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Abstract

Pyrochlore-based ceramics are considered as a potential host to immobilize high-level nuclear waste in a geological repos-
itory. For this application it is essential to investigate the fundamental mechanism of the equilibration of pyrochlore in aque-
ous solutions. We treated cuboids of a synthetic crystalline and a natural metamict, i.e., self-irradiation-damaged Ti-based
pyrochlore in 1 ml of a 1 M HCl solution containing 43.5% 18O at 250 �C for 72 h. After the experiments the colours of
the samples turned from black to almost white and their surfaces were covered by micron-sized crystallites. Both samples were
mainly transformed into rutile with subordinate anatase and the reaction can be traced several tens of micrometers into the
cuboids. In the case of the natural pyrochlore an additional phase (aeschynite [(REE)(Ti, Nb)2(O,OH)2]) appeared as crystals
on the surface and within an up to 100 lm thick layer at the interface between TiO2 and the unreacted pyrochlore. 18O is in
both cases highly enriched in the reaction products with a sharp gradient (on a micrometer scale) to the unreacted pyrochlore.
The replacement reaction retains even fine-scale morphological features typical for pseudomorphs. This observation along
with the enrichment of 18O in the product phases and the textural features clearly show that the dissolution of pyrochlore
is spatially coupled with the precipitation of stable (metastable) TiO2 phases at a moving front. During such a coupled process
dissolution at the proceeding front is the rate controlling step. The aeschynite phase at the interface is thought to be either an
intermediate alteration product or crystallized from a fluid which is located at the interface between the TiO2 polymorphs and
the unreacted pyrochlore due to changing transport properties between the interface and the fluid with increasing thickness of
the TiO2 rim. We emphasize here that our results produced under relatively extreme batch-experimental conditions show sim-
ilarities with nature as well as with results derived from experiments conducted under moderate conditions rather expected in
a nuclear repository.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The disposal of highly radioactive waste is a topic of
particular concern for the modern world. Actinides and fis-
sion products from the nuclear fuel cycle, high-level waste
(HLW) from reprocessing to reclaim fissile materials for en-
ergy production, and plutonium from either the production
or dismantlement of nuclear weapons are radioactive mate-
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rials that have to be disposed of in a way to protect the pub-
lic and the environment. A recent overview of the amounts
of waste waiting to be disposed of and the general strategy
for handling can be found in Ewing (2006). Apart from the
already existing amount of plutonium (�1855 metric tons
at the end of 2003, Albright and Kramer (2004)) the global
inventory of plutonium continues to increase by approxi-
mately 70–100 tons/year. This plutonium is either still
incorporated in spent nuclear fuel or already separated by
the reprocessing of commercial nuclear fuel. The latter
amount reached �300 metric tons in the year 2000 and is
thus greater than the amount of plutonium presently
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incorporated in nuclear weapons (in 1998 about �252 met-
ric tons, see Stoll, 1998 for details). Hence, the peaceful use
of nuclear energy will inevitably require a strategy for the
disposal of actinides and particularly fissile 239Pu. However,
many countries do not want to develop a strategy for the
disposal of these actinides, but rather prefer that they, in
particular Pu, will be burned in fast reactors. This is the
strategy that is pursued in the U.S. and Russia and is inher-
ent in the present Global Nuclear Energy Partnership. In
addition to the plutonium and uranium, ‘‘minor’’ actinides
such as 237Np, 241Am + 243Am, and 244Cm are generated in
reactors, and global production rates are 3.4, 2.7, and 0.35
metric tons per year, respectively. For the disposal of
wastes containing these isotopes the currently accepted
strategy is the vitrification in a borosilicate glass matrix.
However, it is well known that glass is not a thermodynam-
ically stable material. Because isotopes like 239Pu (half-
life = 24,100 a) and 237Np (half-life = 2,100,000 a) are long
lived isotopes, the radiotoxicity of 239Pu, 237Np, and their
fission products will be a risk over geological time scales
(105–106 a). Another problem of equal importance is the
generally low solubility of actinides in borosilicate glasses.
Waste loadings of no more than 2% are probably all that
can be achieved. Therefore, other materials have been pro-
posed for the immobilisation and disposition of plutonium.
Of special interest are ceramics made from, e.g., pyrochlore,
zirconolite, baddeleyite, zircon, or monazite, which are
minerals that are well known for their durability, i.e., they
persist as placer deposits in stream beds after surviving
sometimes several cycles of weathering, erosion, transport,
and deposition. A very popular ceramic assemblage pro-
posed as a nuclear waste form is SYNROC (Ringwood
et al., 1988), a mixture of zirconolite, perovskite, hollandite,
and rutile. These potential waste forms are thought to be
more stable than nuclear waste forms made from glass
and have been subject of numerous studies (see, e.g., Ring-
wood et al., 1979, 1988; Lumpkin et al., 1994; Ewing et al.,
1995). Pyrochlore structure-type materials are also promis-
ing candidates as potential host phases for actinides (Ewing
et al., 2004; Ewing, 2005). There are hundreds of different
pyrochlore-structured compositions, several of them includ-
ing actinides (Chakoumakos and Ewing, 1985), and in nat-
ure pyrochlores are also common in highly evolved rock
types like pegmatites and carbonatites. Compositions con-
taining uranium and thorium, as well as transuranium ele-
ments (e.g., Pu, Cm) have been synthesized. Natural
pyrochlore samples can contain up to 30 wt% UO2 and
9 wt% ThO2.

Currently, two laboratory approaches are used for study-
ing the aqueous durability of potential nuclear waste form
materials. The first approach involves so-called flow-through
‘‘leaching’’ experiments. The aim of these flow-through
experiments is to gain information about the dissolution rates
as usually measured by element release rates of the examined
materials. In a flow-through experiment the fluid is continu-
ously transported away from the sample while fresh fluid is
supplied. Due to this fluid flow supersaturation with respect
to new phases can usually be avoided. In contrast to this, the
second approach involves so-called ‘‘closed-system’’ or
‘‘batch’’ experiments. In this type of experiment, the tested
sample is treated for a specific time at a certain temperature
in a fixed amount of fluid. In such an experimental arrange-
ment new stable phases have, after partial dissolution of
the sample, the chance to precipitate, resulting in a gradual
change of the fluid composition with time. There is an ongo-
ing debate about the significance of data gained from either
laboratory approach for evaluating the long-time perfor-
mance of potential nuclear waste form materials and whether
kinetic data obtained in the laboratory can be extrapolated to
physicochemical conditions of natural systems.

In this study we carried out two hydrothermal batch
experiments involving 18O as a tracer. The first sample trea-
ted was a synthetic pyrochlore with a composition of a pos-
sible nuclear waste ceramic containing Gd and Hf as
neutron absorbers and Ce as a surrogate for a real waste
load of Pu. The second sample was a natural, �1 Gyr old
pyrochlore, a betafite-(Y) containing approximately
11 wt% UO2. Because of the decay of U this sample has
accumulated a high degree of radiation damage over the
past million years—thus simulating the radiation damage
synthetic samples, containing a nuclear waste load, will
accumulate over time. Both samples were treated under
the same conditions. The aim of these experiments using
18O was to gain information about the alteration mecha-
nisms, the impact of radiation damage on the aqueous dura-
bility, and to investigate whether the results of batch
experiments under extreme conditions can be applied to nat-
ural systems to predict the long-term stability of pyrochlore.

2. METHODS

2.1. Analytical methods

2.1.1. Powder X-ray diffractometry (XRD)

Powder X-ray diffraction data were obtained with a Phi-
lips X’Pert automated diffractometer using monochromatic
Cu-Ka1 radiation (k = 1.5406 Å). The operating conditions
were 40 kV acceleration voltage at 30 nA tube current. The
samples were scanned with a step-size of 0.02� (2h) from 10
to 60� (2h). The counting times were 8 and 90 s for sample
PS1 and P4, respectively. The instrument was calibrated
using silicon as an external standard.

2.1.2. Scanning electron microscopy (SEM)

Backscattered electron (BSE) images, energy dispersive
X-ray (EDX) mappings, and EDX semi-quantitative analy-
ses were acquired with a JEOL 840 scanning electron
microscope at 20 kV acceleration voltage. For both BSE
images and EDX analysis the beam current was adjusted
in order to get the best possible contrast and counting sta-
tistics. High-resolution secondary electron (SE) pictures of
the samples’ surfaces were obtained using a JEOL JSM
6300F equipped with a field emission gun and operated at
1 kV acceleration voltage.

2.1.3. Electron probe micro-analysis (EPMA)

Both the starting materials and the experimental run
products were quantitatively analysed by electron probe mi-
cro-analysis (EPMA) using a JEOL JXA 8600 MX Superp-
robe operated at 20 kV acceleration voltage and 15 nA
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beam current. These conditions result in a lateral resolution
of 2–4 lm, depending on the element analysed (Reed,
1975). As standards natural minerals and synthetic com-
pounds were used: a natural diopside for Ca and Si, syn-
thetic phosphates for Y and the rare earth elements
(REE), a natural rutile for Ti, a synthetic zircon for Zr, syn-
thetic oxides for Nb and Ta, a synthetic huttonite for Th,
UO2 for U, a natural rhodonite for Mn, a natural hematite
for Fe, and a Pb–Zn glass for Pb. The ZAF correction pro-
cedure was applied to correct for matrix effects.
2.1.4. Time-of-flight secondary ion mass spectrometry (TOF-

SIMS)

The TOF-SIMS mapping data were acquired using an
ION-TOF TOF-SIMS IV mass spectrometer. During the anal-
ysis the two samples were bombarded with a pulsed 25 keV
Ga+ primary ion beam (pulse width 1.5 ns). Prior to the anal-
ysis the samples were sputter-cleaned with 3 keV argon ions. A
fine-focused gallium beam with a diameter of �300 nm was
subsequently rastered over an area of 235 · 235 and
300 · 300 lm2 for sample PS1 and P4, respectively. For both
samples 256 · 256 pixels were recorded. For each pixel, entire
mass spectra were determined for both polarities in two consec-
utive measurements. The 18O/(16O + 18O) ratio could be quan-
tified directly from the number of counts since only a single
detector is used and matrix effects have little effect on isotope
Fig. 1. Optical micrographs showing the cuboids prepared from the synth
the cuboids before hydrothermal treatment, while (b) and (d) show the cub
in (a) and (c) mark the locations where the letters ‘‘WWU’’ were engrav
ratios. More details of the TOF-SIMS technique are described
elsewhere (Stephan, 2001).

2.1.5. Confocal l-Raman spectroscopy

For phase and polytype identification a high-resolution
Jobin Yvon HR800 Raman spectrometer utilizing a Nd–
YAG (532 nm) laser was used. The scattered Raman light
was collected in both cases in 180� backscattering geometry
and dispersed by a grating of 1800 groves/mm after having
passed a 150 lm entrance slit. A 100 · objective (NA = 0.9)
and a confocal hole of 400 lm was used for all measurements.
2.2. Hydrothermal experiments

For the hydrothermal experiments a polished cuboid
was prepared from the starting material of each sample.
By defining the shape of the samples used for the experi-
ments, we were able to monitor the textural changes during
the hydrothermal treatment, which is difficult when work-
ing with powders. For the synthetic pyrochlore the dimen-
sion of the cuboid was 3.3 · 3.4 · 3.3 mm3 and the weight
was 179.65 mg. The natural pyrochlore weighed 191.2 mg
and had the dimension of 3.3 · 3.4 · 3.4 mm3. Using an
UP193HE Excimer laser with a beam diameter of 12 lm,
the letters ‘‘WWU’’ were engraved into the surface of each
sample. This was done in order to be able to also investigate
etic pyrochlore PS1 and the natural pyrochlore P4. (a) and (c) show
oids after treatment. The bright areas on the surfaces of the cuboids
ed.
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whether fine-scale morphological features will be retained
or lost during the hydrothermal treatment. Optical micro-
graphs of the two cuboids with the engraved letters are
shown in Fig. 1a and c.

Each cuboid was then placed in a cold-sealed silver reac-
tor (3 cm3 volume) and 1.06 ml of a 1.09 M HCl solution
containing 43.5% 18O was added into each reactor. The
samples were then treated for 72 h at 250 ± 1 �C.

3. SAMPLE CHARACTERISATION

3.1. Synthetic crystalline pyrochlore (PS1)

The pyrochlore PS1 is a synthetic crystalline ceramic
made at the Lawrence Livermore National Laboratory
(USA) and was kindly provided by B. Burakov. The cera-
mic consists of a Ti-based pyrochlore (grain sizes between
8 and 60 lm) as the major phase with minor amounts of
perovskite and rutile as revealed by XRD (Fig. 2). The
chemical compositions of all three phases are listed in Table
1. The empirical structural formula of the pyrochlore is

ðCa0:76Ce0:75Gd0:23Hf0:21ÞTi2O7

(B. Burakov, personal communication). The optical micro-
graph of the polished surface of the cuboid used for the exper-
iment reveals a relative high degree of porosity of the ceramic
(Fig. 1a). Note that the bright area on the surface of the cuboid
marks the area where the letters ‘‘WWU’’ were engraved. The
porosity is also seen in a SE image from the area enclosing the
engraved letters (Fig. 3a). Note that the SE images of the un-
treated cuboids were made without carbon coating.
ðY0:52REE0:23U0:16Ca0:07Fe0:06Th0:04Pb0:03�0:89Þ ðTi1:24Nb0:6

Fig. 2. Powder X-ray diffraction profiles of the synthetic pyroch-
lore PS1 and the natural pyrochlore P4. The latter sample is clearly
amorphous. To make the broad humps for the P4 sample more
visible, the XRD data were multiplied with an appropriate factor.
The characters ‘‘*’’, ‘‘+’’, and ‘‘�’’ mark diffraction peaks belonging
to pyrochlore, perovskite, and rutile, respectively.
3.2. Natural self-irradiated pyrochlore (P4)

The natural sample P4 is a X-ray amorphous Y-enriched
betafite from a rare earth pegmatite from Lindvigskollen
near Kragerø, South Norway. The sample was provided
by the Mineralogical Museum of the University of Ham-
burg, Germany. The XRD spectrum shows no Bragg dif-
fraction peaks. Instead two broad humps appear at
approximately 30� and 50� (2h) (Fig. 2), which are typical
for metamict pyrochlore. Nevertheless, we have heated the
sample to 1000 �C to be able to confirm that the sample
had indeed a pyrochlore structure. Unfortunately, the mate-
rial recrystallized to uranopolycrase. Powder of the sample
was analysed by transmission electron microscopy (TEM).
Most recorded electron diffraction patterns show broad
rings from the amorphous phase, but diffraction patterns
from some areas additionally show diffraction rings com-
posed of diffraction spots, which demonstrate the occur-
rence of relict crystalline domains, which are randomly
oriented. The diffraction rings could unambiguously be as-
signed to pyrochlore. The occurrence of crystalline rem-
nants indicates that different areas have suffered a different
degree of self-irradiation damage. The average cumulated
a-decay dose for an age of 1020 ± 10 Ma is (38.7 ±
4.2) · 1019 a-decays/g (see Geisler et al. (2005c)). Such heter-
ogeneity is also reflected by EPMA measurements. Apart
from some chemical and structural heterogeneity, the sam-
ple also shows natural primary alteration features (Geisler
et al., 2005c). The average chemical composition of the unal-
tered areas derived from 146 EPM-analyses yield the follow-
ing empirical structural formula (Table 1):
9Ta0:05Zr0:01ÞR¼2O6:05�0:95 � 0:65 H2O;
where REE are rare earth elements (Lu, Ho, Nd, Tb, Dy, Er,
and Yb). h represents a vacancy.

To avoid any superimposition of the natural alteration
on the experimental alteration, we prepared a number of
cuboids from the sample and selected a cuboid that did
not show any alteration features in reflected light. An opti-
cal micrograph of the selected cuboid is shown in Fig. 1c.
Fig. 3d shows a SE image of the polished surface of this cu-
boid with the engraved letters.
4. RESULTS

4.1. Synthetic crystalline pyrochlore (PS1)

Fig. 1b shows an optical micrograph of the cuboid of the
synthetic sample PS1 after the experiment. By comparing
this image with that shown in Fig. 1a, it is apparent that
the shape of the cuboid remained the same, but that the col-
our turned from black to white. The engraved letters
‘‘WWU’’ are optically not visible anymore. However, the
letters ‘‘WWU’’ are still recognisable in a SE image
(Fig. 3b), although the surface structure changed dramati-



Table 1
Average chemical compositions (in wt%) of the phases observed in this study

n PS1 P4

Starting materiala Altered Zones Staring material Altered zones

Pyrochlore Perovskite Rutile/anatase Rutile/anatase Pyrochloreb Aeschynite Rutile/anatase U-phase
3 3 2 4c 146 45 2c 2c

CaO 10.02 19.86 4.10 0.1 0.96 0.65
CeO2 29.42 24.22 5.83 0.7 0.15 0.26
Gd2O3 10.24 5.56 1.60 1.33 1.58
TiO2 38.14 48.65 75.80 76.9 25.76 22.43 36.7 32.3
HfO2 12.18 1.71 12.68 22.3
ZrO2 <0.1 0.37 0.34
Nb2O5 23.72 27.33 41.2 10.4
Ta2O5 2.96 3.02 5.7
SiO2 0.06 0.38
ThO2 2.70 2.60
UO2 11.14 7.07 14.3e 54.1
Y2O3 15.19 15.78 0.5P

REEd 9.59 10.47
MnO 0.04 0.03
FeO 1.17 0.52 0.8
PbO 1.83 0.67
Total 100 100 100 100 96.97 93.13 99.2 96.8
H2Of 6.89

Data were derived from n electron probe micro-analyses or as noted from n semi-quantitative EDX analyses.
a Data from B. Burakov, personal communication.
b Unaltered pyrochlore.
c Semi-quantitative EDX analyses.
d The analysed REE are Lu, Ho, Nd, Tb, Dy, Er, and Yb.
e It is not clear whether U was incorporated in anatase/rutile or is bound in small crystallites of aeschynite and/or the U-phase which are

intergrown with anatase and rutile.
f H2O is calculated as the difference between the total and 100 wt%.
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cally. The surface is now covered by numerous small crys-
tals, resulting in a rough surface morphology. In higher
magnifications, SE imaging reveals two different types of
crystal habits, i.e., a dominating bipyramidal and a minor
tabular habit, as well as a bimodal crystal size distribution
(Fig. 3c). One population of crystals is about 4.5 lm in size,
whereas the second population of crystals measures only
about 0.6 lm on average. Raman measurements revealed
that the crystals at the surface are mainly composed of
the TiO2 polymorph rutile and subordinate anatase (Fig. 4).

Fig. 5a and b show BSE images of a cross section of the
cuboid, which reveal four zones of different microtexture
and BSE intensity. The core zone, marked with a ‘‘1’’ in
Fig. 5, represents the completely unreacted part of the sam-
ple. The second zone ‘‘2’’ shows the same average BSE inten-
sity than the core area, but a slightly, yet noteworthy
increased porosity. Around this high-porosity area a transi-
tional zone ‘‘3’’ with a slightly darker BSE contrast devel-
oped, resulting from the occurrence of rutile and anatase
along with unaltered pyrochlore remnants. The outermost
zone ‘‘4’’ shows the darkest BSE contrast and the highest
porosity with very few pyrochlore relicts. The transition be-
tween zone ‘‘3’’ and ‘‘4’’ is gradual. The overall replacement
area, including the zones ‘‘2’’, ‘‘3’’, and ‘‘4’’, has an average
width of about 1000 lm.

Fig. 6 shows results of the EDX and TOF-SIMS mapping
along with a BSE image of a selected area from the transi-
tional zone between zones ‘‘3’’ and ‘‘4’’, which is marked in
Fig. 5b. It is apparent that Ca, Gd, and Ce were not incorpo-
rated into the reaction product in significant amounts and
thus must be lost to the fluid phase. This is also confirmed
by semi-quantitative EDX analyses of the rutile/anatase mix-
ture. These analyses additionally reveal that the TiO2 poly-
morphs incorporated only significant amounts of Hf (Table
1), which was, as Gd, included in the baseline formulation
of the pyrochlore as a neutron absorber. From the TOF-
SIMS distribution of 18O (displayed as the 18O/(16O + 18O)
ratio) it is apparent that the TiO2 reaction products are
strongly enriched in heavy oxygen. Since the Raman spectra
of the TiO2 polymorphs produced during the experiment
show a significant red shift of the fundamental bands when
compared to reference spectra from rutile and anatase of nor-
mal oxygen isotope composition (Fig. 4), such enrichment is
due to the incorporation of 18O in the framework structure of
the polymorphs rather than due to any water that can poten-
tially be incorporated in rutile formed in a hydrothermal
environment (Swope et al., 1995).

4.2. Natural self-irradiated pyrochlore (P4)

Fig. 1d shows an optical micrograph of the cuboid of the
natural sample P4 after the experiment. Like the cuboid of
the treated synthetic sample, the surface colour of the cu-
boid from sample P4 turned into milky-white. When com-
pared with the image of the starting material (Fig. 1c), it
is noticeable that the cracks are still visible. However, the



Fig. 3. Secondary electron images of the surfaces of (a) and (d) the untreated samples PS1 and P4, respectively, and (b) and (e) the treated
sample surfaces of both samples. The surface of the synthetic sample (b) changed dramatically. However, the letters ‘‘WWU’’ are still
readable. Only little has changed on the surface of the natural pyrochlore (e). (c) and (f) show detailed images of the PS1 and P4 surfaces.
Relatively large crystals (up to 7 lm) grew on the surface of PS1, smaller crystals evolved on the P4 surface. Two different phases marked with
arrows in (f) could be identified on the P4 surface.
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cuboid shows slightly rounded edges. A closer look at the
area of the engraved letters ‘‘WWU’’ reveals that changes
seem to be less severe than for the synthetic pyrochlore
(compare Fig. 3b and e). The edges of the engraved letters
are still sharp, although the surface is covered with new
crystals (Fig. 3f). This can be explained by the smaller size
of the crystals when compared to the crystals covering the
surface of the synthetic sample PS1. Two different crystal
morphologies can be recognized on the high-resolution
SE image shown in Fig. 3f. The first crystal type forms
rose-like aggregates, whereas the second type of crystals
shows a relative isometrical morphology with few tetrago-
nal pyramides. The Raman spectrum of the rose-like crys-
tals is identical to that from aeschynite [(REE)(Ti, Nb)2

(O,OH)2], whereas the spectrum from an area composed
mainly of the isometrical crystals shows bands which can
again be assigned to both rutile and anatase (Fig. 4).

The cross-section of the cuboid shows a different picture
compared to the synthetic sample (Fig. 5c and d). The BSE
image shown in Fig. 5c reveals a rim, about 100 lm wide,
of low BSE intensity, which penetrates deeply into the cuboid
along cracks by forming finger-like alteration zones. Another
important textural feature is the broad gap that runs parallel
to the surface of the cuboid and marks the interface between
reaction rim and unreacted pyrochlore in those areas, which
are free of the finger-like zones (marked by arrows in Fig. 5c
and d). As expected, the dark rim is mainly composed of ru-
tile with minor amounts of anatase. We note here that both
polymorphs were also identified by XRD and TEM as
replacement products in previous experiments with the same
sample, which were carried out under similar, though not
identical conditions (Geisler et al., 2005b). In the interior
of the cuboid, the finger-like zones are surrounded by an-
other phase which is only detectable by BSE imaging due
to the occurrence of a high porosity, since the BSE intensity
generated from these areas is indistinguishable from that
generated from the unreacted pyrochlore. This phase could
be identified as aeschynite by Raman spectroscopy (Fig. 4),



Fig. 4. Raman spectra of the alteration product of the PS1
experiment (Rutile/anatase (PS1)), the alteration products of the
P4 experiment (Aeschynite (P4) and Rutile/anatase (P4)), and the
reference spectra for aeschynite, rutile, and anatase. The frequency
shift between the bands of the reference spectra and the spectra of
the experimental crystals is due to the 18O in the structure of the
experimental products.

Fig. 5. BSE images of the cross sections of the cuboids. (a) and (b) show t
BSE contrast than the altered outer rim. In (a) four different zones are ma
of the natural P4 sample also took place along cracks (c and d). The rectan
Those in (b) and (d) mark the areas mapped by TOF-SIMS and EDX (
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which also formed in some areas at the surface of the cuboid
(Fig. 3f). EPMA measurements revealed that the aeschynite
contains high amounts of rare earth elements (Table 1). Fur-
ther phases can be identified in the sample at higher magnifi-
cations. These phases are visible as white spots in the BSE
image shown in Fig. 6g, but also as white spots along the
crack visible in Fig. 5d.

Fig. 6h–k shows element distribution maps of Nb, Ti,
Y, and U from an area that is marked by a rectangle in
Fig. 5d. This area was selected, because it includes a tip
of an alteration finger (see Ti distribution shown in
Fig. 6i), which is surrounded by aeschynite. It is apparent
that the rutile/anatase assemblage is strongly enriched in
Nb and U. Semi-quantitative EDX analyses yielded on
average 14 wt% UO2 and 41 wt% Nb2O5, as well as
5 wt% Ta2O5 (Table 1). The U concentration in TiO2 is
thus significantly higher than in TiO2 formed in previous
experiments under slightly different conditions, even when
considering the uncertainties associated with EDX analy-
ses. We attribute the high U content to micro- or nano-
meter-sized crystallites of U phases, which are embedded
in TiO2, rather than being entirely incorporated in the ru-
tile or anatase structure. This is in agreement with the
sprinkled distribution of U seen in Fig. 6k. We also note
that U is enriched along the crack from which the reac-
tion spread out. From the elemental distribution images
it is apparent that these U phases contain variable
amounts of U, Y, Ti, and/or Nb. The chemical composi-
tion of one analysable secondary U phase is given in
he PS1 sample. The unreacted inside of the cuboid shows a brighter
rked by numbers (1)–(4). Details are given in the text. The alteration
gles in (a) and (c) mark the areas shown in (b) and (d), respectively.

Fig. 6).



Fig. 6. (a) and (g) show BSE images of the areas analysed by EDX and TOF-SIMS mapping in PS1 and P4, respectively. Both areas are
marked in Fig. 5. (b)–(e) show the distribution for the elements Ca, Ti, Gd, and Ce in the synthetic PS1 sample. (h)–(k) Element distribution
maps for Nb, Ti, Y, and U in the natural P4 sample. (f) and (l) show the 18O/(16O + 18O) ratio for PS1 and P4, respectively.
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Table 1. As for the synthetic pyrochlore PS1, the TOF-
SIMS 18O distribution image reveals that 18O is strongly
enriched in the TiO2 polymorphs, but also in the aeschy-
nite phase (Fig. 6l). The 18O-enrichment is due to the
incorporation of 18O in the framework structure rather
than due to any water that can potentially be incorpo-
rated in these phases as again shown by the red shift of
their fundamental Raman active vibrations (see Fig. 4).
Interestingly, 18O is equally distributed between the TiO2

polymorphs and the aeschynite phase. We further note
that the 18O gradient between the aeschynite phase and
the unreacted pyrochlore is sharp on the micrometer
scale. No increase of 18O in the unaltered pyrochlore is
discernible.
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5. DISCUSSION

5.1. Mechanism of alteration

In previous experiments with the same natural pyroch-
lore (P4) under similar conditions, we observed complex
banding structures, which were interpreted as being the re-
sult of a diffusion–reaction process while the pyrochlore
was in the solid state (Geisler et al., 2005c). We suggested
that during the alteration process the REEs, Y, and most
of the U were selectively removed from the amorphous
betafite, leaving behind Ti, Nb, and Ta, allowing the nucle-
ation and growth of anatase and the anatase-to-rutile trans-
formation to occur. However, the enrichment of 18O in the
reaction products and the textural features observed in the
present study unambiguously demonstrate that the product
phases crystallized from the solution. Consequently, both
the self-irradiation damaged and the crystalline pyrochlore
dissolved congruently in the hydrochloric acid, because the
initial solution was undersaturated with respect to pyroch-
lore, but then the fluid-pyrochlore interface became imme-
diately supersaturated with respect to TiO2. The
observation that the cuboids were still intact and the en-
graved letters on the surfaces were still present after the
experiments indicates that the dissolution of pyrochlore is
also spatially coupled with the crystallization of the new
product phases by retaining the initial volume of the parent
phase. As discussed by Putnis (2002) such a coupling of dis-
solution and precipitation can result in the complete
replacement of one phase by another without losing the
external shape or crystal morphology of the parent phase
as in pseudomorphism. The observation that the initial vol-
ume is conserved during the reaction, although the molar
volumes and/or the solubilities of the parent and product
phases are different, is a general observation in mineral
replacement reactions (Labotka et al., 2004; Putnis and
Mezger, 2004; Putnis et al., 2005). In a previous study,
for example, we have experimentally altered a natural, crys-
talline Ta-based pyrochlore (microlite) under similar condi-
tions (Geisler et al., 2004, 2005b,c). The results showed that
the microlite was replaced by a defect pyrochlore that has
an epitactic crystallographic relationship with the parent
pyrochlore. In the present case, however, the parent phase
is either polycrystalline or amorphous and there is no crys-
tallographic relationship between the product and parent
phases.

Both rutile and anatase have a lower molar volume than
radiation-damaged and crystalline Ti-based pyrochlore (ru-
tile/anatase � 20 cm3/mol, betafite-(Y) � 83 cm3/mol, data
from webmineral.com). Furthermore, in both cases the
reaction involves loss of elements to the fluid. It is clear that
the external volume can only be conserved by the formation
of porosity within the reaction products. A key feature for
the understanding of the replacement process in the radia-
tion-damaged natural pyrochlore is the observation of the
large gap that runs parallel to the surface and marks the
interface between the TiO2 polymorphs and the unaltered
pyrochlore (see Fig. 5c and d). Since the pyrochlore is
almost fully amorphous, the initial nucleation of the
Ta- and Nb-rich TiO2 polymorphs onto the pyrochlore
surface must have occurred randomly with no crystallo-
graphic relationship between the individual TiO2 nuclei
after a few pyrochlore surface layers dissolved. Since the en-
tropy of the anatase-to-rutile transformation is small (Schu-
iling and Vink, 1967), the crystallization of anatase most
likely occurred metastably, because rutile is the thermody-
namically stable TiO2 polymorph in solutions within a large
temperature range. This is in agreement with the fact that
nanocrystalline anatase is a common polymorph in syn-
thetic and natural samples at low temperatures (Navrotsky,
2002). It is thus likely that anatase initially nucleated and,
with particle coarsening, anatase transformed into rutile.
We would like to point out here that the initial dissolu-
tion–reprecipitation step cannot have involved the complete
covering of the whole pyrochlore surface due to the differ-
ence in the molar volume of the product and parent phases.
Hence, the dissolution of pyrochlore could proceed once
the Ti concentration at the interface solution had been de-
creased due to the nucleation/crystallization of TiO2. It is
clear that the next nucleation of TiO2 occurred at the pre-
existing TiO2 crystals rather than at the inward penetrating
new surface of the pyrochlore, because such an epitaxial
nucleation process must be energetically advantageous
when compared with the heterogeneous nucleation onto
the amorphous pyrochlore surface. Due to the random
crystallographic orientation of the initially formed crystals,
the TiO2 crystals form a polycrystalline layer that nonethe-
less retains even fine morphological details of the parent
phase. We note here that the anatase/rutile replacement
zone is indeed polycrystalline with a random grain orienta-
tion, as observed by TEM in our previous study (Geisler
et al., 2005c). The replacement process can be understood
as a transport of material through the interfacial fluid film
from the pyrochlore surface to the TiO2 layer. During such
a process, the gap between the pyrochlore surface and the
newly formed TiO2 layer and thus the volume of the inter-
facial fluid increased. The large gap between the TiO2 layer
and the pyrochlore is thus likely the relict of such a fluid
film. Since the growing TiO2 layer also contained some
porosity, the interfacial fluid was not trapped, but could
communicate with the surrounding fluid.

As a result of the pre-existing cracks in the cuboid of the
natural sample, the fluid could also penetrate deeper into
the cuboid (Fig. 5c and d). It is apparent from Fig. 5d that
the replacement reaction spread out perpendicular to the
direction of these cracks, which resulted in a local closure
of the gap between the TiO2 layer and the pyrochlore.
The occurrence of the aeschynite phase both as thick layers
inside the cuboid and as crystallites on the surface of the cu-
boid is not yet fully understood. The phase could be under-
stood as an intermediate alteration product. This would
mean that the pyrochlore first recrystallized into aeschynite
before it was subsequently transformed into rutile/anatase
as the alteration process proceeded. The aeschynite crystals
on the surface of the sample might be relicts of such an
intermediate alteration product. Nevertheless, our preferred
interpretation is that the aeschynite phase crystallized from
an interfacial fluid between the unreacted pyrochlore and
the alteration products rutile/anatase that was supersatu-
rated with respect to aeschynite. This supersaturation could
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develop as the chemical exchange between the external and
interfacial fluid slowed down because of an increasing pen-
etration of the reaction into the cuboid and a growing
thickness of the TiO2 layer. If this was the case, the occur-
rence of thick layers of aeschynite crystals inside the cuboid
is a direct evidence for an increasing deviation from equilib-
rium between the external and the interfacial fluid.
Although our Raman measurement did not reveal the
occurrence of aeschynite inside the TiO2 layer, it is likely
that the fluid inside the porous TiO2 layer was also locally
supersaturated with respect to aeschynite. This would also
explain the occurrence of aeschynite at the surface of the
cuboid. We note here that aeschynite was not found
throughout the surface, but is concentrated in certain re-
gions. These regions might be associated with cracks that
are exposed to the surface.

The observations made for the synthetic sample PS1 are
slightly different due to its polycrystalline character. Here,
the fluid could migrate into the sample along the grain
boundaries and through the open space given by the pri-
mary porosity. No clear reaction front can be traced on
the large scale, but a closer look reveals many partly re-
placed pyrochlore grains that were attacked by the fluid
migrating along the grain boundaries (Fig. 6a). TEM inves-
tigations are necessary to study the crystallographic rela-
tionship between anatase/rutile and pyrochlore.
Interestingly, the zone ‘‘2’’ around the unaltered core is
characterized by a significantly increased porosity when
compared to the primary porosity of the ceramic
(Fig. 5a). This increase in porosity indicates that the Ti
was not directly re-precipitated as TiO2 inside the ceramic,
but was first transported from this central zone further to
the outside. The reason for this is currently unknown.

An important consequence of the coupling between dis-
solution and reprecipitation for the evaluation of the stabil-
ity of pyrochlore is that the replacement is independent
from the absolute solubility of pyrochlore and its replace-
ment products in the solution. The driving force for the
replacement reaction is merely the relative difference be-
tween the solubility of pyrochlore and the TiO2 product
phases. Since the replacement zone is characterised by the
existence of porosity or grain boundaries, the TiO2 rim can-
not be considered as a protective layer.
5.2. Impact of self-irradiation structural damage

It is still a major issue whether amorphous pyrochlore is
more prone to alteration than the crystalline counterpart.
Begg et al. (2001), for example, have not found any differ-
ence between the dissolution rate of amorphised and crys-
talline Y2Ti2O7 and Gd2Ti2O7 pyrochlore compositions.
Icenhower et al. (2006) and Strachan et al. (2005) presented
data that suggest that there is no increase in dissolution rate
as a result of a radiation damage. However there are also
data available that show a 50-fold increase in the element
release rate of Cm-doped amorphous titanate pyrochlores
(Weber et al., 1986). Since the synthetic pyrochlore is poly-
crystalline and the natural pyrochlore sample was a large
single crystal (now amorphous) with no apparent grain
boundaries, it is difficult to compare the overall extent of
the replacement reaction. Compared to the natural sample
the reaction advanced deeper into the crystalline sample,
because the ceramic is polycrystalline and the fluid could
thus migrate into the sample along grain boundaries. How-
ever, the grain size of the ceramic ranges between 8 and
60 lm in diameter. Even close to the surface of the cuboid
not all pyrochlore grains are completely replaced by TiO2,
which means that the reaction would probably not have ad-
vanced deeper than about 10–30 lm in the case of a single
crystal (note that the grains were attacked from all sides).
This would be less than half the thickness of the replace-
ment zone observed in the natural radiation-damaged sam-
ple, indicating that the dissolution of pyrochlore (and the
reprecipitation of TiO2) was faster in the radiation-dam-
aged pyrochlore. This could also explain the observation
that the TiO2 crystals at the surface of this sample are sig-
nificantly smaller than those at the surface of the crystalline
ceramic (compare Fig. 3c and f), because fast dissolution re-
sulted in high supersaturation at the interface and thus in a
high nucleation rate, i.e., there was less time for the TiO2

crystals to grow before more nuclei formed.
5.3. Relevance of this study for nuclear waste immobilization

in pyrochlore

The main question that immediately arises when consid-
ering the relevance of our study for nuclear waste immobi-
lization in pyrochlore is whether batch experiments made
with solutions having an extreme proton activity are rele-
vant for the assessment of what will happen with a pyroch-
lore waste form in a nuclear repository when it comes in
contact with an aqueous fluid. This question has been an-
swered indirectly by many researchers, who tried to address
this issue and carried out their experiments under moderate
conditions (low temperature, low proton or hydroxide
activity, low salinity) that are expected in a potential nucle-
ar waste repository. Often flow-through experiments are
conducted to be able to determine the rate of dissolution
of pyrochlore (e.g., Roberts et al., 2000; Icenhower et al.,
2006). These approaches are reasonable and certainly valu-
able to the problem. However, due to the moderate condi-
tions, reaction rates are often very slow so that changes in
the solid occur merely at the nanoscale and the mechanism
of reequilibration is thus difficult to investigate (e.g., Let-
urcq et al., 2001). As a consequence, the information on
the mechanism is mainly obtained by analysing the experi-
mental fluid and modelling the system by equilibrium mod-
els. The approach of the present study is completely
different and relates to the question of the long-term perfor-
mance of a pyrochlore waste form under geological condi-
tions. In this and other studies (see Geisler et al., 2004,
2005a,b,c) we accelerated the mineral-fluid equilibration
by using an extreme proton activity in our starting solution,
which hardly occurs on Earth and, least of all, in a potential
nuclear repository. By doing this we are, in principle, able
to investigate what will happen with a pyrochlore that is ex-
posed to natural aqueous solutions over geological time
scales, if we are able to show that our results on the mech-
anism of mineral-fluid re-equilibration are independent on
the proton activity and that the observations made in our
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experiments agree to some extent with those made on nat-
ural samples.

It is a well-known fact that an increase of the proton
activity does not only increase the rate of dissolution, but
may also change phase equilibria. However, the occurrence
of rutile/anatase has been reported as a breakdown product
of naturally altered pyrochlore samples (Lumpkin, 2001).
Furthermore, Zhang et al. (2004) reported the formation
of TiO2 at the surface of Y2Ti2O7 pyrochlore treated stati-
cally in a 0.001 M NaF solution with a pH of 2 at 90 �C for
4 weeks. Anatase was also observed by Begg et al. (2001) at
the surface of Y2Ti2O7 and Gd2Ti2O7 pyrochlores, after
being treated in a nitric acid solution with a pH of 2 at
90 �C. These observations are supported by (1) numerous
dissolution studies under various conditions, which have
shown that the solution chemistry does not reflect the stoi-
chiometry of the investigated pyrochlore, which is believed
to be the result of non-stoichiometric dissolution (e.g., Rob-
erts et al., 2000) and (2) by the extremely low solubility of
TiO2 phases in acidic and basic solutions in a wide temper-
ature range (Ayers and Watson, 1993; Knauss et al., 2001).
These data suggest that TiO2 is a breakdown product of
Ti-based pyrochlore over a wide range of physicochemical
conditions and we can conclude that neither the extreme
proton activity of our solution nor the elevated temperature
of 250 �C is responsible for the formation of TiO2. The for-
mation of other replacement products such as aeschynite
and the U phases observed in the experiment with the nat-
ural pyrochlore, however, may depend on the pH. It is clear
that the question of the formation of U (or Pu) phases is
relevant for modelling the near-field of a repository, which
can potentially be designed as to buffer a potential aqueous
solution infiltrating the repository.

The next question that we have raised is whether results
of a batch experiment can be transferred to nature. Previ-
ous mineralogical studies on the alteration of natural
pyrochlore-group minerals have shown that pyrochlores
found in heavily weathered rock, e.g., in laterites, show typ-
ical features of replacement reactions (e.g., Lottermoser
and England, 1988; Lumpkin and Ewing, 1992, 1995,
1996; Williams et al., 1997; Nasraoui et al., 1999; Nasraoui
and Bilal, 2000; Lumpkin, 2001; Lumpkin et al., 2001). The
pyrochlore crystals investigated in these studies are charac-
terised by replacement zones that irregularly penetrated
into the crystals, i.e., they obviously survived during weath-
ering rather than being dissolved. In recent studies we could
show that the chemical and structural characteristics of the
replacement zones found in natural Ta-based (microlite)
pyrochlore could be reproduced under batch experimental
conditions using a 1 M HCl solution (Geisler et al., 2004,
2005b,c). It could further be demonstrated by 18O tracer
experiments and transmission electron microscopy that
the observed features are fully consistent with a coupled
dissolution–reprecipitation process rather than with a solid
state process involving volume diffusion. It is thus reason-
able to conclude that the flow of the natural fluids, which
have altered the pyrochlore crystals, was not fast enough
to transport elements away from the solid-fluid interface.
Consequently, after the initial step of dissolution, the imme-
diate supersaturation of the stable product phase(s) could
occur. Nature has obviously designed batch experiments.
In these ‘‘experiments’’ the kinetics of the replacement pro-
cess were fast when compared with the transport of ions in
the natural fluid.

Finally, we conclude that Ti-based pyrochlore is thermo-
dynamically not stable in an aqueous solution under most,
if not all, P–T–X conditions prevailing in the Earth’s crust.
Based on our results, we suggest that it should be possible
to reliably predict the long-term stability of a pyrochlore
waste form in a nuclear repository by measuring the kinet-
ics of the replacement process in batch experiments at dif-
ferent proton activities, salinities, and temperatures. The
experimental conditions can be chosen as to be able to
quantitatively measure the replacement process with analyt-
ical techniques available today. It is clear that the analysis
of the fluid will provide important complementary data to
determine the kinetics of the process.
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We are indebted to J. Schlüter from the Mineralogical Museum
of the University of Hamburg and B. Burakov for providing the
natural and synthetic pyrochlore samples, respectively. The difficult
and time-consuming preparation of the polished cuboids of the
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