may be
observed.

TiO:2 polymorphs in the laboratory

Rutile, brookite and anatase may all be synthesized by
various techniques and have a wide range of use in industry
(e.g., pigment industry). A detailed overview is given by

Table 5.2.1: TiO2 modifications and their crystal structure
sorted according to their density, which is directly related
to their temperature and pressure stability.

Formula | Name Crystal structure

TiO2 (B) cublg, clos'e—packed §phere
packing with vacancies

TiO2 anatase | tetragonal

TiO2 brookite | orthorhombic

TiO2 rutile tetragonal

TiO2 (II) a-PbO2, orthorhombic

TiO2 (H) hexagonal, related to fluorite-
structure
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VoGLER-PAZELLER (1990), complemented with experiments
by the author herself. They all may be synthesized from a
Ti rich solution (e.g., TiCl4, TiO2-gel) with various addi-
tives. Rutile crystallizes at a wide pH range (0-11) and at
temperatures between 360 and 1000 °C, but preferentially
in an acidic environment. Brookite is synthesized only at
basic conditions and in a temperature range (dependent on
the additives) between 200 and 550 °C. Anatase as the low-
temperature polymorph can easily be synthesized at room
temperature and up to 600 °C at a pH between 3 and 11, but
predominantly crystallizes in a neutral milieu. Tempera-
ture and pH for optimum crystallization are in general
strongly dependent on the cations as additives. The forma-
tion of brookite is only possible if Na is present in the
system (VOGLER-PAZELLER, 1990). The author also shows
that the crystallization of anatase is enhanced by the pres-
ence of Na or K whereas the presence of HCI favors the
formation of rutile. Another study revealed all three TiO2
polymorphs as result from alteration of Synroc at ambient
pressure and temperatures of 150 °C (LumpkiN et al., 1995).

Solubility experiments on natural rutile revealed that rutile
is highly insoluble below 500 °C (RieD, 1994). Above that
temperature its solubility is increasing, but strongly depen-
dent on the fluid composition. The author showed also that
HF-solutions have the largest impact on rutile.

Natural TiO2 polymorphs

Rutile is the most common form of TiO2 in nature, being the
high-P-T polymorph due to its smallest unit cell volume
compared to anatase and brookite. The natural, hydrother-
mal occurrence of all three polymorphs is strongly related
to the presence of joints and Ti rich host rocks. From their
distribution in individual Alpine lithologies, a minimum
hydrothermal formation temperature of 230-270 °C and
pressure of 170-200 MPa was proposed (VOGLER-PAZELLER,
1990). In natural systems, the three TiO2 polymorphs never
showed corrosion features and therefore show high resist-
ance to hydrothermal fluids.

In nature, rutile crystallizes only below 400 °C exsolved in
Si0O2 as fine needles. Anatase crystallizes below 400 °C at
low pressures, and preferably in the presence of additional
ions (e.g. K*, PO43-, SO427). It often coexists with calcite.
Brookite crystallizes only at specific conditions at tempera-
tures below 650 °C. Its presence is bound to the presence of
Naexcept at high pressures (900 MPa). For comparison see
table 5.2.2.

Discussion and results

After our experiments in diluted HCI, rutile and anatase
were confirmed as secondary phases on the zirconolite
surface (chapter 4.3.2). Their occurrence on the primary
zirconolite surface as idiomorphic crystals revealed crys-
tallization from the acidic solution and consumption of
dissolved or leached elements.



Table 5.2.2:

TiO2 modifications and their crystallization conditions (after VOoGLER-PAZELLER, 1990).

Name Temperature Pressure Ph Additives Eh
TiO2 (B) < 500 °C 0.1 MPa
neutral none
anatase <~400 °C | < ~300 MPa acidic S04~ oxidizing
basic K+
brookite < ~650 °C < ~900 MPa basic Na* (none at 900 MPa) oxidizing
TiO2 (II) < 600 °C | 900-2300 MPa
TiO2 (H) 25’000 MPa

The conditions established to synthesize rutile, brookite
and anatase (table 5.2.2) compared to the conditions during
the experiments revealed that only anatase and rutile are
expected to crystallize. The formation of anatase is sup-
ported by observations that its crystallization is assisted by
the presence of Al13* (Deer et al., 1966), which was released
from the dissolving zirconolite during our experiments.
Compared to a natural system, the temperature and pres-
sure of the experiments, combined with a low pH and high
Cl content in the fluid are optimal conditions for the
crystallization of rutile, but not as typical for anatase
(generally atoo high temperature and a too low pH). Butthe
high Ca content expected in the fluid (from dissolved
zirconolite) seems to stabilize the formation of anatase.

Under these conditions, the crystallization of brookite is
impossible because of the low pH and the lack of Na in the
system. Therefore only the two TiO2 polymorphs rutile and
anatase are present after the dissolution of zirconolite in
HCI at a temperature above 250 and up to 700 °C.

5.3 Comparison of the Experimental Results with
Natural Systems

5.3.1 Introduction

In this chapter, the results of the experimentally determined
stability and growth conditions of zirconolite and of the
secondary phases are compared to their natural occurrence
and paragenesis. It will be distinguished between a basic
Na-rich fluid and an acidic Cl-rich one. All experiments
were conducted in a simple system compared to the com-
plex natural systems. In particular, experiments were mostly
conducted in the absence of CO2 and SiO2, which is very
rare in natural systems.

Additionally, all experiments were conducted in a closed
system compared to the mostly open system in nature. But
if fluid migration in natural systems is slow, a steady state
might be achieved, which is approximated by the experi-
mental system. Dissolution—precipitation processes con-

trolling the formation of secondary phases are strongly
dependent on the fluid migration rate, because at a high
fluid migration rate many dissolved elements are relocated
before precipitation. But in an ideal repository, geologic
environments with a low permeability and migration are
desired. Therefore, the experimental results on the hydro-
thermal stability of zirconolite may be looked upon as an
approximation to its natural behavior.

5.3.2  NaOH Environment (high pH)

Introduction

The following part is based on the experimental results in
the system CaO—ZrO2-TiO2—Al203-REE203-NaOH-H20.
After experiments at temperatures above 500 °C, pressures
above 50 MPa and in a NaOH fluid (0.1 M), the observed
phases are primary zirconolite and the secondary phases
perovskite, calzirtite and, at higher pressure, baddeleyite.
All of these phases, however, were never present simulta-
neously (see chapter 4.3.3).

As a rough estimation of the pH variation during the
experiment, the pH was determined after experiment by
pH-paper at 10-10.5. This is less than it was before the
experiment (pH 13). This change in pH is a result of a
combination of all reaction processes forming perovskite
and calzirtite after the breakdown of zirconolite. These
processes are charge balanced by H* diffusing from outside
of the capsule into the fluid resulting in a change of the pH.
This means that if Na* is incorporated into perovskite from
the fluid, it might be replaced by H* from outside the
capsule.

H20 <=> H* + OH~

Reactions

The phase diagram of the ternary system CaO-TiO2—ZrO2
in figure 3.2.5 (CouGHANOUR et al., 1955) revealed no
stability field for calzirtite at 1450 °C. At temperatures
below 1350 °C, the appearance of calzirtite makes the
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phase equilibrium more complicated within the three phase
field baddeleyite — perovskite — zirconolite (figure 5.3.1-a;
RosseLL, 1992; SweNsoN et al., 1996). In the pure system,
calzirtite lies on the pseudobinary join baddeleyite — perov-
skite (as shown in figure 5.3.1), revealing that it can not
coexist with both phases at the same time (degenerated
system). If zirconolite is present, the following three phase
assemblages are possible: (1) zirconolite + perovskite +
calzirtite, (2) zirconolite + perovskite + baddeleyite, (3)
zirconolite + calzirtite + baddeleyite (see also GIERE et al.,
1998). However, natural systems are more complex (impu-
rities added to the system) and all four phases are reported
to be present in some environments (BuLAkH et al., 1967).
Table 5.3.1 shows a list of the possible reactions in the
system CaO-TiO2—ZrO2—CO2 (GIerE et al., 1998). Our
experiments were mostly conducted in a CO2-free environ-
ment. Those with CO2 but no other ligands present in the
system, did not affect zirconolite and therefore, the system
can be reduced to CaO-TiO2—ZrO2, where only the two
first reactions are possible from pure single-phase zirco-
nolite as starting composition.

In the pure system, these two possible breakdown reactions
would additionally produce rutile (table 5.3.1, reactions 1
and 2), which, however, was not observed in the experi-
ments. In the closed system of the experiments, the total
elemental composition is given by the starting composition
of zirconolite and the added fluid (0.1 M NaOH). The used
starting materials are doped with various elements, which
may be seen as impurities in the system. This changes the
chemographic relationship and enlarges the stability field
of each phase according to the total impurity uptake (solid
solution). Moreover, as the determined composition of the
product phases after the experiments is different from their
ideal composition, these phases are located at a different
position within the chemography (see figure 5.3.1-b). Perov-
skite and calzirtite are present as solid solutions and their
ratio of Ti to Ca is ~2.4 and ~1.5, respectively (rather than
1.0 for the pure system). This shows that zirconolite lies on
a tie-line between perovskite and calzirtite or, at a higher
pressure, on a tie-line between perovskite and baddeleyite.
Therefore, the formation of rutile is not required in the
experimental system. This is supported by mass balance
calculations (chapter 4.8.4), and also by the very small
concentrations of the elements released by zirconolite in
the fluid after the experiment.

As already shown in chapter 4.3.3, the experiments above
500 °Cresulted in the formation of perovskite and calzirtite
at 50 MPa, and perovskite and baddeleyite at 200 MPa,
leading to the formulation of the two reactions:

zirconolite => perovskite + calzirtite + fluid
(at 50 MPa)
zirconolite => perovskite + baddeleyite + fluid
(at 200 MPa).

These results reveal that in a CO2-free environment perov-
skite is stable over a wide range of pressure at a temperature
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Table 5.3.1: List of zirconolite consuming reactions (in-
volving the breakdown of zirconolite) in the pure system
CaO-ZrO2-TiO2-CO2 (data from GIERE et al., 1998).

Primary phases: Secondary phases:

perovskite + baddeleyite +

zirconolite .
rutile

3 perovskite + calzirtite +

5 zirconolite .
5 rutile

calcite + baddeleyite +

zirconolite + CO2 .
2 rutile

3 calcite + calzirtite +

5 zirconolite + 3 CO2 .
8 rutile

2 zirconolite +

3 baddeleyite calzirtite + 2 rutile

8 perovskite + calzirtite +
5 CO2

2 perovskite + baddeleyite +
CO2

5 zirconolite + 5 calcite

zirconolite + calcite

zirconolite +

4 baddeleyite + calcite calzirtite + CO2

of 500-700 °C. The appearance of calzirtite and bad-
deleyite seems to be depending on the pressure, and from
these observations it appears that the reaction

calzirtite <=> 2 perovskite + 5 baddeleyite

can be formulated, as also seen on the pseudobinary join
baddeleyite — perovskite (figure 5.3.1-a). These three reac-
tions are schematically shown in figure 5.3.2 together with
the Schreinemaker diagram for the pure system. According
to the above discussed chemography, the Schreinemaker
diagram is slightly different for the doped system of the
conducted experiments. The stability fields of the phases
with impurity elements will be enlarged and the system will
not be degenerated anymore.

Discussion and conclusions

The experiments in NaOH demonstrated that zirconolite is
highly durable in aqueas media up to temperatures of ~500
°C. This is supported by the fact that the stability field of
zirconolite in the presence of a CO2-poor and H20-rich
fluid expands to much lower temperatures (ALLEN & ELLISs,
1996b). The authors showed that in a CO2-free fluid,
zirconolite must be stable down to room temperature and
pressure as there is no other combination of phases without
carbonate which is chemically equivalent to zirconolite in
the system. However, no details may be given on the
experimental phase stability, because at low temperatures
the reaction rates are orders of magnitudes lower than at
high temperatures. At temperatures above 500 °C, in a Na
rich fluid (0.1 M NaOH) zirconolite breaks down to perov-
skite and calzirtite, at higher pressures to perovskite and
baddeleyite, respectively (see also figure 5.3.2).
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Figure 5.3.1-a: Chemography (projected from CO2) of the pure quaternary system CaO—
TiO2-Zr02—CO02, showing the coexistence of the pure phases zirconolite, perovskite, calzir-
tite, baddeleyite, rutile, and anatase (all observed in the experimental runs). The pure system
is degenerated because perovskite, calzirtite and baddeleyite are colinear.
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Figure 5.3.1-b: Experimentally determined phase diagram (projected from CO2) of the
quaternary system CaO-TiO2-ZrO2—CO2, showing the position of the phases zirconolite,
perovskite, calzirtite, and baddeleyite as observed after the experiments in(0.1 M NaOH above
500 °C at different pressures. This chemography reveals that the four phases present are
almost colinear.
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The natural system in the Kovdor carbonatites, Russiak,
indicates that zirconolite crystallized later, and in some
cases replaces, baddeleyite, perovskite, calzirtite and other
Zr minerals (WILLIAMS, 1996). No explanations were given
by the author, but this relationship could be due to decreas-
ing temperatures, which would imply that zirconolite crys-
tallizes at lower temperatures than perovskite, calzirtite
and baddeleyite, similar to our experimental results in a
pure H20 system. But such sequences could also be due to
changes in the oxygen fugacity or fluid composition (e.g.,
increase in Xco:, ligand activities; MITCHELL, 1996). A
similar crystallization sequence was also established by
BurakH & NEsTEROV (1996): perovskite — baddeleyite —
calzirtite/zirkelite/zirconolite — pyrochlore. The authors
describe calzirtite, zirkelite and zirconolite as mineralogi-
cal equivalents and that their formation depends principally
on the chemical environment. A newer study gives the
following sequences (BULAKH et al., 1999):

a) perovskite — baddeleyite — zirconolite
b) calzirtite — zirkelite — pyrochlore
c) baddeleyite — zirconolite — pyrochlore.

Our experimental results support the theoretical calcula-
tions of ALLEN & ELLis (1996a) pointing out that perovskite
and zirconolite may crystallize not only in high temperature
igneous rocks, but also at lower temperatures (~500 °C) in
metamorphosed rocks at shallow depths in the crust.

It has to be emphasized that the systems investigated are
very alkaline, and that natural geologic systems are much
more complex. This is shown by a study on the solubility
and stability of natural pyrochlore in alkali carbonate
liquids (JaGco & GitTins, 1993). The authors show that in a
water-bearing calcitic liquid (CO2-rich) the solubility of
pyrochlore is relatively high and decreases with increasing
alkali content. In the CaCO3 — Na2CO3 liquid, pyrochlore
is soluble and unstable and reacts with the liquid to form
lueshite or other minerals with the perovskite structure. But
with approximately 1 wt% F present in the same liquid,
pyrochlore precipitates rather than lueshite and any perov-
skite-type mineral existent would become unstable and
react to form pyrochlore [A2B206(OH,F)], where F is
incorporated. Jaco & GITTINS (1993) conclude that in car-
bonatites, perovskite crystallizes earlier than pyrochlore,
which is consistent with the results from BuLAkH & NESTE-
rRoV (1996) and BuLakH et al. (1999).

In the CaO-TiO2-ZrO2-CO2 system, the reaction
zirconolite + calcite <=> 2 perovskite + baddeleyite + CO2
is predicted and lies close to the reaction of

calcite + quartz <=> wollastonite + CO2,
whichis proposed between 550 and 650 °C at low pressures

(50-200 MPa; ALLEN & ELLIs, 1996a with the data of RoBIE
et al., 1978). These theoretical calculations may be en-
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dorsed by the experiments carried out in the CO2 free
system in this study. In the presence of a CO2-rich fluid
phase at shallow crustal depths, perovskite is not thermody-
namically stable below 550—-600 °C (MITcHELL & CHAKH-
MOURADIAN, 1998b) because of the reaction:

CO2 + perovskite <=> calcite + rutile,

but it is proposed that the stability of perovskite extends to
lower temperatures with a lower CO2 content (ALLEN &
ELLis, 1996a). These results are supported by our own
phase stability calculations by VERTEX (ConNoLLY, 1990)
in the system CaO-Ti02-Si02-H20—-COz2 at temperatures
between 500 and 600 °C and at pressures of 50 and 200
MPa. They were carried out using thermodynamic data
from HoLLAND & PowELL (1998) except for perovskite from
RoBIE et al. (1978). The system was saturated in fluid and
CaCOs3 and the phases perovskite, rutile and titanite depend
on the activities of CO2 and SiO2 (see figure 5.3.3). This
plot indicates the breakdown of perovskite to rutile and
calcite directly related to Xco.. With increasing 1 SiO2,
perovskite or rutile plus calcite, respectively, are replaced
by titanite. The triple point (A1) is shifted to a lower usio:
but a higher Xco: with increasing temperature (A2), but to
ahigher usio: and a lower Xc0: with increasing pressure. In
addition, the stability of baddeleyite (no thermodynamic
data for calzirtite are available) related to 1si0: was calcu-
lated and revealed that the transformation of baddeleyite to
zircon is always at higher psio: than the reaction from
perovskite to titanite. Therefore, baddeleyite covers the
entire stability field of perovskite.

5.3.3  HCI Environment (low pH)

Introduction

This part is based on the experimental results in the system
Ca0O-ZrO2-TiO2-A1203-REE203-HCI-H20. As already
shown in chapter 5.2.6, temperature and pressure of the
experiments combined with a low pH and high Cl content
in the fluid are optimal conditions for the crystallization of
the observed rutile. Anatase was also observed despite
experimental conditions that are not as typical for its
crystallization (generally a too high temperature and a too
low pH; VOGLER-PAZELLER, 1990), but the high Ca content
(from zirconolite) might stabilize anatase similar to the
results of VOGLER-PAZELLER (1990). From the author de-
scribed as a metastable phase, anatase should therefore be
replaced by rutile with time, but the transformation kinetics
depends on temperature, pressure, and time and is slow
below 600 °C. Therefore rutile is considered here as the
stable secondary TiO2 polymorph.

Results

As apparent in figure 5.3.1-a, the formation of only rutile
and anatase from dissolved zirconolite may not be ex-
plained by the chemography in the pure system CaO-
ZrO2-TiO2. Therefore possible explanations are: (1) Ti is



selectively leached out of the zirconolite structure to a high
extent; (2) a TiO2-layer crystallizes on the zirconolite
surface and all other elements released from the dissolved
zirconolite stay in solution (compare LumpkiN et al., 1991);
or (3) that the undetermined secondary phases consist of
these elements (e.g., Zr). The first idea may be rejected,
because leaching is restricted to the surface area, which is
not enough for the amount of rutile and anatase observed.
In addition, Ca mainly shows a higher ability to be leached
out than Ti (RiNngwoob et al., 1988). The fluid data of these
experiments do not support the second hypothesis (figure
4.4.1). Finally, (3) is the most probable explanation be-
cause undetermined secondary phases were observed. And,
although Ca in the fluid could not be determined (see
chapter 4.4), it is expected that Ca is present in solution at
ahigh concentration (chapter 5.4.2). Therefore the undeter-
mined secondary phases could contain Zr and possibly Ca,
and to aminorextent Al, REE, and Ti as well. For acidic and
CI™ rich environments, stable phases for example could be

baddeleyite (ZrO2), corundum (AI203) and/or hibonite
(CaO - 6 Al203) and possibly calzirtite. But those could not
be confirmed because of their size (< 1 wm) and number.
Especially the presence of baddeleyite or calzirtite would
be interesting, because this could document their formation
at lower pressure for a lower pH compared to the experi-
ments in NaOH.

5.34 Conclusions

All experiments revealed, that zirconolite is very resistant
to all tested fluids during the hydrothermal treatment up to
temperatures ~250 °C. It is then highly resistant to deion-
ized water up to temperatures of 550 °C.

The experiments with a CO2-rich fluid did not show any
enhanced dissolution of zirconolite compared to those in
pure deionized water (chapter 4.3.4). The COz2 content only
decreases the activity of water, but as long as no other ions
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Figure 5.3.2: Schreinemakers diagram for the five phase assemblage baddeleyite (b) — zirconolite (z) — perovskite (p) —
calzirtite (¢) —rutile (r) in the P-T-space. Estimated location of the three reactions inferred to take place in the experimental
NaOH — H20 system are drawn in thick lines. The following four reactions are possible:

baddeleyite absent (b):

calzirtite absent (c):

zirconolite and rutile absent (z, r):
perovskite absent (p):

zirconolite = perovskite + calzirtite + rutile
zirconolite = perovskite + baddeleyite + rutile
calzirtite = perovskite + baddeleyite
zirconolite + baddeleyite = calzirtite + rutile

The last of these four reactions was not observed during the experiment because it lies in the zirconolite stability field and

no other phases were present at these conditions.
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are present in the fluid as possible ligands to mobilize the
elements primarily present in zirconolite, the starting ma-
terial remains uncorroded. Otherwise the following reac-
tion is possible:

zirconolite + CO2 <=> calcite + baddeleyite + 2 rutile

The experiments in pure H20-SiO2 fluid had no influence
either because the fluid remained pH neutral and rather non
corrosive. Additional experiments with the combination of
NaOH, SiO2 and CO2 as fluid would provide insights into
the stability of the secondary phases. Thereby the phases
calcite, zircon, titanite, wollastonite and quartz could also
be present as replacement products of zirconolite (ALLEN &
ELLis, 19964, b).

In an alkali-rich fluid with a high pH, zirconolite is unstable
at temperatures above 500 °C and is replaced by different
secondary Ca—Zr—Ti-phases (perovskite, calzirtite, and bad-
deleyite). Atlow pH in strong HCI, TiO2-polymorphs form
at the expense of the starting mineral. Interestingly, at high
temperatures in hydrothermal fluids (> 500 °C) perovskite
converts directly to TiO2 by the influence of acidic fluids
and vice versa (CHAKHMOURADIAN & MITCHELL, 1999a). A
possible and explaining reaction would be:

CaTiO3 + 2 HCl <=> TiO2 + CaCl2 + H20.
Because CaCl2 is highly soluble at a low pH, the reaction

would strongly favor the product side of the reaction (e.g.,
TiO2).
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Figure 5.3.3: Phase stability calculations by VERTEX (ConnoLLy, 1990) in the system CaO-Ti02-SiO2—-H20-COz2 at fluid
and calcite saturation for 500 °C and 50 MPa (1), for 600 °C and 50 MPa (2) and for 500 °C and 200 MPa (3) revealing
the three stability fields of perovskite, rutile and titanite dependent on Xco: and Usio:. Al, A2 and A3 are the three different
triple points for the three different physical conditions, respectively. The horizontal lines sl, s2, and s3 indicate silica
saturation and the horizontal lines bl, b2, and b3 show the stability of baddeleyite (its replacement by zircon is directly
related to Usio:). The used thermodynamic data are from HoLLAND & PoweLL (1998), except for perovskite from RoBIE et al.
(1978). The following list shows all reactions:
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perovskite + CO2 = rutile + calcite
perovskite + SiO2 = titanite
rutile + calcite + SiO2 = titanite + CO2

baddeleyite + SiO2 = zircon



5.4  Mobilization and Solubility of Elements during
the Experiments and their Implications on Natu-
ral Fluid Systems

54.1 Introduction

In this part, the hydrothermal mobility and solubility of
compounds initially present in zirconolite is discussed.
Generally, the ionic potential divides the chemical ele-
ments into three groups, based on the solubility of many of
their compounds in water: (1) Elements whose most fre-
quently observed ions have an ionic potential of < 3 (e.g.,
Ca?*, Na*) have highly soluble oxides and hydroxides. (2)
those with an ionic potential between 3 and 12 (e.g., Ti%*,
Zr**) hydrolyze easily in solution but their hydroxides and
oxides are sparingly soluble. (3) Elements whose most
frequently present ions have an ionic potential of > 12 (e.g.,
P>*) form soluble oxyacids in solution (BArTH, 1952). The
second group, involving the high field strength elements
(HFSE, e.g. Ti, Zr, Hf, REE), have long been considered to
be immobile during metamorphism or alteration. But there
is increasing evidence for transport by metamorphic fluids
under specific geological conditions due to the formation of
chemical complexes (e.g., GIERE, 1990a; RIED, 1994). Simi-
lar to a metasomatic environment, the elemental composi-
tion of the secondary phases (alteration products) reflects
the mobility of these elements during the experiment in the
fluid. Mobility involves the dissolution of solids, fluid
transport and finally precipitation. In the metasomatic
fluids close to the Bergell contact aureole it is assumed, that
F-and PO43- are the likely ligands for complexing REE and
HFSE (GIERE, 1986; GIERE, 1990b). These two ligands were
also important in addition to K* and CI~for the metasomatic
fluid transport of the high-valence cations at the Adamello
contact (GIERE, 1990a; GIERE, 1990b; GIERE & WILLIAMS,
1992; GIERE, 1996). With regard to our experiments, where
zirconolite is replaced by perovskite and calzirtite in a
NaOH rich fluid above 500 °C, it is interesting that large
amounts of Ti, Zr and REE were found in Na rich and
strongly basic (pH 12) groundwater from the Lovozero
alkaline massif (Kraynov et al., 1969). This demonstrates
that basic, alkalic fluids are capable to transport REE and
HFSE.

The experiments in CO2 or SiO2 rich water showed no
corrosion features and a highly resistant zirconolite. But it
cannot be assumed that CO2 and SiO2 have no importance
on the stability of zirconolite. It is only suggested that they
have no influence on the corrosion strength of a fluid (no
element mobilization due to the missing complexing agent)
if no other ligands are present. Presumably CO2 and SiO2
would have a large effect on the development of the
secondary phases. CO2 can change the phase relations (e.g.,
reaction 3 in table 5.3.1), whereas SiO2 adds the large field
of silicate minerals to the system (e.g., figure 5.3.3). Ex-
periments on natural zirconolite leached in silica saturated
solutions at 150 °C (HELEAN et al., 1999) mainly resulted in
the formation of cheralite (monazite group) and thorianite.

542 Ca

Ca?* as an alkaline-earth cation is known as a highly mobile
element in various natural fluids and is highly soluble over
a wide range of pH. All alkaline-earth ions seem to hydro-
lyze more extensively than any other metal cations, but
because of uncertainties in their interactions, their equilib-
rium constants can be determined only with limited accu-
racy (BAEs & MESMER, 1976). As already mentioned (chap-
ter 4.8.4), it was impossible to determine the concentration
of Ca in the leachate after the experiments. For the experi-
ments with HCI, it is assumed, that all Ca released from
zirconolite goes into solution possibly as Ca2+, The experi-
ments in NaOH formed two Ca-rich phases, perovskite and
calzirtite. Presumably most Ca released from the primary
zirconolite is incorporated into the secondary phases (chapter
4.8.4). This shows a high mobilization of Ca in the NaOH
rich system above 500 °C.

543 Ti

The solubility and mobility of Ti is very low at metamor-
phic conditions in aqueous fluids. At ambient conditions
(25 °C, 0.1 MPa), Ti is very insoluble at a pH above 3 and
forms Ti(OH)4 complexes (NABIVANETS & LUKACHINA, 1964).
At a pH below 3 together with Cl~ the formation of a
hydroxyl complex, either TiO** or Ti(OH)22* has been
reported (NABIVANETS & KUDRITSKAYA, 1967). At high pH,
its increasing solubility (forming complex with OH™) was
experimentally demonstrated (NABIVANETS & OMELCHEN-
KO, 1986). Solubility experiments by RIEDp (1994) revealed
that rutile is more soluble in an acidic environment than in
basic fluids, and barely soluble under neutral conditions.
The solubility of Ti-oxides in geologic fluids is strongly
temperature dependent (RIED, 1994; VAN BAALEN, 1993).
Forexample, above 900 °C, the solubility of TiO2 increases
strongly with increasing temperature and with decreasing
pressure (AYERS & WaTsoN, 1993). These authors also
show that at high temperatures the solubility, as single ion
or as hydroxide, depends on the activity of water but
otherwise is insensitive to fluid composition. Rutile (and
possibly other polymorphs) precipitates from a Ti-rich
aqueous fluid if the activity of H20 decreases. This may
result from decarbonation reactions or by addition of salts
and diluents. An example is discussed by GIErRE (1990b),
where a TiO2rich fluid, which was derived from the Bergell
intrusion, reacted with a dolomite country rock. The reac-
tion between dolomite and water produces an increase in
CO2 in the fluid, which leads to the formation of many Ti-
rich minerals such as rutile, titanite, titanian clinohumite,
geikielite and zirconolite. Such release of CO2 from the
fluid leading to a aqueous fluid with a higher ability to
dissolve components was described by TROMMSDORFF &
SKIPPEN (1986).

The presence of Ti rich minerals (e.g., rutile, anatase,
perovskite) in the experiments implies Ti mobility. After
the experiments with HC1, many TiO2 polymorphs crystal-
lized at the expense of zirconolite, but no Ti was measured
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in the leachate (figure 4.4.1). This shows that either the
solubility of Ti was low but the mobilization was high
during the experiments, or that some rutile and anatase
crystallized as quench product during cooling. The solubil-
ity of TiO2 in an aqueous fluid with 50 mol% COz2 is
reported to be immeasurable (AYERS & WATsoN, 1993). Our
own experiment with a high CO2 content in the fluid did not
show any zirconolite corrosion with the resulting second-
ary phases. This could reveal that zirconolite as a Ti rich
phase is very stable in a CO2 rich environment comparable
with rutile, if no CI~ is present.

544  Zrand Hf

The two HFSE Zr*+ and Hf*" both occur at the same
oxidation state. Their ions are nearly identical in size (about
0.79 A) and they reveal similar chemical properties and
therefore will be considered together. Generally they be-
have similarly to Ti, which is of the same element group. At
ambient conditions, the minimum solubility is at a pH
between 5 and 6, where they form M(OH)4 complexes. At
more basic pH, the complex changes to M(OH)5™ and the
solubility increases strongly. The highest solubility was
determined below pH 2, where M(OH)22* complexes are
dominant (BAES & MESMER, 1976). F~ is reported as most
complexing element in acidic fluids, OH™ in basic ones
(AJa et al., 1995). Interestingly the same author revealed
that in very alkaline solutions NaZr(OH)4* complexes
might become very important. RUBIN et al. (1993) gave an
overview on Zr mobility in hydrothermal systems devel-
oped in a broad range of igneous geochemical environ-
ments. The authors indicated that Zr mobility is mostly
associated with a F-rich, alkalic igneous fluid. They also
showed that not only the fluid determines the Zr mobility
but also the host phase with different leaching behavior.

Our experiments showed no significant difference in Zr
contents in the leachate after experiments in HCI and in
NaOH (figure 4.4.1), indicating a similar solubility behav-
ior at strong basic and strong acidic conditions (BAEs &
MESMER, 1976). Therefore Cl-, Na*, and OH~ show a high
ability to mobilize Zr and Hf at elevated temperatures.

545 REE

The rare earth elements Nd, Ce and Gd used in this study are
expected to be relatively immobile like the other high
valence cations Ti and Zr. While Nd and Gd are trivalent
cations, Ce may be present as a trivalent and tetravalent
cation. Under certain conditions in a hydrothermal system
REEs are assumed to migrate as complexes (BaLasHOV &
KrigmaN, 1975; KosTERrIN, 1959; MINEYEV, 1963; WooD,
1990a and b). In solution at ambient conditions, the triva-
lent ions exhibit strong complexing with hard ligands such
as F-, SO42-, PO32-,C0O32~ and OH~ and moderate com-
plexing with CI~ and NO3~ (Woop, 1990a). At higher
temperatures (> 300 °C), the REE-CI~ complexes are ex-
pected to have greater significance (Woob, 1990b). Haas et
al. (1995) revealed that at acidic and neutral pH conditions,
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the LREEs (La—Sm) are complexed more strongly by CI~
compared to the HREEs, which are more strongly com-
plexed by F~. At basic pH conditions LREEs and HREEs
strongly associate with OH™ to an equivalent degree. BAES
& MESMER (1976) show that the solubility product of all
REE-hydroxides is inversely proportional to their ionic
size. Another study revealed that the solubility of the REE
increased with a decreasing pH (Woob & WiLLIAMS-JONES,
1994). The same authors predicted a constant solubility for
increasing temperature, but Haas et al. (1995) revealed the
increasing importance of REE complexation at higher
temperatures. In regard to the application of nuclear waste
management, it is important to mention the formation of
complexes with organic ligands (Woob, 1993).

In addition to the trivalent state of Nd and Gd, a tetravalent
state is possible for Ce. Compared to the trivalent REE,
Ce**isreported to hydrolyze extensively (BAES & MESMER,
1976). Unfortunately insufficient data are available to
evaluate the change in stability, but the importance of the
tetravalent state should decrease with increasing tempera-
ture, but increase with increasing pressure (Woob, 1990b).

Although the most likely ligand in most natural fluid
systems is F~ (GIERE, 1986), the possibility of transporting
REE as Cl-and Na*-complexes during our experiments
may be assumed similar to the complex formation of Ti and
Zr. The results of these experiments revealed that more
REEs were in solution at low pH (0.1 M HCI) than at higher
pH (0.1 M NaOH) by two to three orders of magnitude
(figure 4.4.1), similar to the results of Woob & WiLLIAMs-
JoNEs (1994). This may show their preferred formation of
Cl-complexes compared to OH™ or Nat-complexes or that
they are preferentially incorporated into perovskite with
respect to the fluid.

546 Al

As one of the major rock forming elements, Al has a
generally low solubility in aqueous fluids even at elevated
pressure and temperature (BAUMGARTNER & EUGSTER, 1988;
RAGNARSDOTTIR & WALTHER, 1985), which is inconsistent
with geologic evidence for Al-mobility (e.g., vein assem-
blages). But experimental results in F- and Cl-rich fluids
reveal increasing solubility of Al (Zaraisky, 1995). The
author showed that the solubility is only increasing dra-
matically at temperatures above 450 °C and at HC1 concen-
trations above 0.1 M. This may be supported by our own
results, where at similar conditions, zirconolite is heavily
corroded and thereby Al is mobilized. At these low pH, Al
is not hydrolyzed in solution (BAEs & MESMER, 1976).

Athigh pH (> 8) the solubility is strongly increasing and Al
forms mononuclear species AI(OH)4~. At temperatures
above 500 °C complex formation with Na* and K* beside
Cl~ and F- is assumed (ZARAISKY, 1995). This Na com-
plexing could be the supporting mechanism for the high Al-
solubility determined for the experiments in 0.1 M NaOH
(figure 4.4.1).



54.7  Conclusions

The results of all experiments indicate that all elements
may be mobile under certain physical and chemical condi-
tions of the experiment. But a high mobilization of the
HFSE Ti, Zr and REEs initially present in zirconolite was
only observed during experiments at temperatures above
500 °C in strong HCl or NaOH solutions. The whole
process may be split into three different steps. First, the
mobilization of these elements is caused by dissolution
and/or leaching of primary zirconolite.

Secondly, the dissolved anionic species play an important
role in the transport of the elements with a high-valence
ionic state. During our experiments C1~ and OH~ were the
most effective complexing ligands similar to natural sys-
tem (BaLasHov & KriGmAN, 1975; KosTERIN, 1959). Addi-
tionally they might have formed mixed-metal polynuclear
complexes with Na*. This is suggested from natural Ti- and
Zr-rich skarns where these metals migrated along with K*
and Na* (Kongv, 1978; ZHURAVLEVA et al., 1976). Meta-
somatic veins in the Malenco serpentinites (close to eastern
Bergell) reveal no need for potassium or fluorine rich fluids
(main ligands in the Bergell and Adamello contact aure-
oles) for the transport and the subsequent precipitation of
Ti-rich phases (e.g., perovskite; TROMMSDORFF & EVANS,
1980). At the same site, Ti-andradite in an assemblage of other
phases (e.g., perovskite) is hydrothermally crystallized and
demonstrates Ti-mobility under moderate metamorphic con-
ditions (450 °C, 500 MPa), with OH~ as most probable ligand
complexing Ti (MUNTENER & HERMANN, 1994).

As third step, the deposition of these elements as secondary
phases is linked to the supersaturation of the fluid with
respect to the less soluble compounds. Precipitation of
high-field strength element rich phases may be due to fluid
mixing. Zr is mobilized in a Ca-free metal leaching envi-
ronment (e.g., F-rich) and then deposited in a Ca-rich
environment (SALVI & WILLIAMS-JONES, 1996). During our
experiments at NaOH conditions, supersaturation (fol-
lowed by precipitation of secondary phases) is due to the
progressive dissolution of the primary zirconolite and the
decrease of the Na content in the fluid due to its incorpora-
tion into the secondary phases. It could otherwise be de-
pendent on changing physical properties (e.g., decreasing
temperature). The textural relationship between one of the
secondary phases (perovskite) and primary zirconolite shows
epitactic growth of idiomorphic phases, which would not
occur as a quench phenomenon due to fast changing physi-
cal properties. During these experiments, the pH and the Na
concentration are high enough to keep Al hydrolyzed or as
complex in solution.

The physical conditions of the experiments revealed that
high element mobilization is above 500 °C and above 50
MPa. These conditions are similar to those of natural
hydrothermal systems revealing mobility of high field
strength elements (table 5.4.1). Interestingly, the oxygen
fugacity from most metasomatic fluids transporting HFSE
was reported to be low (MUNTENER & HERMANN, 1994;
OnNukI et al., 1982; table 5.4.1).

Table 5.4.1: Conditions under which high field strength elements revealed high mobility.

Location Temperature Pressure log fo2 x CO2 Elements Ligands
[°C] [MPa]

Adamello D ~ 600 200 -20 ~0.2 | Ti, Zr, REE, Act | F-, Cl, PO+, K*

Malenco 2 520 300 Ti, Ca OH-

Malenco 3 400 - 450 400 - 700 low <0.05 Ti OH-

Mary Kathleen %) 550 — 670 REE, U

Shibukawa ) 300 — 400 400 — 700 low low Ti, Al

Bellinzona © 690 — 730 650 — 850 Ti, Fe

Francon Quarry 7 360 — 400 45 <0.03 Zr, Nb, Ti, Al CI-, SZ, alkalis

Strange Lake ® ~ 350 low low Zr, REE F-, Na*

New Idria ~ 300 low Ti no F~

D Gierg, 1990;

2) TrommsDORFF & Evans, 1980;
3) MONTENER & HERMANN, 1994;
4 Kwak & ABEYSINGHE, 1987;

5 Onuki et al., 1982;

6 SchmipT, 1989;

7 VarRD & WiLL1AMS-JONES, 1993;

8)  SaALvVI & WiLLIAMS-JONES, 1990 and SALvi & WiLLIAMs-JoNES, 1996;

9 VaN BAALEN, 1993.
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6 CONCLUSIONS

6.1 Summary

All experimental data obtained during this thesis provide
essential information about the interaction between differ-
ent fluids and zirconolite under closed system conditions at
elevated temperature and pressure. The primary results of
the experiments indicate that zirconolite is highly durable
under various fluid conditions (HCI, NaOH, and deionized
water) up to temperatures of 250 °C at a pressure of 50 MPa.
Above 250 °C, zirconolite corrosion increases with in-
creasing temperature and is directly related to the ionic
strength of the diluted acidic or basic fluids. At 500°C and
50 MPa in a NaOH-rich fluid (0.1 M), zirconolite rapidly
breaks down and its replacement proceeds according to the
general reaction:

zirconolite + NaOH <=> perovskite + calzirtite + Al(aqg).

At similar conditions but at a higher pressure of 200 MPa,
zirconolite breaks down according to the following general
reaction:

zirconolite + NaOH <=> perovskite + baddeleyite + Al(ag).

However, the break down reaction of zirconolite stops with
decreasing Na concentration in the fluid and the formation
of perovskite is directly related to the presence of REEs
(e.g., Nd, Ce, Gd) in the system.

In an HCl-rich fluid at temperature above 400 °C, zirco-
nolite is increasingly corroded and secondary rutile and
anatase crystallize on the zirconolite surface out of the fluid
possibly as quench products. But in contrast to the experi-
ments in NaOH, no temperature-sensitive break down was
observed.

As shown in the present study, the REEs and Hf initially
present in zirconolite as actinide analogues and neutron
absorbers are present in the leachate at a much higher
concentration at a low pH (e.g., HCI as fluid) than at a high
pH. Under high pH conditions, these elements are preferen-
tially incorporated into the solid secondary phases possibly
crystallizing during the break down of zirconolite. With
respect to the fluid, these elements distribute between the
break down product phases according to their ionic radii.
For the mobilization of the HFSE, the presence of Na or
possibly other alkalis in the fluid is important. Perovskite
and calzirtite are expected to crystallize in natural alkali-
rich fluids.

Detailed investigations on the crystal structure of the prod-
uct phases revealed an orthorhombic perovskite with a very
unusual chemical composition. It has several wt% of Zr
apparently accommodated on the A site, but this requires
further study. The total chemistry is closest to loparite. The
other break down product is tetragonal calzirtite, which at
higher pressures is replaced by baddeleyite. No details on
the structure and chemistry of rutile and anatase alteration
products were observed due to their small size and number.

From all observed product phases, perovskite revealed the
highest ability to accommodate significant concentrations
of these doping elements. Perovskite, like zirconolite may
serve as host phase for HLW (chapter 1.2.4). This is
demonstrated by the fact that zirconolite as a primary waste
form breaks down leaving a surface layer of perovskite and
calzirtite which act as a secondary waste form and retain the
major part of the critical elements studied. But the stability
of perovskite as part of a ceramic waste form has been
seriously questioned (KAsTrissios et al., 1987; NEsBITT et
al., 1981). Our findings and those of other authors (MITCHELL
& CHAKHMOURADIAN, 1999a; VANCE & THOrROGOOD, 1991)
indicate that the introduction of Na or possibly other
cations into the structure of perovskite increase greatly its
stability. However, other studies indicate that perovskite is
unstable in a CO2-rich fluid environment, where it decom-
poses to kassite and further to anatase, calcite, ilmenite and/
or titanite (MITCHELL & CHAKHMOURADIAN, 1998b). Impor-
tantly, anatase and ilmenite as major replacement products
are not capable of accommodating the waste elements.
Therefore it is expected that they are retained in the leach-
ant fluid and migrate from the site of disposal. On the other
hand, the perovskite (loparite) break down results from
leaching of Na from the A-site. An increase in alkalinity
results in a decreasing leaching rate of Na from perovskite
leading to a higher stability (CHAKHMOURADIAN et al., 1999b).
Therefore it is necessary to choose a CO2-free (or low) but
alkaline rich geologic environment to enable the formation
of the secondary wasteform, if the primary zirconolite
breaks down due to the high temperatures and corroding
fluid in the repository.

6.2  Relevance to Nuclear Waste Management
The results obtained during the hydrothermal experiments
document the durability of zirconolite in specific fluids at

specific temperatures and pressures in a closed system for
short time periods. These results may help to predict the
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behavior of zirconolite at a disposal site for radioactive
waste for up to millions of years. However, these results are
only a small part in the large field of nuclear waste manage-
ment.

Asalready explained in chapter 1, most present schemes for
nuclear waste disposal are based on a multi barrier system,
where the wasteform itself is the most internal barrier. Its
durability becomes very important if the geological and
geotechnical barriers as well as the canisters, which contain
the wasteform itself, fail. As a matter of course, these
results are only relevant for zirconolite based wasteforms
(e.g., Synroc).

If all other barriers were to fail and ground water reaches the
ceramic waste form, the experimental results of this study
indicate that zirconolite is corrosion resistant up to ~250 °C
in various fluids over a wide range of pH. This result is very
important because it reveals amuch higher corrosion resist-
ance than previously known. Moreover, zirconolite is more
durable than glass waste forms (see chapter 1.2). During
experiments above that temperature and up to ~500 °C,
zirconolite shows only limited corrosion. At higher tem-
perature, zirconolite is heavily corroded by acidic and basic
fluids (MALMSTROM et al., 1999). The experiments in HCl
showed that the REEs and Hf used to simulate actinides
and/or neutron absorbers may go into solution, whereas in
NaOH-rich fluids, these elements are almost quantitatively
incorporated into the secondary phases perovskite and
calzirtite (MALMSTROM et al., 2000).

As explained in chapter 3, the ionic strength of the fluids
used in the experiments is similar to those of natural
granitic groundwater. Natural groundwaters, however, are
always more complex than the fluids used during the
experiments where only single components were diluted in
water. However, these experiments indicate which ele-
ments have amajor (e.g., Na) or only minor (e.g., Si) impact
on the stability of zirconolite due to their ability to mobilize
the actinides and REE. The composition of the fluid also
determines if the mobilized elements stay in solution or, if
they lead to the formation of product phases as observed
after the experiments with NaOH. The formation of such
product phases with the ability to incorporate actinides and
neutron absorbers is an important mechanism in the pre-
vention of radioactive element migration to the biosphere,
should such high temperatures be attained. Our results
indicate that fluids reaching the waste form should have a
high pH and be enriched in alkalis. Such a fluid is expected,
because before the fluid reaches the wasteform, it has to
percolate the bentonite backfill, where it will be saturated
in Na and reach a basic pH (MURINEN & LEHIKOINEN, 1998).
In addition, the pH of a fluid increases when it is in contact
with the concrete from the technical barrier.

As we know that zirconolite is not corroded by fluids up to

250 °C, it should be desired that the waste form never
reaches higher temperatures, because:
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a) even if product phases replace zirconolite, some ele-
ments still may be released from the repository system;

b) perovskite as secondary waste form is stable at 500 °C,
but less stable than zirconolite after cooling back down
to moderate temperatures;

c) if the fluid percolation in the repository is too high to
reach steady state, the formation of the product phases
is impossible;

d) the desired phase transformation for self-curing is depend-
ant on many factors which are not fully understood from
laboratory experiments carried out during this thesis.

Therefore the idea to dispose Pu- and U-rich waste sepa-
rately from the short-life and heat-generating fission prod-
ucts (mainly 20Sr, 137Cs) is supported, because it limits the
heat generation through radioactive decay to several tens of
degrees compared to the several hundreds of degrees gen-
erated from waste containing all elements.

It has to be mentioned that the hydrothermal experiments
were carried out in a closed system and therefore the results
are only comparable to a natural system with a very slow
fluid flow through, where elemental saturation of the fluid
may be reached (steady state). This should be assumed,
because high flow through over a long period of time is an
undesirable scenario for any type of repository. But the
high durability of zirconolite up to 250 °C indicates that
even in a system with high fluid percolation rates zirco-
nolite most probably could retain the actinides and neutron
absorbers.

The results from the experiments with the U-doped zirco-
nolite (chapter 4.9) showed that it is important to not only
carry out experiments with analogue elements, because
they behave only in a similar, but not identical way.

Finally it is safe to postulate that:

1) Zirconolite is stable up to 250 °C in various fluids over
a wide range of pH.

2) These experiments are relevant for zirconolite waste
forms and for the case that all other barriers fail and
fluid reaches the waste form.

3) Disposal of U or Pu waste (separated from the fission
products) would strongly reduce the radiogenic heat
generation — thereby temperatures above 250 °C could
be prevented.

4) If the temperature in the disposal cavern reaches several
hundred degrees (due to the decay of fission products
for a time of several hundred years), and the outer
barriers would fail, then zirconolite may be corroded.
But if the fluid is basic and Na-rich, the waste form will
self-cure by dissolution/precipitation processes and will
retain the major part of the waste elements.

5) The results of this study support the further develop-
ment of ceramic waste forms in contrast to glass waste
forms, because they are more temperature resistant.



6) It is important to use a backfill, which promotes the
formation of a basic, Na-rich fluid.

7) Future investigations are needed to be made with U- or
Pu-doped samples to better understand their behavior in
a possible repository.

6.3  Suggestions for further work

The results of these experiments offer potential for im-
provement. Some possible interesting topics for future
studies are:

— The characterization of all smaller secondary phases
(especially for U-doped zirconolite and in the HCl
system) requires further study using TEM.

—  In-situfluid analysis using «Goldbag»-technique (Bridg-
man seal-type autoclaves with a flexible gold reaction-
cell system).

— In-situ measurement of reactive volumes using pres-
sure analysis (Mok & Girsperger, 2000) to determine
the crystallization process of the product phases (see
chapter 5.1).

— Investigation of the influence of CO2 or SiO2 on the
stability of the secondary phases obtained during the
experiments in NaOH or HCI.

— Forcing the reaction of zirconolite to perovskite and
calzirtite or baddeleyite by additives (e.g., Na) to
enhance the formation of the secondary waste form.

— Using TEM EELS for a proper determination of the
valence state of Ce in the solid product phases.

— Direct measurements of Ca in the fluid with ICP-MS
coupled with a dynamic reaction cell.

Experimental studies in combination with field work may

give help for a better understanding of reaction processes
and element mobility in the earth crust.
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