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Abstract—The microstructure of monazite was studied using scanning electron microscopy (SEM), electron
microprobe analysis (EMP), X-ray diffraction patterns (XRD), and transmission electron microscopy (TEM).
Four well-characterized monazites were investigated, having very different concordant U-Pb ages (24 to 1928
Ma), and up to~15 wt.% ThQ, and~0.94 wt. % UQ. The SEM and EMP analyses of polished single crystal
fragments reveal the absence of significant chemical zoning. XRD and TEM investigations show that the
monazites are not metamict, despite their old ages, very high abundances of radionuclides, and hence, high
time-integrated radiation doses. Except for the youngest one, the monazite crystals are composed of a mosaic
of crystalline but slightly distorted domains. This structure is responsible for the presence of (1) mottled
diffraction contrasts on the TEM, and (2) a second structural phase (B), with very broad reflections in the XRD
patterns. Older monazites receive higher self-irradiation doses, and hence, they contain higher amounts of this
B-phase. For the 1928 Ma monazite, XRD reveals only the broad reflections of phase B, implying that the
whole monazite was affected by radiation damage that resulted in total distortion of the lattice. It is concluded
that radiation damage in the form of amorphous domains does not accumulate in monazite because self-
annealing heals the defects as they are produceddscay damage. The only memory of irradiation-induced
defects is the presence of distorted domains. As the diffusion rate of Pb in an undisturbed monazite lattice is
extremely low, Pb loss due to volume diffusion out of the monazite lattice is virtually impossible. This is
considered as one reason why almost all monazites have concordant U-Th-Pb ages. Moreover, as long-term
self-irradiation effects are limited in monazite, we consider this phase as a good candidate for the storage of
high-level nuclear waste under the aspect of its high resistance to irradiatGmpyright © 2004 Elsevier Ltd

1. INTRODUCTION sured, one needs to understand the mechanism of resetting the
U-Pb system in this phase.

The accessory mineral monazite is a natural light rare earth  Two processes are commonly considered to explain resetting
orthophosphate (APDA = LREE, Th, U, Ca, Pb) that con-  of the U-Pb isotopic system: (1) Pb loss by volume diffusion
tains high concentrations of U and Th (up to 6 wt.% Jkhd out of the grain or (2) dissolution of the crystal by a fluid,

20 wt.% ThQ,; e.g.,Montel et al., 1996; Fster, 1998; Sey- followed by precipitation of a newly formed Pb-free crystal
doux-Guillaume et al., 2002aMonazites are widely used in  (Teufel and Heinrich, 1997; Seydoux-Guillaume et al., 2002b)
U-Pb geochronology because of their high actinide and low With respect to process (1), there have been several attempts to

common Pb content§Parrish, 199Q) In contrast to zircon, interpret discordant ages of monazites in termsDofison’s
monazite mostly gives concordant U-Pb ages (ek@ppel, (1973) closure temperature model. In this model, resetting
1974; Schieer et al., 1986; Corfu, 1988; Smith and Barreiro, results from the diffusion of daughter isotopes out of the
1990; Parrish, 1995; Landzirotti and Hanson, 19%%dicating crystal. The assumed closure temperature depends on the size

that the U-Pb systems of the monazites are either completely of the crystal, its shape, the cooling rate, and the diffusion
reset or remain totally unaffected during most geological coefficient of the daughter elements. Experiments on Pb diffu-
events. Nevertheless, some discordant U-Pb ages have alsaion by Smith and Giletti (1997)and Cherniak et al. (2000)
been reported. Most of these may be explained by the analysishowever, showed that this diffusion is very slow in monazite,
mixtures of newly grown rims and inherited cores (e.g., even at high temperatures. A different approach is to determine
Cocherie et al., 1998; Paquette et al., 1999; Krohe and Wawr- an empirical “geological closure temperature” using isotopic
zenitz, 2000; Goncalves, 2002; Paquette et al., 2003; Seydoux-ages of different minerals combined with petrologically derived
Guillaume et al., 20033nd diffusive Pb loss is assumed only in  temperatures for metamorphic events. This method yielded
rare caseg¢Suzuki and Adachi, 1994; Suzuki et al., 199%p temperature estimates as low as 58025°C (Black et al.,
understand the geological significance of monazite ages mea-1984) to 725 + 25°C (Copeland et al., 1988)lt has been
shown, however, that monazite inclusions that were shielded by
host minerals such as quartz or garnet still retain “old” ages,
* Address reprint requests to A. M. Seydoux-Guillaume, LMTG-UMR  despite annealing under granulite-facies conditions at temper-
(53586)/3;1,OU)](-4@DIn'?t\glfgtl)'lse—mi[EDﬂ‘?)ljlard Belin, 31400 Toulouse, France ,y,re5 ahove 800°C over longtime scalee Wolf et al., 1993

T Present address. A.M. Seydoux-Guillaume, LMTG-UMR 5563, 14  Kalt et al., 2000; Montel et al., 2000puch observations raise
avenue Edouard Belin, 31400 Toulouse, France. the question of whether diffusion is the main resetting mech-
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anism. An aternative mechanism is dissolution/precipitation.
This is the only resetting mechanism for the U-Pb system in
monazites detected in the experiments of Teufel and Heinrich
(1997) and Seydoux-Guillaume et al. (2002b). The extent of the
dissolution/precipitation process depends on the fluid compo-
sition (Seydoux-Guillaume et al., 2002b) and is a more efficient
mechanism for resetting than lead loss by volume diffusion.

In minerals relevant for U-Pb dating, radioactive decay pro-
duces radiation damage that may partially or totally destroy the
crystal lattice, thus producing so-called metamict domains.
Whatever the mechanism of resetting is, the kinetics of reset-
ting are strongly influenced by the degree of metamictization of
the crystal. This structural state is essential, as physical prop-
erties of an amorphous phase differ significantly from those of
its crystalline counterpart (e.g., Weber et a., 1998; Ewing et al.,
2000). It was suggested that Pb diffusion is enhanced in a
metamict crystal (Cherniak, 1993) and radiogenic Pb diffuses
much faster within “channels’ that correspond to the percolat-
ing interface between amorphous and crystalline domains (e.g.,
Salje, 2000; Trachenko et a., 2000; Geisler et al., 2002).
Moreover, radiogenic Pb can be leached more easily from a
damaged lattice (Davis and Krogh, 2000; Romer, 2003). Con-
sequently, a damaged lattice will retain radiogenic Pb to a
lesser degree than a perfect one, resulting in discordant ages for
phases that exist in such a structural state. As pointed out by
Villa (2002), microstructura investigations are, therefore, of
fundamental importance to better understand isotopic ages of
minerals.

Characterising the structural state of U- and Th-rich phasesis
essential when considering their potential use in nuclear waste
deposit strategies. Monazite-based ceramics have been first
proposed by Boatner et al. (1980) as a crystalline matrix for
immobilizing radionuclides, especially the actinides. This con-
cept is currently the focus of research on nuclear waste deposit
strategies (e.g., Poitrasson et al., 1996, 2000; Read and Wil-
liams, 2001; Oelkers and Poitrasson, 2002; Montd et al., 2002;
Poitrasson et al., 2002). The advantage of studying natural
monazites in this context is that this mineral provides data on
the response of the lattice to irradiation over geologic time-
scales at very low dose rates (<10 dpa/s;, Weber et al., 1998).
In contrast, studies using actinide-doped phases (10°'°-10°®
dpals) or charged-particleirradiation (105-10"2 dpals; Weber et
a., 1998) simulate very high dose rates, but only over short
time periods.

Monazite receives intense self-irradiation doses during its
geologic history because of its generaly high U and Th con-
tents. During an «-decay event, a radionuclide liberates its
energy by ejecting an a-particle while the remaining nucleusis
recoiled in the opposite direction. Most of the atomic displace-
ments that result in amorphization of acrystal lattice are caused
by a-recoil nuclel (e.g., Ewing, 1995; Nasdala et al., 1996;
Weber et al., 1998; Ewing et a., 2000). Up to now, monazite
was rarely found in the metamict state despite the fact that it
generally experienced intensive radiation doses (Ewing, 1975),
and clear evidence of radiation damage was limited to isolated
nm-sized domains within the crystal (Black et a., 1984; Mel-
drum et al., 1998; Seydoux-Guillaume et a., 2002c). Seydoux-
Guillaume et al. (2002c) were the first to study a monazite in
detail by using various complementary analytical methods,
including X-ray diffraction (XRD), transmission electron mi-

croscopy (TEM), Raman, and cathodoluminescence. The stud-
ied monazite was a chemically homogeneous Brazilian mona-
zite (called Moacir) that yielded a concordant U-Pb age of 474
Ma and a U-Th/He age of 479 Ma. This monazite also showed
nm-scale defects induced by a-decay. The new result of this
study, revealed by the XRD technique, is the presence of two
distinct monazite “phases,” A and B, that have different lattice
parameters. Because monazite A shows sharp reflections of
high amplitude and larger lattice parameters, it was interpreted
to be well-crystallized monazite that had an expanded lattice as
aresult of Helium accumulation. As monazite B exhibits very
broad, low amplitude reflections, it was interpreted to be a
Helium-free distorted monazite crystal lattice, which can be
attributed to old a-recoil tracks.

The results of the study by Seydoux-Guillaume et al. (2002c)
prompted new questions: Will this phenomenon be visible in
other monazites? |s there a correl ation between the B domains,
the U, Th contents of the monazites, and hence, the self-
irradiation dose received by monazite?

To address these questions, we performed a comparative
study of four well-dated monazites (Table 1). They were se-
lected for the following reasons: (1) all have concordant U-Pb
ages (Schérer and Deutsch, 1990; Paguette et al., 1994; Scharer
et a., 1994; Seydoux-Guillaume et a., 2002b). Hence, we can
exclude recent alteration events that would complicate data
interpretation; (2) their ages range from 24 to 1928 Mg; (3) the
contents of radionuclides vary widely, reaching up to ~15
wt.% ThO, and up to ~0.94 wt.% UO., It follows from (2) and
(3) that: (4) these monazites received quite different self-
irradiation doses, ranging from 0.13 to 17 X 10 a-decay/g.
Using essentially XRD and TEM techniques, we investigated
the micro-nanostructure of these monazites. The final aim of
this study is to compare the effects of long-term self-irradiation
in these monazites over a wide range of «-decay doses to
specify implications for U-Pb geochronology and nuclear waste
storage.

2. SAMPLES (TABLE 1)

2.1. YS35

The youngest monazite Y S35 comes from a garnet-biotite
leucogranite layer in the Diancang Shan Gneisses from the Red
River Belt, China. The monazites Y S35 have concordant U-Pb
ages of 24.2 Ma (Schéarer et al., 1994). A large series of U-Pb
dating results from various accessory minerals (Scharer et a.,
1994; Zhang and Scharer, 1999), some “CAr/*°Ar data from
micas, and a modelled Ar degassing pattern of K-Fsp from the
Ailao-Shan-Red River shear zone (Leloup et a., 1995) show
that this belt cooled rapidly after granitic-alkaline magmatism
and high-strain ductile deformation, reaching the 300°C iso-
grad at 2019 Ma. This fast cooling was followed by a very
inactive period of ~15 m.y. during which the gneisses re-
mained at ~300°C. Final cooling occurred after ~4 Maduring
exhumation and erosion of the gneiss that was associated with
dextral strike-dlip shear along what is the presently active Red
River fault. These monazites are ~200 X 400 wm large and
transparent yellow grains.
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Table 1. Monazites used in this study.
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# Y S35

Moacir Madagascar

DIG19

Garnet-biotite
leucogranite Diancang
Shan Red River Belt

Geological context

China
U-Pb age (Ma)? 24
Schérer et al. (1994)
SEM lightly zoned
Chemical composition (wt.%) ThO, 5.74-15.60
uo, 0.29-0.94
PbO ~0-0.05
Theoretical dose alg® 0.13 x 10%°
dpa® 0.12
XRD *
BF small amount of mottled
diffraction contrasts
(few spots)
TEM SAD
HREM defects not detectable

Pegmatite from Itambé  Apatitite from Anosyan

Felsic high grade

large amount of

Province Brazil granite, Manangotry metamorphic
Madagascar Gneiss, Devon
Island, Sverdrup
Inlet (Canada)
474 545 1928
Seydoux-Guillaume et Paguette et al. (1994) Scharer and Deutsch
al. (2002b) (1990)
homogeneous homogeneous lightly zoned
6.92 13.25 9.03-10.33
0.13 0.20 0.14-0.46
0.16 0.32 0.76-0.95
2.77 X 10 6.12 X 10*° 17 x 10%°
2.32 5.13 14.20
2 reflections; one 2 reflections; one sharp  an unique and broad
sharp (A) and one (A) and one broad reflection (B) B
broad (B) B ~ A (B)B>A > A

large amount of
mottled diffraction

large amount of

mottled diffraction mottled diffraction

contrasts (many contrasts size ~ 10 contrasts size ~
spots ~ 5 nm size) nm 80 nm
SAD patterns always show sharp reflections
few isolated distorded  few isolated distorded many isolated
areas areas distorted areas
(edge dislocations)

& Concordant ages; determination by the isotope dilution technique.
b Doses calculated with equation in Nasdala et al. (2001).

¢ Displacement per atom. Calculated after Meldrum et al. (1998) with a number of atom displacement per a-decay (n) of 860.

* Available amount of sample too small for XRD investigations.

2.2. Moacir

The second monazite, Moacir, is a large (centimeter-sized)
yellow-orange single crystal from a pegmatite in the Itambé
Province, Brazil (Cruz et al., 1996). It has a concordant U-Pb
age of 474 Ma (Seydoux-Guillaume et a., 2002b) and a U-
Th/He age of ~ 479 Ma (R. Pik, private communication).
Moacir is the reference monazite for this study as it has been
previously characterized using SEM, EMP, XRD, TEM, Ra
man microprobe, and cathodoluminescence techniques (Nas-
dala et al., 2002; Seydoux-Guillaume et a., 2002c).

2.3. Madagascar

The third monazite, Madagascar, is a yellow, centimeter-
sized, single crystal that has given concordant U-Pb ages of 545
Ma (Paquette et a., 1994). A U-Th/He analysis yielded an
identical age (R. Pik, private communication) indicating that,
like for Moacir, al helium produced by «a-decay during the
existence of the crystal is essentialy still present in the mon-
azite lattice. This monazite was separated from an apatitite
from the Anosyan granites, Madagascar.

2.4. DIG19

The oldest monazite, DIG19, comes from exceptionally
fresh, felsic high-grade metamorphic gneiss from Sverdrup
Inlet, Devon Island, N.W.T., Canada. It gave concordant U-Pb
ages of 1928 Ma (Schéarer and Deutsch, 1990). A bictite-
feldspar-whole rock Rb-Sr isochron of this gneiss corresponds
to an age of 1814 = 8 (Schéarer and Deutsch, 1990). The

high-grade crystalline basement is covered by Proterozoic
metasediments, upon which undeformed and unmetamor-
phosed Cambrian to Devonian sediments rest unconformably.
This simple geology indicates that the DIG19 monazites re-
mained in the upper crust at low temperature for at least 540
Ma. The monazite crystals are yellow and typically 100 X 100
mwmin size.

3. ANALYTICAL METHODS

3.1. Scanning Electron Microscope (SEM) and Electron
Microprobe (EMP)

All monazite grains were individually mounted in epoxy, polished,
and carbon coated in preparation for imaging by back-scattered elec-
tron (BSE) and secondary electron (SE) techniques. Images were
acquired using the JEOL JSM-840A SEM at the Institut fir Planetolo-
gie, WWU Minster. Acceleration voltage was typically 20 kV.

The EMP analyses were obtained using the CAMECA SX-50 elec-
tron microprobe at the GFZ-Potsdam, equipped with a wavelength
dispersive spectrometer. The operating conditions were: accelerating
potential 20 kV, beam current 40—60 nA, and 1-2 um beam diameter.
For details, see Forster et a. (1998).

3.2. X-ray Diffraction (XRD)

About 1 mg of powdered monazite was measured in transmission
mode using the fully automated STOE STADI P diffractometer (Cu-
Ko, radiation) equipped with a primary monochromator and a 7°-
position sensitive detector (PSD) at the GFZ-Potsdam. Details are
given in Seydoux-Guillaume et al. (2002c). Two kinds of diffraction
patterns were recorded. One pattern spanned from 5 to 125° (26) with
a step size of 0.01°. The intensity was counted for 135 s at each
position. The second pattern covered the 26 range between 26 and 28°
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with the same step size and a counting time of 1000 s per detector step.
The unit-cell refinements were performed using the Rietveld-refine-
ment program of the GSAS software package (Larson and Von Dreele,
1988). The XRD patterns in the range of 26—28° (26) were fitted by a
Gauss + Lorentz area function to determine the full width at half
maximum (FWHM), areas, and the maximum position of the (200)
reflection.

Monazite YS35 was not studied by XRD due to the insufficient
amount of sample material.

3.3. Transmission Electron Microscope (TEM)

The Y S35, Moacir, and Madagascar monazites were cut in random
orientation, and TEM foils were prepared by hand polishing and argon
ion milling at 5 kV (Ingtitut fir Planetologie, WWU M{inster). Due to
its very small size, the DIG19 monazite was prepared using the Fo-
cused lon Beam technique FEI FIB200 at the GFZ-Potsdam. For both
thinning techniques, particular care was taken to avoid artificial defect
production by the ion beam during milling. For the conventional
Ar-milling technique, Seydoux-Guillaume et a. (2002c) demonstrated
by preparing both untreated and annealed (at 1000°C) samples, that the
observed defects are not artefacts from the milling process. Black et al.
(1984) demonstrated early on that TEM analysis of crushed monazite
fragments and ion-thinned foils give the same results. For the FIB
technique, results are the same. The gallium beam used in the FEI
FIB200 is responsible for implantation of gallium ions during milling,
causing gallium peaks in Energy Dispersive Spectroscopy (EDS) anal-
yses, and creates a ~20 nm amorphous layer near the surface. How-
ever, the latter phenomenon does not adversely affect the observations.

The TEM studies were carried out using the Philips CM 200 TEM at
the GFZ-Potsdam operated at 200 kV and the JEOL 3010 TEM at the
Institut fir Planetologie, WWU Minster operated at 300 kV. Both
instruments are equipped with a LaBg electron source. High-resolution
TEM (HRTEM) images were acquired as energy filtered images ap-
plying a 10 eV window to the zero-loss peak using a Gatan GIF™
system. Bright Field images (BF) of al samples were done close to a
zone axis, i.e., where a maximum contrast is present, alowing direct
comparison of the results.

4. RESULTS

All results are compiled in Table 1. Data for the reference
monazite Moacir are from Nasdala et al. (2002) and Seydoux-
Guillaume et a. (2002a, b, and c).

4.1. Chemical Composition of the Monazites (SEM and
EMP)

The BSE micrographs show that the Moacir and Madagascar
monazites are chemicaly homogeneous (Figs. la and b),
whereas, monazites Y S35 and DIG19 display a vague zoning
(Figs. 1c and d).

The EMP analytical results are compiled in Table 2. The four
monazites have different chemical compositions. Importantly,
they show large variations in their actinide and lead contents:
The ThO, content ranges from ~6 to 15 wt.%, the UO, content
from ~0.13 to ~0.94 wt. %, and the PbO content amounts up
to ~0.95 wt. % (Tables 1 and 2). The Moacir and the Mada-
gascar monazites have approximately the same age, but very
different U and Th contents; hence, they have received different
irradiation doses. The chemical homogeneity of the Moacir and
Madagascar monazites was investigated by Seydoux-Guil-
laume et a. (2002a, b, and c); therefore, only representative
analyses of these monazites is given in Table 2.

Using actinide contents and U-Pb ages, we calculated the
theoretical self-irradiation doses of the monazites (e.g., Nasdala

5 Madagasca

474 Ma| 545 Ma

24 Ma

Fig. 1. BSE images of different monazite crystals. a) Moacir, b)
Madagascar, ¢) YS35 and d) DIG19. Both monazites a and b are
chemically homogeneous and the two others (c and d) are slightly
zoned.

et al., 2001). These doses, compiled in Table 1, correspond to
the number of a-decay events that have occurred during the
geologic history of the respective monazite. The self-irradiation
dose increases from 0.13 X 10'° a-decay/g for the youngest
monazite Y S35, over 2.77 X 10'° a-decay/g for the Moacir
monazite, 6.12 X 10™° «-decay/g for the Madagascar monazite,
to 17 X 10" a-decay/g for DIG19, the oldest monazite. For
comparison, estimated doses for some well-studied zircon sam-
ples amount to only 1 X 10 o-decay/g (e.g., Holland and
Gottfried, 1955; Murakami et al., 1991; Ewing et a., 2000;
Nasdala et al., 2002). Ceramics, doped with 1 wt.% 2*°Pu, will
receive adose of ~10 X 10*° a-decay/g in 100 000 yrs (Weber
et al., 1998).



Microstructure of 24-1928 Ma concordant monazites 2521
Table 2. Electron Microprobe (EMP) analyses of the four monazites.
Y S35 DIG19
Oxides (wt. %) 1* (bright) 2 (dark) Moacir Madagascar 3 (bright) 4 (dark)

P,Og 25.82 28.33 27.81 26.46 29.44 2761
SO, 2.65 1.19 142 2.22 0.52 1.47
ThO, 13.26 7.52 6.92 13.25 9.07 10.32
Uo, 0.63 0.40 0.13 0.20 0.37 0.14
Y,Oq 2.30 2.06 0.71 0.18 0.04 0.24
La,O4 10.68 11.31 14.51 14.04 12.10 11.56
Ce, 0, 23.05 25.38 30.59 28.79 28.89 28.61
Pr,O; 2.69 3.00 3.14 2.72 3.18 3.22
Nd,O, 1111 12.38 10.20 9.15 11.76 12.60

,03 3.17 3.88 2.05 0.95 1.45 1.35
Gd,04 253 2.73 0.94 0.39 0.50 0.72
Th,05 0.26 0.27 — — 0.00 0.00
Dy,O, 0.50 0.52 0.11 0.01 0.00 0.00
Ho0,05 0.02 0.07 — — 0.00 0.00
Er,0; 0.11 0.11 0.05 0.03 0.00 0.00
Yb,05 0.04 0.01 — — 0.02 0.00
Lu,Og 0.00 0.00 - - 0.00 0.00
PbO 0.00 0.02 0.16 0.32 0.95 0.85
CaO 0.67 0.80 0.44 1.03 1.69 0.89
2 99.50 99.98 99.18 99.74 99.96 99.58

* Numbers referred to Fig. 1c and d.

4.2. Structural Observations (XRD and TEM)
4.2.1. X-ray diffraction analysis

The X-ray diffraction patterns of the monazites Moacir,
Madagascar, and DIG 19 are characterized by relatively sharp
reflections of relatively high intensities. As shown in Figure 2a,
the reflections broaden for the monazites with a higher self-
irradiation dose, while the peak to background ratio decreases.
Some reflections display a shoulder on the flank towards higher
26 values (arrows in Fig. 2a). The number of these shoulders
(arrows in Fig. 2a) decreases with higher self-irradiation doses
due to the increased broadening of the peaks. In their study of
the Moacir monazite, Seydoux-Guillaume et a. (2002c)
pointed out that this broadening is most pronounced along
(200) reflection, i.e., at 26 diffraction angles of 26 to 28°.
Therefore, we obtained high-resolution X-ray diffraction pat-
ternsin this range for the two other monazites aswell. (Fig. 2b).

A typical diffraction pattern in the 26 range of 26-28° is
given for the Moacir monazite in Figure 2b. It shows one
characteristic reflection (A) of high amplitude that is very
sharp (FWHM = 0.091°) and, additionaly, a broad (FWHM
= 0.425°) shoulder (B) of low amplitude (Table 3). The B-
reflection maximum is located at the 26 value of 27.04°
(3.295,5\) whereas the maximum of the A-reflection islocated at
26.88° (3.314 A; Table 3). The area percentage of A and B
reflections are 47 and 53%, respectively (Table 3). Rietveld-
refinement of the XRD data for the unheated monazite, assum-
ing only a single-phase (A) with a monazite structure, failed.
Introducing a second phase (B, monazite structure assumed),
however, resulted in a successful Rietveld refinement. Conse-
quently the XRD patterns are interpreted to consist of two
phases, both having monazite structure but with different lattice
parameters (Table 3). Monazite (A) shows larger lattice param-
eters (1% in volume) than the synthetic reference crysta
CePO, from Ni et a. (1995). The lattice parameters of mona-

zite (B), however, correspond well to those of this reference
crystal.

Like the Moacir monazite, the X-ray pattern of the Mada-
gascar monazite consists of the two structurally distinct mon-
azite phases A and B with dightly different lattice parameters
(Table 3). Phase A shows sharp reflections with FWHM (545, Of
0.088°. Phase B, in contrast, exhibits very broad reflections
with FWHM (50, Of 0.336° and an amplitude lower than that of
phase A (Table 3). In the case of the Madagascar monazite, the
integrated area under the B-reflection, ~80% for the (200)
peak, is larger than for the Moacir monazite, where we observe
only ~53% for (200). Thus, the contribution of the B-reflec-
tions is larger in the Madagascar compared to the Moacir
monazite. In addition, the A-reflection maximum for the Mada-
gascar monazite is shifted towards lower 26 values compared to
the Moacir monazite.

In contrast to the other monazites, monazite DIG19 shows
only one reflection. This reflection is very broad (FWHM 500,
= 0.276°) and has its maximum at a 26 value close to the
maximum reflection of phase B in the Moacir and Madagascar
monazites.

4.2.2. TEM-Bright Field (BF) images

All four monazites show mottled diffraction contrastsin their
BF images, but with significant differences among them (Fig.
3). The young Y S35 monazite displays just a few, spot-like
contrasts (Fig. 3a), indicating that monazite Y S35 is an almost
perfect crystal. The Moacir monazite has many mottled diffrac-
tion contrasts. The areas showing these contrasts are larger (~5
nm-sized domains) and appear to be more frequent compared to
those of the Y S35 monazite (Fig. 3b). This effect is even more
pronounced in the Madagascar monazite (Fig. 3c) where the
domains are again larger (~10 nm across) than in the Moacir
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Fig. 2. XRD patterns of the three monazites Moacir, Madagascar and DIG19 in the 26 range of: &) 20 to 40°. The
reflections broaden with increasing self-irradiation dose. However, the monazites are not yet amorphous. [Peak intensity-
Background intensity] ratio decreases with increasing dose. Note the presence of a shoulder on the high 26 side of some
reflections (arrows). The number of these shoulders decreases with increasing dose due to the increasing broadening of the
reflections. b) 26 to 28°, corresponding to the (200) reflection of the monazites. Two structurally different phases A
(well-crystallized monazite, sharp reflections) and B (distorted monazite, broad reflections) were distinguished for the
Moacir and the Madagascar monazites. Monazite DIG19 shows only the broad B reflection (see X-Ray data in Table 3).

monazite. Finally, monazite DIG19 (Fig. 3d) shows very large
domains (~80 nm across) of mottled diffraction contrasts.
These patterns are very similar to the TEM dark field images
published by Black et al. (1984). All these mottled diffraction
contrasts are the result of a mosaic structure of the crystd, i.e.,
a lattice comprising many smaller domains that have dightly
different orientations. The dark areas represent domains ori-
ented close to a zone axis, and the bright ones are regions that
are not diffracting.

4.2.3. Selected area diffraction (SAD) and HRTEM
observations

The SAD patterns of al studied monazites (Fig. 4, inserts al,
b1, c1, and d1) show sharp reflections. Evidence for amorphous

rings or distorted reflections is lacking. The HRTEM image of
monazite Y S35 shows neither defects, nor distorted domains.
The lattice is amost perfect (Fig. 4a). The Moacir and Mada-
gascar monazites revealed some isolated ca. 5 nm?-sized areas
where the lattice fringes were blurred (Figs. 4b and ¢). The
distorted areas impose a local strain on the lattice, causing an
inhomogeneous contrast distribution. As illustrated in the In-
verse Fourier Transform images (IFFT) of Figures 4b2 and c2,
these domains correspond to regions where the lattice is dis-
torted. Finally, the HRTEM image of monazite DIG19 (Fig. 4d)
displays contrasts comparable to those of the Moacir and
Madagascar monazites, but the IFFT image shows edge dislo-
cations (Fig. 4d2; see arrow). In this monazite, the domains
seem to be more distorted than in the other monazites.

Table 3. Compilation of X-ray diffraction data for two domains A and B in the investigated monazites.

FWHM* 500 Peak position % Area

a(A) b (A) c(®) B A Vv (A%) (°26) (200) (°26) (200)

A**  Moacir 6.823 (1) 7.026 (1) 6.499 (1) 103.79 (1) 302.60 (9) 0.091 (1) 26.88 47
Madagascar 6.827 (2) 7.027 (2) 6.508 (1) 103.87 (2) 303.08 (17)  0.088(3) 26.86 20

DIG19 - - - - - - - 0

B**  Moacir 6.783 (5) 7.014 (6) 6.489 (5) 103.69 (9) 299.98 (36)  0.425(6) 27.04 (1) 53
Madagascar 6.784 (6) 7.016 (4) 6.492 (5) 103.64 (8) 300.32(36)  0.336(13) 27.01 (1) 80

DIG19 6.788 (2) 7.010 (2) 6.491 (2) 103.73 (2) 300.04(20)  0.276 (2) 27.04 100

* FWHM = Full Width at Half Maximum.
** A corresponds to the crystalline areas and B to the distorted areas.
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Fig. 3. Transmission Electron Microscope (TEM) Bright Field (BF) images of the four monazites. Note the gradual
evolution of the mottled diffraction contrasts that are related to defects in the structure, with the increasing dose (from ato
d). Initially the increasing amount of these areas (from Y S35 to Moacir) is more important, than the increase in size.

5. DISCUSSION

5.1. Interpretation of the Results

In a recent study, Seydoux-Guillaume et al. (2002c) have
demonstrated that the Moacir monazite is not a true “single
crystal,” as shown by the simple SAD pattern but consists of a
mosaic of tiny (~5 nm?), slightly distorted, domains that cor-
respond to old defects induced by radioactive decay. These
differencesin orientation are responsible for the presence of (1)
the mottled diffraction contrasts in the BF images, and (2) a
second structural phase (B), which produces very broad reflec-
tions in the XRD patterns. Broadening of the B reflections is
due to different degrees of distortion. In addition, the XRD
pattern reveal ed that the rest of the monazite is a perfect “ Phase

A” monazite crystal but with expanded lattice caused by the
accumulation of Helium.

Based on these observations on the Moacir monazite, Sey-
doux-Guillaume et al. (2002c) suggested that HRTEM images
are not appropriate to highlight variable defect concentrations
in monazites because the 25 nm? HRTEM images (Fig. 4)
might not provide a representative sampling of the small num-
ber of distorted areas. In contrast, the XRD technique (Fig. 2)
and TEM-BF images cover wm?-sized areas (Fig. 3), alowing
a clear distinction among various defect concentrations due to
the larger amount of sample studied (i.e., afew mg for XRD).
For setting up a classification scheme of self-irradiation-in-
duced defect concentrations in monazites, we therefore recom-
mend using XRD patterns and BF images. The HRTEM im-
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Fig. 4. Energy-filtered high resolution images (HRTEM) of the four monazites (a, b, ¢ and d), with corresponding
diffraction pattern (Fast Fourier Transform except for al), and Inverse Fourier Transform of the area given by the box (b2,
c2 and d2). The youngest monazite Y S35 has a perfectly crystalline lattice, the others display small and distorted domains.
The oldest DIG19 monazite shows edge dislocations (see the arrow in d2). None of the monazites is metamict.

ages, however, still provide two important pieces of
information, namely, that the monazites are not amorphous
(Fig. 4al to dl),, and that the defects are only nm-sized,
localized, distorted areas (Fig. 4b2 to d2).

Both BF and HRTEM images revealed the aimost perfectly
crystalline lattice of monazite Y S35. We infer that the corre-
sponding XRD pattern should have very sharp reflections with
a high intensity without shoulders, similar to a synthetic mon-
azite (Seydoux-Guillaume et a., 2002a). As previously noted,
the A-reflection maximum for the Madagascar monazite is
shifted toward lower 26 values as compared to that of the
Moacir monazite. This can have either (1) a chemical or (2) a
structural reason. In the first case, the different LREE, Th, U
contents in the two monazites (Table 2) result in different
lattice parameters, as demonstrated in many previous studies
(eg., Ni et a., 1995; Podor et a., 1995; Gratz and Heinrich,
1997; Podor and Cuney, 1997; Gratz and Heinrich, 1998;
Seydoux-Guillaume et a., 2002a). The second explanation,
proposed by Seydoux-Guillaume et al. (2002c) for the Moacir
monazite, is that the lattice expansion is due to the presence of
helium. As the Madagascar monazite has much higher Th and
U contents than the Moacir monazite at approximately the same
age, it contains more helium, probably causing the significant
lattice expansion. Moreover, the Madagascar monazite was
more affected by radiation damage, causing lattice distortion,
which, in turn, results in a higher volume percentage of phase
B (80 vol.%) as compared to the Moacir monazite (53 vol.%).
On BF images, this is visualized by the increasing size of the
mottled diffraction contrasts (Fig. 3b and c). In the case of
monazite that received the highest dose, DIG19, XRD yields

only the broad reflection B (Fig. 2b) with an area percentage of
~100% (Table 3). Thisimplies that the complete monazite was
affected by radiation damage, resulting in the total distortion of
the lattice. If undistorted, perfectly crystalline domains A are
still present in monazite DIG19, they were not resolved by the
XRD technigque. The BF image of monazite DIG 19 (Fig. 3d)
confirms this result: the mottled diffraction contrasts are very
large and seem to affect the whole lattice.

Helium concentration data are only available for the Moacir
and Madagascar monazites (Seydoux-Guillaume et a., 2002c;
R. Pik, private communication): In both samples, the U-Th-He
and U-Pb ages are concordant. This fact indicates that the rocks
containing both these different monazites were never heated
above the closure temperature for Hein monazite, i.e., ~220°C
(Farley and Stockli, 2002). Surprisingly, athough both mona-
zites must have stayed at such low temperatures for along time,
they contain only quite low defect concentrations induced by
self-irradiation. Amorphous domains are absent, only some
misoriented regions interpreted as old a-recoil tracks, have
been found. Two explanations are possible: (a) either the lattice
can heal at such low temperatures, in accordance with experi-
mental data (Meldrum et al., 1996, 1997, 2000; Ewing and
Wang, 2002), or (b) ionization created by a-particles, or elec-
trons from a-decay in the U and Th decay chains partially
anneal structural damages created by the recoil of nuclei
(Ouchani et a., 1997; Ewing and Wang, 2002; Harrison et al.,
2002). Future experimental studies should focus on the healing
mechanisms of monazite.

To conclude, this study demonstrates that despite the high
self-irradiation doses of upto 17 X 10 a-decay/g, none of the
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monazite samples is metamict. Lattice distortion only occurred
in nm-sized isolated domains. Even the high defect concentra-
tion featured in the 1.9 Gamonazite DIG19, in which the lattice
is totally distorted, was insufficient to open and disturb the
U-Th-Pb decay systems in these crystals. Although this defect
concentration seems to be very high for a monazite, much
higher defect concentrations occur in zircon, in which amor-
phous domains are very common. Finally, to answer our ques-
tions, it was demonstrated that the phenomenon described by
Seydoux-Guillaume et &. (2002c), i.e., the presence of two
different structural phases in monazite, of which one is dis-
torted, is also observed in other monazites. The correlation
between these “B domains’ and the self-irradiation dose re-
ceived by a monazite is a mgjor outcome of this study.

5.2. Implications for Geochronology

The present study confirms that radiation damages, in the
form of amorphous domains, do not accumulate in monazite
because defects heal faster by self-annealing than the lattice is
damaged. The only memory of self-irradiation induced defects
in the monazites is the presence of the distorted domains. These
domains are visible using TEM and correspond to the “B-
phase” observed in XRD. Taking this observation together with
results from diffusion experiments (e.g., Smith and Giletti
1997; Cherniak et al., 2000, 2002), and dating results showing
that the U-Pb clock is resistant to temperatures exceeding
800—-850°C (e.g., Copeland et al., 1988; De Wolf et a., 1993;
Bingen and van Breemen, 1998; Kalt et al., 2000; Montel et al.,
2000), we conclude that radiogenic Pb does not diffuse out of
monazite grains at geologically measurable rates. Moreover,
Montel et al. (2002) have shown that Pb fits very well in the
monazite | attice, occupying probably the same structural site as
the parent elements U and Th. This argument helps to under-
stand why lead is obviously fixed quite well in the monazite
lattice. Therefore, it is quite improbable that the diffusivity of
Pb is enhanced due to the presence of radiation damage (see
also Seydoux-Guillaume et al. (2003)). The combination of all
these arguments explains why isotopic dating of monazite
mostly yields concordant U-Pb ages. Furthermore, it is highly
unlikely that monazite U-Pb ages represent “cooling ages.”

5.3. Implications for Nuclear Waste Deposit Strategies

The results of this study have certain implications for the
storage of nuclear waste. Natural minerals such as monazite are
a great tool to test the long-term behaviour of waste-form
phases in specific geological environments (e.g., Ewing and
Wang, 2002). Monazite has aready been proposed for use in
single-phase ceramics to immobilize actinides (Boatner and
Sales, 1988): natural monazite contains large amounts of
LREE®*, U**, and Th** (van Emden et a., 1997), for which
the actinides Am®*, Cm®*, Np**, Pu*" are good substitutes.
Another reason concerns a property of monazite featured in this
study, i.e., their mostly concordant U-Pb ages despite high
self-irradiation doses over along period of time. In the case of
monazite DIG 19, for example, the U-Pb system remained
closed for nearly 2 billion yrs. Therefore, monazite ceramics
seem to be good candidates for the immobilization of high-
level nuclear waste, as it may be able to retain actinides within

itslattice for very long periods of time. It is, however, essential
to point out the limitations of the current study. Precise data on
the temperature and duration of the annealing of the investi-
gated monazites are not available. Therefore, the timing of the
development of the observed domain structures remains uncon-
strained. Moreover, our observations provide no insight into the
annealing mechanisms (temperature, ionization?) of these de-
fect structures. Future experiments should focus on determining
possible annealing mechanisms in both doped and natural mon-
azites. Other aspects that are of interest for nuclear waste
deposit strategies are solubility, dissolution, doping, and charge
balancing of the ceramics. Further studies under a variety of
physical conditions are necessary to better understand the be-
haviour of such monazite-ceramics in aqueous solutions (Poi-
trasson et al., 2002). It should be the final aim of all these
studies to construct models that alow the prediction of the
structural state of monazite-type phases at a given time.
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