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Abstract

Abraded fragments (200-400 pm) of a large, chemically homogeneous, and non-metamict Brazilian monazite crystal,
characterised by a concordant U-Ph ages of 474+ 1 Ma (*™Pb”™Pb=19.5), were hydrothermally treated at varying
temperatures with solutions of different compositions. Product monazites were analysed with Scanning Electron Microscope
(SEM), Electron Microprobe (EMP), Secondary lon Mass Spectrometer (SIMS) and Isotope Dilution —Thermal lonisation Mass
Spectrometer (ID-TIMS).

Experiments with pure water over a temperature range of 8001200 °C, at 700 MPa and durations ranging from 5 to 60
days showed that even at 1200 °C any dissolution and recrystallization of new monazite is confined to the outermost surface of
the grain. Neither Pb diffusion at the EMP scale, nor significant discordancy were observed.

We performed experiments at 800 and 1000 °C for different durations using different fluid compositions at quartz saturation: a
10 wt.% CaCly luid, a 10 wt.% SrCly fluid, a 10 wt.% NaCl fluid and a fluid containing NBS 982 Pb standard (***Pb/*®Ph=1),

For all runs, EMP traverses revealed no Pb-diffusion profiles. Significant overgrowths of newly formed monazite are
documented by SEM analyses. They occurred only in the 1000 °C experiments when either CaCl; or Pb-bearing fluids were
present. In the CaCly expermment, two zones could be distinguished within the erystal: a core possessing the mitial monazite
composition and a nm consisting of newly formed monazite produced by dissolution/precipitation, which was enriched in Ca and
Pb-free. ID-TIMS dating of single grains treated with SrCl; and CaCly solutions at 1000 °C are significantly discordant.
Experiments employing the NBS Pb-standard produced sub-concordant monazite, for which the *Tphph apparent age has
become older than prior o the experiment (544 Ma at 800 °C and 495 Ma at 1000 °C). The newly grown monazite nm had
obviously incorporated Pb from the fluid.

None of our reaction products contained a detectable diffusion profile. The only resetting mechanism we detected mvolved
dissolution/precipitation. The extent of the dissolution/precipitation process depends on fluid composition and 1s a more eflicient

mechanism than diffusion for controlling the resetting of monazite in natural rocks.
@ 2002 Elsevier Science BV All rights reserved.
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Abstract

Abraded fragments (200—400 pum) of a large, chemically homogeneous, and non-metamict Brazilian monazite crystal,
characterised by a concordant U—Pb ages of 474 £ 1 Ma (***Pb/*°°Pb=19.5), were hydrothermally treated at varying
temperatures with solutions of different compositions. Product monazites were analysed with Scanning Electron Microscope
(SEM), Electron Microprobe (EMP), Secondary Ion Mass Spectrometer (SIMS) and Isotope Dilution—Thermal Ionisation Mass
Spectrometer (ID-TIMS).

Experiments with pure water over a temperature range of 800—1200 °C, at 700 MPa and durations ranging from 5 to 60
days showed that even at 1200 °C any dissolution and recrystallization of new monazite is confined to the outermost surface of
the grain. Neither Pb diffusion at the EMP scale, nor significant discordancy were observed.

We performed experiments at 800 and 1000 °C for different durations using different fluid compositions at quartz saturation: a
10 wt.% CaCl, fluid, a 10 wt.% SrCl, fluid, a 10 wt.% NaCl fluid and a fluid containing NBS 982 Pb standard (***Pb/**°Pb=1).

For all runs, EMP traverses revealed no Pb-diffusion profiles. Significant overgrowths of newly formed monazite are
documented by SEM analyses. They occurred only in the 1000 °C experiments when either CaCl, or Pb-bearing fluids were
present. In the CaCl, experiment, two zones could be distinguished within the crystal: a core possessing the initial monazite
composition and a rim consisting of newly formed monazite produced by dissolution/precipitation, which was enriched in Ca and
Pb-free. ID-TIMS dating of single grains treated with SrCl, and CaCl, solutions at 1000 °C are significantly discordant.
Experiments employing the NBS Pb-standard produced sub-concordant monazite, for which the *°’Pb/**°Pb apparent age has
become older than prior to the experiment (544 Ma at 800 °C and 495 Ma at 1000 °C). The newly grown monazite rim had
obviously incorporated Pb from the fluid.

None of our reaction products contained a detectable diffusion profile. The only resetting mechanism we detected involved
dissolution/precipitation. The extent of the dissolution/precipitation process depends on fluid composition and is a more efficient
mechanism than diffusion for controlling the resetting of monazite in natural rocks.
© 2002 Elsevier Science B.V. All rights reserved.
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(A.-M. Seydoux-Guillaume). monazite is widely used as a U-Th—Pb geochronom-
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eter to determine the timing of both magmatic and
metamorphic events (Parrish, 1990). In most cases,
206pp/238 and 2°"Pb/**°U ages in monazites are con-
cordant (e.g. Schérer et al., 1986; Corfu, 1988; Smith
and Barreiro, 1990; Landzirotti and Hanson, 1995;
Parrish, 1995; Simpson et al., 2000); nevertheless,
discordant U—Pb ages have also been reported. Such
discordant data may reflect mixing between different
grain populations that crystallised at different times
within a particular rock (Black et al., 1984; Bertrand et
al., 1993; Childe et al., 1993); or a mixture of newly
grown rims with inherited cores (Montel et al., 1996;
Braun et al., 1998; Cocherie et al., 1998; Crowley and
Ghent, 1999; Williams et al., 1999; Zhu and O’Nions,
1999; Poitrasson et al., 2000; Rubatto et al., 2001;
Townsend et al., 2001), or else a diffusive Pb loss
(Suzuki and Adachi, 1994; Suzuki et al., 1994).
Clearly, the correct interpretation of measured isotope
ratios requires a detailed understanding of the resetting
process that affects the monazite isotope system.

Despite the fact that major analytical progress on
the U-Th—Pb isotope system in natural monazite has
recently been achieved by Secondary lon Mass Spec-
trometry (SIMS) (Harrison et al., 1995; Grove and
Harrison, 1999; Zhu et al., 1997; Rubatto et al., 2001),
LA-ICP-MS (Poitrasson et al., 1996, 2000) and Elec-
tron Microprobe (EMP) methods (Montel et al., 1996;
Cocherie et al., 1998; Crowley and Ghent, 1999), the
controlling mechanisms that induce its partial or
complete resetting during a geological event are only
partially understood. There is an overall agreement
that, in nature, the U—Th—Pb system in monazite may
be reset by loss of Pb by interacting with coexisting
fluids, implying a dissolution/precipitation process.
The partitioning of elements between fluid and grow-
ing monazite would thus define the U-Th—Pb budget
of any newly formed rims.

With respect to resetting by diffusive Pb loss, there
have been several attempts to interpret discordant ages
of natural monazite grains in terms of closure temper-
ature of Dodson (1973). In Dodson’s model, resetting
results from the diffusion of the daughter isotopes out
of the crystal; closure temperature depends on the size
of the crystal, its shape, the cooling rate and the
diffusion coefficient of the daughter elements. Experi-
ments on Pb diffusion by Smith and Giletti (1997) and
Cherniak et al. (2000) showed that such diffusion is
very slow, even at high temperatures. A different

approach is to determine empirically a “geological
closure temperature” from natural occurrences. This
approach yields temperatures as low as 530 £ 25 °C
(Black et al., 1984) to 725 & 25 °C (Copeland et al.,
1988). However, it has been shown that monazite
inclusions shielded by host minerals such as quartz or
garnet are not always subject to resetting, despite the
fact that they were exposed to granulite—facies tem-
peratures above 800 °C over long time scales (De
Wolf et al., 1993; Kalt et al., 2000; Montel et al.,
2000). If the closure temperature calculated from the
diffusion data and Dodson’s model is similar to the
geological closure temperature, then we can conclude
that volume diffusion is the main resetting mecha-
nism. If not, alternative mechanisms must be pro-
posed, for example, dissolution/precipitation.

In dissolution/precipitation process, one would
expect that fluid composition plays a key role. In an
earlier study, Teufel and Heinrich (1997) demonstra-
ted that the hydrothermal treatment of >40 pum natural
monazite grains at 750 °C/0.3 GPa using pure water
did not affect their U-Pb system. Significant disso-
lution and precipitation along with Pb loss into pure
water was only observed when very fine powdered
monazite (<15 pm) was used as starting material. In
those experiments, grains initially had an angular
morphology, so they possessed high surface energies.
Obviously, these experiments with crushed grains and
pure water did not demonstrate definitively whether
dissolution/precipitation is an important process for
resetting large natural monazites.

The aim of the present experimental study was to
investigate the effect of fluid composition on the
resetting behaviour of monazite, in the case where the
amount of dissolution/precipitation driven by surface
energy is small. For this, all experiments were con-
ducted with mechanically abraded grains. This is an
extension of the study of Teufel and Heinrich, inves-
tigating higher P—T conditions, more complex fluid
compositions and analysing U—Pb isotopes of single
grains. The effects of pure water at high temperature
(>800 °C), NaCl, CaCl, and SrCl,-bearing fluids on
the dissolution/precipitation process and the concom-
itant redistributions of elements and isotopes are eval-
uated. NaCl was used as an analogue for “normal”
crustal fluids. Sr- and Ca-bearing fluids were used to
test for an exchange between Ca”* (1.18 A) or Sr* "
(1.31 A) with Pb>* (1.35 A) (radii from Shannon,
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1976) and because both of these elements are abundant
in monazite-hosting minerals such as garnet and pla-
gioclases. We also treated monazite with a NBS 982 Pb
solution. This Pb standard is depleted in *°*Pb com-
pared to monazite so any modification to the Pb system
should be readily detected. Furthermore, because crus-
tal fluids are generally SiO, saturated, with the excep-
tion of the pure water runs, we buffered all other
experiments with SiO,. Our data constrain which
mechanisms dominate the resetting of the U-Th—Pb
isotope system in monazite and what influence the
composition of the fluid phase and temperature have
on this process.

2. Sample description and experimental approach

A monazite single crystal, 3 X 2 cm in size, from
the Itambe pegmatite district (Brazil, Cruz et al.,
1996) was used for this study. The yellow-orange
crystal was nearly free of fluid and solid inclusions,
and is homogeneous at the micrometer scale, as
demonstrated by multiple EMP analysis and profiles
(Seydoux et al., 1999). The composition is typical for
natural monazites (Table 1) containing 6.92 wt.%
ThO,, 0.13 wt.% UO, and 0.16 wt.% PbO. In terms
of end-members, the LREE;,_g4PO4 component
makes up 89.8 mol% and the Y+HREEy,_; PO,
component, 1.7 mol%. Th is incorporated through
nearly equal amounts of brabantite CaTh(POy),
(~ 3.8 mol%) and huttonite ThSiO4 (~ 4.3 mol%)
components. Detailed study using TEM, XRD, and
Raman spectroscopy methods showed that this mon-
azite is non-metamict and contains only nanometer-
scale domains, where the lattice is weakly distorted
(Seydoux-Guillaume et al., 2002). Multiple Isotope
Dilution—Thermal Ionisation Mass Spectrometer (ID-
TIMS) analyses yielded concordant U—Pb ages of
474 £ 1 Ma and document the isotopic homogeneity
of the monazite (Table 2).

A fragment of the crystal was broken and sieved
into different grain size fractions. For our experi-
ments, the 200—400-um fraction was used. The angu-
lar grains obtained after crushing were mechanically
air-abraded (Krogh, 1982) in order to obtain a
rounded morphology (Fig. la). This was done to
avoid the preferential dissolution of the angular edges
during hydrothermal experiments (Teufel and Hein-

rich, 1997). Abraded fragments were washed in 0.1N
HNO3;. Only well-rounded grains devoid of micro-
inclusions were selected for experiments.

A long duration experiment using pure water was
performed at 800 °C/0.2 GPa for 60 days. Shorter
duration runs were performed at 1000, 1100 and 1200
°C/0.7 GPa for 7, 12 and 5 days, respectively (Table
3). At such high P—T conditions, no longer runs were
possible with internally heated vessel for safety rea-
sons. For each run, about 10 abraded fragments were
placed into a platinum capsule (0.2 mm wall thick-
ness) filled with ~ 20 mg of distilled H,O. The
capsules, 15 mm in length and 3 mm in diameter,
were welded and checked for leaks by heating at 110
°C for 24 h. A standard cold seal pressure vessel was
used for the 800 °C/0.2 GPa experiment. For experi-
ments at higher temperatures, an internally heated
pressure vessel (IHPV), using Ar as the pressure
medium, was employed. Temperature error is within
+2 °C for the 800 °C, and £ 25 °C for the 1200 °C.
Details about the apparatus and calibration procedure
can be found in Vielzeuf and Montel (1994). At the
end of the runs, vessels were quenched to room
temperature within a few minutes. After quenching,
each capsule was checked for leakage by weighing.

One experiment was performed at 1100 °C/0.2
GPa in silica saturated water; about 30 monazite
grains plus 1 mg SiO, powder were placed into a Pt
capsule along with 10 pl distilled H,O. This experi-
ment was also run in an [HPV.

In another series of experiments, monazites were
treated with fluids of different compositions: H,O—
NaCl, H,O-CaCl, or H,O-SrCl,. Salt concentrations
were 10 wt.% in all runs. Additionally, a HNOs-
bearing solution containing 950 ng/g NBS 982 Pb
standard (*°*Pb/?°°Pb=1.000, 2*’Pb/*°°Pb=0.467
and 2°°Pb/?**Pb=36.739) was used in two runs. At
800 °C/0.2 GPa, experiments were again performed in
standard cold seal hydrothermal pressure vessels, and
at 1000 °C/1 GPa in a piston-cylinder apparatus with
a 22-mm-diameter pressure chamber and CaF, as
pressure medium. In the latter, Pt—PtRh thermocou-
ples were used for temperature control. The temper-
ature difference along the 13-mm-long capsules was
+ 13 °C at 1000 °C, and the variation of temperature
during the run was &2 °C. Piston cylinder experi-
ments were quenched in a few seconds. Experimental
conditions of all runs are summarised in Table 3.
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Table 1
EMP analyses for the untreated monazite (Untreated) and some representative analyses for a monazite grain from the VRMO-1 experiment
(1000 °C, 1 GPa, 21 days) at different distances from the crystal rim (see Fig. 3)

Untreated Distance along E—F (um) in VRMO-1 (1000 °C, CaCl,-bearing fluid)

24 80 100 102 104 110

Wt %

P,0s5 27.81 27.46 28.07 27.14 27.03 27.33 27.51
Si0, 1.42 1.77 1.42 1.51 1.83 1.66 1.43
ThO, 6.92 7.27 6.92 7.55 9.37 8.64 7.24
U0, 0.13 0.21 0.08 0.05 0.06 0.15 0.12
Y505 0.71 0.70 0.63 0.41 0.27 0.63 0.69
La,04 14.51 13.83 14.17 14.05 13.90 13.43 13.93
Ce 03 30.59 29.99 29.92 29.87 29.23 29.56 30.05
Pr,05 3.14 322 3.13 2.96 3.10 3.17 3.02
Nd,O4 10.20 10.53 10.03 10.47 10.86 10.34 10.28
Sm,0; 2.05 2.22 2.13 2.19 2.03 2.13 2.04
Gd,05 0.94 1.06 0.92 1.00 0.88 0.97 0.92
Tb,0; - 0.12 0.07 0.11 0.14 0.02 0.07
Dy,0; 0.11 0.15 0.16 0.07 0.01 0.09 0.12
Ho,0; - 0.00 0.04 0.00 0.00 0.00 0.00
Er,03 0.05 0.08 0.11 0.00 0.10 0.01 0.02
Yb,05 - 0.02 0.03 0.01 0.00 0.00 0.06
Lu,O5 - 0.04 0.00 0.00 0.00 0.00 0.00
PbO 0.16 0.00 0.00 0.00 0.00 0.13 0.18
CaO 0.44 0.53 0.61 0.57 0.56 0.45 0.39
b)) 99.18 99.19 98.43 97.94 99.35 98.71 98.06

Cations (pfu) on the basis of 16 oxygens

P 3.782 3.734 3.812 3.750 3.704 3.747 3.784
Si 0.229 0.284 0.228 0.247 0.296 0.269 0.232
Th 0.253 0.266 0.253 0.280 0.345 0.318 0.268
8] 0.005 0.007 0.003 0.002 0.002 0.005 0.004
Y 0.061 0.060 0.054 0.035 0.023 0.054 0.060
La 0.860 0.819 0.838 0.846 0.830 0.802 0.835
Ce 1.799 1.764 1.757 1.785 1.732 1.753 1.788
Pr 0.184 0.188 0.183 0.176 0.183 0.187 0.179
Nd 0.585 0.604 0.575 0.610 0.628 0.598 0.596
Sm 0.114 0.123 0.118 0.123 0.113 0.119 0.114
Gd 0.050 0.056 0.049 0.054 0.047 0.052 0.049
Tb - 0.006 0.004 0.006 0.007 0.001 0.004
Dy 0.006 0.008 0.008 0.003 0.000 0.005 0.006
Ho - 0.000 0.002 0.000 0.000 0.000 0.000
Er 0.002 0.004 0.005 0.000 0.005 0.001 0.001
Yb - 0.001 0.001 0.000 0.000 0.000 0.003
Lu - 0.002 0.000 0.000 0.000 0.000 0.000
Pb 0.007 0.000 0.000 0.000 0.000 0.006 0.008
Ca 0.076 0.092 0.105 0.100 0.097 0.078 0.067
Y 8.013 8.018 7.995 8.017 8.012 7.995 7.998

End-members

LREEPO, 0.898 0.889 0.880 0.899 0.883 0.878 0.890
YHREEPO, 0.017 0.020 0.019 0.011 0.009 0.015 0.019
CaThU(PO,), 0.038 0.025 0.053 0.028 0.034 0.039 0.034
PbThU(PO4), 0.004 0.000 0.000 0.000 0.000 0.003 0.004
ThSiO, 0.043 0.054 0.037 0.056 0.069 0.059 0.049
USiO, 0.001 0.001 0.000 0.000 0.000 0.001 0.001

b)) 1.001 0.989 0.989 0.994 0.996 0.995 0.996
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_lopm  VRM97-3(

VRMO-4 (800°C, CaCl, + SiO)

50 pm
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Table 3

171

Experimental conditions of all runs and results of each run concerning the changes of surface morphology, the precipitation of new phases, the
chemical changes near the surface and an estimation from the percentage of monazite dissolution during the run

Run Weight of Weight  Fluid T P Duration = Textural New Chemical  Estimate®
number monazite  of fluid composition (°C) (GPa) (days) changes phases changes of monazite
(mg) (mg) (SEM) (SEM) (EMP) dissolution (%)
VRM97-3 0.97 20 H,O 800 0.2 60 none ThO, none 0.82
VRM97-10 0.62 20 H,O 1000 0.7 7 new faces ThO, none 3.87
(~ 5 pm)
on the surface
VRM97-8 1.14 20 H,0 1100 0.7 12 new faces ThO, none 3.33
(~ 12 pm)
on the surface
VRM97-6 0.72 20 H,O 1200 0.7 5 new faces ThO, none 7.78
(>40 pm)
on the surface
VRM99-2 0.55 10 H,0 +Si0, 1100 0.2 27 none Quartz none 3.45
VRMO-7 2.33 11.44 NBS 982 800 0.2 26 none Quartz none 0.20
Pb+SiO,
VRMO-18 1.03 11.52 NBS 982 1000 1 14 significant Quartz none 2.13
Pb+SiO, overgrowths
VRMO-4 1.96 11.71 10 wt.% 800 0.2 39 none Quartz+  none 0.24
CaCl, + SiO, brabantite
VRMO-1 2.27 11.84 10 wt.% 1000 1 21 significant Quartz significant  0.99
CaCl, + SiO, overgrowths variations
VRMO-3 1.92 12.05 10 wt.% 800 0.2 39 none Quartz + none 0.25
SrCl, + Si0, SrCl,
VRMO-2 2.05 11.42 10 wt.% 1000 1 21 none Quartz none 1.06
SrCl, + Si0,
VRMO-17 0.97 11.85 10 wt.% 800 0.2 18 none Quartz none 0.49
NaCl+SiO,

? Estimate using the data from Devidal et al. (1998) (see Discussion for details).

Subsequent to each run, the samples were hand-
picked and split for optical microscopy, scanning
electron microscope (SEM), EMP and SIMS analyses.
A single grain from each run was selected for ID-
TIMS analysis.

3. Analytical methods

Grain surface morphology was investigated using
an SEM. BSE and SE images were made on grains

for each using a Zeiss DSM962 scanning electron
microscope. Acceleration voltage was typically 15
kV.

Additionally, EMP analyses of polished single
monazite grains mounted in epoxy resin were
obtained using a Cameca SX-50 electron microp-
robe equipped with a wavelength dispersive system.
The operating conditions are given in Forster
(1998a). Core—rim relationships of at least one
monazite grain from each run were evaluated by
measuring compositional profiles in 2-pm steps

Fig. 1. BSE—SEM micrographs illustrating textural characteristics observed in both untreated and treated monazite. (a) Surface details of an
abraded but otherwise untreated monazite fragment. (b) Surface details of a monazite grain from the experiment VRM97-3 (H,O, 800 °C).
Many small (200 nm) “bright” crystals of thorianite (ThO,) were observed on the surface of the grain. (c) Surface details of a monazite grain
from the experiment VRM97-6 (H,0, 1200 °C). The grain appears totally recrystallised with very large, newly formed faces and ThO, crystals
were observed. (d) Experiment VRM99-2 (H,O + SiO,, 1100 °C). Presence of Si in the system seems to avoid formation of ThO, crystals. (e)
Experiment VRMO-2 (SrCl,, 1000 °C). No overgrowth was observed. (f) Experiment VRMO0-4 (CaCl,, 800 °C). No overgrowth was observed.
(g) Experiment VRMO-1 (CaCl,, 1000 °C). Significant overgrowths were observed. Monazite shows new-formed faces. (h) Experiment VRMO-
18 (Pb standard, 1000 °C). Significant overgrowths were observed. Monazite shows new-formed faces.
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across the grain. Furthermore, X-ray imaging was
conducted on a monazite grain from run VRMO-1
(1000 °C, 1 GPa, CaCl,-bearing solution) using a
Cameca SX 100 microprobe. Element mapping for
Th-M,, Pb—M; and U-Mg was made in wave-
length-dispersive mode, and for Ca—K,, Ce—L, and
P-K, in energy dispersive mode with the following
conditions: accelerating potential 20 kV, beam cur-
rent 30 nA and scan of 256 X 256 pixels with 600
ms/pixel.

The Cameca ims 6f ion probe in GFZ-Potsdam was
used to acquire digital images of the relative concen-
tration distributions of selected elements (see Appen-
dix A) within our monazite sample VRMO-1 (1000
°C, CaCl, fluid).

Individual thermal ionisation U—Pb isotope anal-
yses were performed in Clermont—Ferrand (UMR
6524) on five abraded monazite fragments from our
starting material plus on one product grain from
each experiment. The selected grain was washed in
a 0.IN HNO; heated solution in order to clean
grains from experiment derived in common Pb
contamination. The selected grain was dissolved
using 8N HCI in a PFA Teflon modified version
of Parrish-type microcapsules (Parrish, 1987) at 210
°C, during 16—20 h. Chemical separation and mass
spectrometry were performed according to Pin and
Paquette (1997).

4. Results

Optical microscopy revealed a complete discolor-
ization of the monazite grains after all runs, from
yellowish orange to whitish grey (see Observational
basis). Teufel and Heinrich (1997) already reported
this effect. All the results in textural changes, chem-
ical changes and appearance of new phases are
summarised in Table 3. Isotopic changes are reported
in Table 2.

4.1. Grain surface morphology

4.1.1. No visible modification on the grain surface
SEM images for experiments with H,O+ SiO,,
NaCl, SrCl,, CaCl, at 800 °C and Pb standard at
800 °C showed no textural modifications of the
monazite grains (Fig. 1d,e and f). Quartz crystals

related to the SiO, in excess in the capsule were
present in all runs. For the experiment with SrCl, fluid
at 800 °C, few small SrCl, crystals were found in the
run products. For the experiment with CaCl, fluid at
800 °C, precipitation of some brabantite crystals
(Ca,Th)(POy4), occurred.

4.1.2. Moderate modifications

For experiments with pure H,O, SEM imaging
showed little modifications of the surface of the
grains. At 800 °C, there is no apparent modification
of monazite grains except the precipitation of numer-
ous 200-nm crystals appearing bright in BSE images
on the grain surfaces (Fig. 1b). However, at temper-
atures higher than 1000 °C, the development of new,
~ 5-um-long crystal faces on the grain surface as well
as “bright” crystals, 1 -2 pum large, were observed. At
1100 °C, these faces are longer, reaching 12 um in
length. Finally, by 1200 °C, large newly formed faces
(>40 pum) and larger “bright” crystals with cubic
morphology are visible (Fig. 1c). EDS analysis dem-
onstrated that the faces are Th-depleted monazite and
that the “bright” crystals are ThO, (thorianite), which
is consistent with their cubic morphology.

Because Th can be incorporated in monazite via
the [P _ {REE _ {Si;Th;] thorium—silicate component,
the presence of silica might affect the monazite
solution interactions. In contrast to the SiO,-free
experiment VRM97-8, SEM images of monazite from
experiment VRM99-2 (water + SiO,) (Fig. 1d) show
no growth of newly formed monazite and no ThO, on
the surface. An excess of SiO, in the system pre-
vented the formation of new ThO, crystals. This is the
first indication of the role of fluid composition on
monazite behaviour in fluids.

4.1.3. Significant modifications

Finally, two experiments showed significant over-
growths: first with CaCl, fluid at 1000 °C (Fig. 1g)
and the second with Pb fluid at 1000 °C (Fig. 1h). In
both experiments, the monazite grains seem to have
significantly recrystallized.

4.2. Modifications of chemical compositions
4.2.1. No EMP-measurable variations

EMP imaging (BSE and X-ray) and concentration
profiles from the rims to the centres of monazite
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grains showed no variation of the chemical composi-
tion; of particular importance is that no Pb-diffusion
profiles were detected for experiments with H,O,
H,O + Si0,, NaCl, SrCl,, CaCl, at 800 °C and Pb
fluids.

4.2.2. Significant variations

Only the experiment with CaCl, at 1000 °C
showed significant variations in monazite chemical
composition. In order to confirm this result, a second
grain was analysed. BSE imaging and EMP traverses
of these two monazite fragments both document
significant zonation. Fig. 2 shows a BSE image for
one grain prepared for EMP. Two domains are clearly
visible, demarked by a “bright” discontinuity (1). The
external domain (rim) shows sharper faces as com-
pared to the internal domain (core). On this grain,
EMP profile E-F from the rim to the core of the grain
(Fig. 3), X-ray imaging (Fig. 4) and SIMS imaging
(Fig. 5) were performed. The EMP and SIMS maps
show that the results obtained on the profile can be
generalised to the whole grain. Two zones with differ-
ent chemical compositions, separated by a sharp
boundary (1) (Fig. 2), could be readily distinguished
in all data sets. At (1), a significant enrichment in Th
and Si is observed over a 2—4-pm distance, correlated

Profile E-F: 72 points

VRMO-1 (1000°C, CaCl,)

Fig. 2. BSE image of a polished monazite grain from VRMO-1
(1000 °C, CaCl,) in epoxy showing the location of EMP profile
(E—F) from Fig. 3, EMP—X-ray imaging (map I) from Fig. 4 and
SIMS-imaging (map II) from Fig. 5. The interface (1) between the
rim and the core of this grain is clearly visible.
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Fig. 3. EMP-traverse E—F across rim—core interface (Fig. 2). Ca, Y,
U, Pb, Th, Si, P and Ce content in cations are reported and some
analyses are in Table 2. The line at 102 um corresponds to the
“bright” interface (1) observed in Fig. 2.

with a P and Ce depletion (Figs. 3 and 4). The rim is
free of Pb but enriched in Ca relative to the initial
monazite (Figs. 3—5). Furthermore, in contrast to the
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50 pm

VRMO-1 (1000°C, CaCl,)

Fig. 4. X-ray imaging (map I) from the grain shown in Fig. 2 (experiment VRMO-1 with CaCl, at 1000 °C). Th, Pb and U were analysed with
WDS and Ca, Ce and P with EDS using a Cameca SX-100 EMP. Analytical conditions: 30 nA, 20 kV, 256 X 256 um, 600 ms/pum. The drawing
under the images shows the distinguished zones: the sharp interface (1) between the rim and the core and a diffuse interface (2). Between (1) and
(2), U is depleted and Ca enriched.

core, the ThSiO, end-member newly formed in the 3-5). The (Y +HREE)PO, xenotime and USiO4
rim is greater than the REEPO, component (Table 1). coffinite components decrease (Table 1), whereas Ca
A more gradual decrease in both U and Y concen- increases. U and Y are depleted between locations (1)
trations at the discontinuity (2) is also observed (Figs. and (2) over a distance of ~ 30 pum (Figs. 3-5),
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— 10 um — 10 pm

2

VRMO-1 (1000°C, CaCl,)

Fig. 5. SIMS digital ion image (map II) from the grain shown in Fig. 2 (experiment VRMO-1 with CaCl, at 1000 °C). Images were corrected with
140Ce in order to suppress artefacts caused by sample charging (*°Ca x 100/*4°Ce; 2°*Pb x 100/'°Ce; %Y x 100/**°Ce and Z**U x 1000/"°Ce).
Field of view is ~ 75 pum in diameter.

whereas Ca is enriched. The discontinuity (2) (more from E (Fig. 3). The core showed the same compo-
visible in Figs. 3 and 5) is more diffuse. Furthermore, sition as the initial monazite (Table 1) and no other
the Si content increases gradually starting 60 um away significant variations were observed.
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Nevertheless, the point is centred on the untreated monazite and consequently can be considered as concordant.
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4.3. Isotopic modifications

4.3.1. No significant discordancy

For the experiments employing H,O, H,O + SiO,,
NaCl, SrCl, and CaCl, at 800 °C, single grain
analyses yielded sub-concordant to concordant U—
Pb ages in the range of 458—475 Ma (Table 2 and Fig.
6a—d). U and Pb concentrations coincide within error
limits to the starting material (Table 2). A duplicate of
the experiment at 1100 °C with H,O demonstrates the
reproducibility of the U—Pb isotope analyses and the
homogeneity of run products.

4.3.2. Significant modifications

Significant discordancy was only observed at
1000 °C when CaCl, or SrCl, was present in the
fluid. In the SrCl,-enriched fluid, the discordancy
was about 16% (Table 2 and Fig. 6¢), whereas in
the case of CaCl, enriched fluid, the discordancy
was 68% (Fig. 6d). This Pb loss is in agreement
with the EMP results, which show a volume of
about 70% from the newly grown, Pb-free mon-
azite.

U-Pb analyses of monazite that reacted with
NBS 982 show major change in Pb isotopic com-
position, an effect most pronounced in the 800 °C
run. The *°*Pb/°°Pb ratio decreases from ~ 19.5
to 17.0 at 800 °C and 18.2 at 1000 °C and the
*Pb/*°°Pb increase from ~ 0.0566 to 0.0584 at
800 °C and 0.0571 at 1000 °C, reflecting an
enrichment of both *°’Pb and 2°°Pb relative to
208ppy  (Table 2). This results in sub-concordant
analytical data points where the apparent 2°’Pb/**°Pb
and Pb/U ages are older than that of the initial
monazite (Fig. 6e). Interestingly, the 2°’Pb/>°°Pb
age obtained from the experiment at 800 °C (543
Ma) is older than that for the experiment at 1000 °C
(495 Ma).

5. Discussion
5.1. Theoretical basis

Our experiments are based fundamentally on inter-
actions between a solid phase and a fluid phase. We

can anticipate that several processes will occur during
a run.

The first process is the dissolution of the grains,
in order to reach a chemical equilibrium. Devidal et
al. (1998) determined the solubility of NdPO, in
pure water from 450 to 800 °C at 200 MPa. They
also demonstrated that the solubility of NdPO, is
similar in pure water and in diluted NaCl-HCl-
H,0, and is independent of pH. The experimental
conditions in this study were different from ours,
but we can, nonetheless, use data of Devidal et al.
(1998) to estimate the magnitude of the dissolution
process. The saturation should represent 4 pg of
monazite/10 mg of fluid at 800 °C, 12 ug/10 mg at
1000 °C, 19 pg/10 mg at 1100 °C, and 28 ng/10
mg at 1200 °C. Then, we can calculate from
crystal and fluids weights reported in Table 3 that
from 0.2% and 8% of the initial monazite should
dissolve to reach saturation (see Table 3).

The second process is the reequilibration of the
chemical composition of the monazite with the fluid
composition, for P—T conditions imposed by the
experiment.

The third process is attainment of textural equili-
brium. In order to limit this problem, we abraded the
grains. This eliminates sharp edges and corners, which
are high-energy sites, but of course, the equilibrium
shape for a monazite in a fluid is not that of a rugby
ball (Fig. 1e,f), but that of a faceted crystal (Fig. 1g,h).
It is impossible to evaluate quantitatively this process,
but it will operate even when chemical equilibrium is
reached, until such time when the textural equilibrium
is reached.

Attainment of those three aspects of thermody-
namics equilibrium is achieved through kinetic
processes. Because of the high temperatures, we
can neglect the diffusion in the fluid phase, and
because we did not see the formation of some
totally new grains (except ThO,), we can disregard
nucleation problems. We must then consider mainly
volume diffusion in monazite and mineral/fluid
interface kinetics. Volume diffusion is a process
that tends to equilibrate the interior of the crystal
with the surrounding. Mineral/fluid surface kinetics
will control the dissolution of monazite and the re-
precipitation at the surface of the existing grain.
Surface diffusion could also operate for equilibrium
shape attainment.

We should keep in mind that all these processes
will compete during the run, the driving force being
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chemical disequilibrium and surface energy, and the
limiting factor being the kinetics.

5.2. Observational basis

The colour changed by the experiments (from
yellowish orange to whitish grey) can be attributed
to the “healing” of the nanometer-scale-distorted
domains in monazite as a function of increasing
temperature; complete healing is reached at 900 °C,
7 days (see Seydoux-Guillaume et al., 2002).

Even experiments at the very high temperature of
1200 °C (5 days in water) showed no resetting, neither
by diffusion nor by dissolution/precipitation. For all
runs, EMP traverses detected no diffusion profiles, and
in particular no Pb-diffusion profile. This result was
anticipated, if we consider the very low Pb-diffusion
coefficient in monazite measured by Smith and Giletti
(1997) and Cherniak et al. (2000). We can predict for
these T time conditions (1200 °C, 5 days) a diffusion
distance of ~ 68 and ~ 40 nm, respectively.

In all experiments thorium, was insoluble in fluids.
The dissolution of monazite is definitely non-stoichio-
metric (or incongruent) and most of the time, the Th
liberated by monazite dissolution precipitates as ThO,
on the surface of the grain (in the water experiments).
However, in the experiments where the fluid is
saturated in SiO,, it seems that thorium was directly
re-incorporated in the forming monazite as ThSiO4
end-member (Franz et al., 1996; Van Emden et al.,
1997; Forster, 1998a,b).

We interpret the strong chemical modifications
only observed for the 1000 °C CaCl, experiment
(Table 1 and Figs. 3—5) as resulting from a dissolu-
tion/precipitation mechanism that operated in this run.
Only ~ 20 grains were recovered from the initial 30,
demonstrating that some grains were totally dissolved
during the run. Because the P—T and chemical con-
ditions in this run were different from the conditions
of formation of the starting monazite, the newly
formed monazite has a distinctly new composition.
Because very little is known about the thermodynam-
ics of REE-phosphate and other monazite end-mem-
bers, we cannot discuss in more detail the change in
composition and the formation of the Th-rich domain.
However, it seems likely that the starting monazite
dissolved up to interface (1) and then began to
crystallize from (1) to the grain margin (Fig. 4).

Because Th is very insoluble in the fluid, the first
monazite that recrystallized was enriched in ThSiO4
and because Y, HREE and U are less compatible, this
initial product was depleted in these elements. Then,
during the crystallisation process a progressive enrich-
ment in U, Y and HREE was initiated [between (1)
and (2)—see Fig. 3].

An important observation from this experiment
was that Pb was not reincorporated into the newly
formed monazite. This confirms the results of Teufel
and Heinrich (1997), who showed that recrystallisa-
tion is associated with strong discordancy. Finally, no
self-diffusion of Pb or inter-diffusion of Ca—Pb were
observed, even at the interface between the two zones
where the optimal conditions for such diffusion were
present. Relative to solid state diffusion, dissolution/
precipitation is clearly a more efficient, faster mech-
anism for inducing discordancy.

The intense Pb loss observed in the experiments
using CaCl, fluid (68% discordancy) and SrCl,
(16% discordancy) underline the importance of the
fluid composition in resetting process. However, in
the run at 1000 °C with SrCl,, neither overgrowths
(SEM) nor chemical heterogeneity (EMP) were
observed. We cannot say at present if such discord-
ancy results from outward Pb diffusion, from Sr—Pb
exchange diffusion, or from the formation of small,
undetected, Pb-free overgrowth. Neither dissolution
features nor diffusion profiles were observed using
SEM and EMP, respectively. However, according to
the very low Pb-diffusion coefficient, it would not be
realistic to associate this discordancy with a diffusion
process.

Our most surprising result comes from the Pb-
enriched fluid experiments. We must stress, however,
that those experiments do not mimic any ‘“‘normal”
geologic environment, as nature seldom provides
such extremely Pb-enriched fluid. SEM images
clearly show that dissolution/precipitation was active
at 1000 °C (Fig. 1h), but not at 800 °C. Surprisingly,
the effect of Pb standard is weaker at 1000 °C, as
shown in the concordia diagrams (Fig. 6e). We saw
previously that the estimated percentage of monazite
dissolved at 1000 °C is about 10 times higher than at
800 °C (Table 3). Therefore, in the 1000 °C experi-
ment, the Pb in the initial fluid would have been more
diluted after monazite dissolution. Therefore, in the
1000 °C experiment, the initial Pb isotopic composi-
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tion was modified by mixing with the initial Pb
composition coming from the dissolved monazite. In
this run, the remaining monazite grains interacted not
with the NBS 982, but with the modified fluid.
Because the Pb isotopic composition of the fluid
was no longer NBS 982, the discordancy induced
by this interaction is less visible. However, we must
say that at present, we do not know how this
interaction operates.

On the 2%*Pb/*%°Pb vs. 2°"Pb/**°Pb diagram (Fig.
6f), it is clearly shown that the lower 2°*Pb/**°Pb and
higher 2°’Pb/**°Pb ratios are related to an exchange
between the Pb standard fluid and the Pb-containing
starting monazite. However, both the 800 and 1000
°C treated monazites plot significantly below the
mixing line between the starting monazite and the
NBS Pb standard. This implies that the decrease in
208pp relative to 2°°Pb and 2°’Pb is not the product
just of a simple exchange mechanism. We do not
understand, up to now, the mechanism that produces
such fractionation. We do not think that this could be
related to a chemical or isotopic heterogeneity, as we
see that the initial monazite is very homogeneous
(EMP and ID-TIMS). The present data suggest that
some isotopic fractionation is possible during mon-
azite dissolution. A possible process to explain this
unusual feature would be the preferential dissolution
of some highly damaged domain with peculiar iso-
topic composition, although this model is not sup-
ported by what is known about radiation damage
effects in monazite (Ewing, 1975; Meldrum et al.,
1998; Ewing et al., 2000; Seydoux-Guillaume et al.,
2002). Considerable further work involving fluid
analyses will be necessary to elucidate this point.

6. Conclusions

Significant dissolution/precipitation and corre-
sponding discordancy occurred only for experiments
with CaCl, or Pb-bearing fluids at 1000 °C. In the
case of experiments with a SrCl, fluid, the effect was
much weaker. Diffusion profiles were not discernable
for any element, including Pb. We conclude that
dissolution/precipitation is a more efficient mecha-
nism than diffusion to modify the U—Pb monazite
system. Its efficiency depends both on the fluid
composition and temperature. At this point, it is

interesting to compare the different behaviours of
monazite and zircon during hydrothermal alteration.
Geisler et al. (2001) showed the effect of metamicti-
zation on the hydrothermal stability of zircon. They
show a selective leaching by the solutions from
metamict zircon. In this case, the structural properties
(metamict state) of the zircon controls leaching. In
contrast, hydrothermal alteration of monazite, which
is not metamict, will be mainly controlled by the
chemistry of the solution and the temperature.

The presence of Ca in the fluid has major con-
sequences for the U—Pb isotopic system of monazite.
In nature, monazite frequently occurs as inclusions in
plagioclase, garnet, or apatite. In this case, circulation
of a fluid in the rock could mobilise the Ca from the
host phase which could result in a partial or total
resetting of monazite (De Wolf et al., 1993; Braun et
al., 1998; Montel et al., 2000). Because Th is poorly
soluble in fluids, this element should be reincorpo-
rated into the monazite structure as brabantite or
huttonite end-members, favouring the recrystallisation
of a Th-rich and Pb-free rim. In natural samples, such
Th-rich zones frequently occur. These latter are often
younger, i.e., contain a lower Pb content than the
adjacent domains (Cocherie et al., 1998; Crowley and
Ghent, 1999). In the presence of intense deformation,
it is possible to obtain discordant U—Pb monazite
ages, resulting from new overgrowths of Pb-free
monazites produced by dissolution/precipitation
(Krohe and Wawrzenitz, 2000). Because Pb-volume
diffusion in monazite is slow under most natural
conditions, volume diffusion is unlikely to contribute
significantly to discordance. Other processes such as
recrystallisation are more important. Therefore, fluid
occurrences and compositions, and textural positions
of the monazite in the rock (Paquette et al., 1999;
Montel et al., 2000) have to be considered when
interpreting any data set.
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Appendix A. SIMS analytical details

Images used a 12.7-kV, 20-nA, '°0 ~ primary beam
which was rastered over an area of 150 X 150 um.
Samples were cleaned in ethanol, dried at 75 °C and
coated with a conductive gold film prior to analysis.
The selected area for imaging was initially pre-sput-
tered in order to remove the gold coat. Digital image
acquisition, employing a resistive anode encoder,
involved peak-stepping 20 times through the cycle:
"H(8s), 2%Si (8 5), >'P (8 5), *°Ca (8 ), ¥’Y (8 5), "*°Ce
(8s), 2°°Pb (60 s), 2°*Pb (30 5), 2*Th (8 5), **U (30 5).
Total analytical time per imaged area was thus some 65
min. For these analyses, the mass spectrometer was
operated at low-mass resolving power employing a 10-
kV secondary ion extraction potential in conjunction
with a 50-V energy bandpass. In order to suppress
artefacts due both to sample charging as well as from
polyatomic ions, an 80-V bias was applied to the
sample. The field-of-view for our images was circa
75 pm in diameter and our spatial resolution was better
than 2 um.
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ABSTRACT

Electron-microprobe (EMP) U-Th-Pb dating on polyphasze apd dizcordant monazites
from polymetamorphic granulites of the Andriamena unit (worth-cemtral Madagasear)
reveal: inconsistent chemical ages. To explain these drastic variations, transmission elec-
tron micrescopy (TEM) foils were prepared directly from thin sections by using the fo-
cuzed lon beam technique. The most important result of the TEM study iz the demon-
stration of the presemce of small {50 nm) Ph-rich domain: where large variations in
EMP ages oceur. We suggest that radiogenic Pb was partially reincorporated in monazite
during the recrystallizaton at 790 Ma. Becausze the excited volume of EMP iz -4 jum?,
U-Th-Pb dating vielded various apparent older ages without geclogical significance. In
addidon, TEM analy=iz of the foils revealed the presence of an ~150-nm-wide amorphous
zone along the grain boundary of monazite amd its host guartz, Thiz Fe-Si-Al-rich phaze
may have formed as a resule of fuid activity at 500 Ma, and the phase's amorphous state
may be due to the irradiation from U and Th decay in the monazite, Thiz demonstrates
for the first time the enormous potential of the TEM investigations on site-specific speci-
mens prepared with the foeused ion beam technigue for the interpretation of zeochro-
nological data.
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Fb ages, Madagascar.
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ABSTRACT

Electron-microprobe (EMP) U-Th-Pb dating on polyphase and discordant monazites
from polymetamorphic granulites of the Andriamena unit (north-central Madagascar)
reveals inconsistent chemical ages. To explain these drastic variations, transmission elec-
tron microscopy (TEM) foils were prepared directly from thin sections by using the fo-
cused ion beam technique. The most important result of the TEM study is the demon-
stration of the presence of small (~50 nm) Pb-rich domains where large variations in
EMP ages occur. We suggest that radiogenic Pb was partially reincorporated in monazite
during the recrystallization at 790 Ma. Because the excited volume of EMP is ~4 pm3,
U-Th-Pb dating yielded various apparent older ages without geological significance. In
addition, TEM analysis of the foils revealed the presence of an ~150-nm-wide amorphous
zone along the grain boundary of monazite and its host quartz. This Fe-Si-Al-rich phase
may have formed as a result of fluid activity at S00 Ma, and the phase’s amorphous state
may be due to the irradiation from U and Th decay in the monazite. This demonstrates
for the first time the enormous potential of the TEM investigations on site-specific speci-
mens prepared with the focused ion beam technique for the interpretation of geochro-
nological data.

Keywords: monazite, discordance, focused ion beam, transmission electron microscopy, U-Th-
Pb ages, Madagascar.

INTRODUCTION

In polymetamorphic terranes, most studies
combining electron-microprobe (EMP) U-Th-
Pb dating (EMP chemical ages) with conven-
tional isotopic techniques have shown that

monazites behave as a closed system (Crow-
ley and Ghent, 1999; Terry et al., 2000; Wil-
liams and Jercinovic, 2002). Other authors,
however, reported large variations in EMP
ages, inconsistent with discrete episodic
growth of monazite (Montel et al., 1996;

*E-mail: ~ Seydoux-Guillaume—seydoux@uni-  Braun et al., 1998; Cocherie et al., 1998; Cat-

muenster.de. Present address: Goncalves—Geosci-

ences Department, University of Massachusetts,
Morrill Science Center, 611 North Pleasant Street,
Ambherst, Massachusetts 01003-9297, USA.

los et al., 2002; Goncalves, 2002; Fig. 1). Two
explanations are given for this observation:
(1) partial Pb loss from monazite by diffusion

498 +4 Ma (n = 83) n = 448 analyses

Figure 1. Weighted histo- (26 monazites)

gram of 448 electron mi-
croprobe (EMP) chemical
U-Th-Pb ages for 26 mon-
azites included in garnet,
quartz, and coronitic tex-
tures. 2.5 Ga and 790 Ma
ages were derived from
isotope dilution—thermal
ionization mass spec-
trometer data; 500 Ma
age is from EMP data on
monazite overgrowths.
Note continuous range of
EMP ages between 2500
and 790 Ma (after Gon-
calves, 2002).
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or leaching, implying that the EMP age data
represent minimum ages, or (2) overlapping
measurement of different age domains by the
EMP, resulting in mixed apparent ages. The
aim of this study was to elucidate the
reason for inconsistent EMP ages, reported
for polyphase monazites from ultrahigh-
temperature (UHT) granulites of north-central
Madagascar (Goncalves, 2002; Paquette et al.,
2003). This goal was achieved by using trans-
mission electron microscopy (TEM).

DESCRIPTION OF THE PROBLEM

The investigated monazites record three dis-
tinct episodes of crystallization: at 2.5 Ga un-
der UHT conditions, ca. 790 Ma, related to
hydration and retrograde metamorphism of the
UHT assemblages, and at 500 Ma, during a
growth episode due to late fluid circulation
under low amphibolite facies conditions (Gon-
calves, 2002). The succession of events was
revealed by textural studies, EMP chemical
dating (Fig. 2), and isotope dilution—thermal
ionization mass spectrometer (ID-TIMS) dat-
ing of extracted selected grains. The ID-TIMS
dating yielded discordant ages defining a mix-
ing array involving the 2500, 790, and 500 Ma
age components, and a geologically meaning-
less lower intercept ca. 580 Ma (Goncalves,
2002, Paquette et al., 2003).

The EMP ages, however, do not show a
simple trimodal distribution reflecting the geo-
logical events at 2500, 790, and 500 Ma (Fig.
1). On the contrary, most grains are charac-
terized by (1) meaningless apparent ages rang-
ing continuously between 2500 and 790 Ma
and (2) a very well defined unimodal popu-
lation clustering at 500 Ma (Fig. 1). In addi-
tion, age dispersions are observed within sin-
gle monazite grains. It is noteworthy that the
grain ages scatter irregularly. In contrast, areas
with an apparent age of 500 Ma systematically
form small overgrowths, or internal domains
close to small quartz inclusions, orthoamphi-
bole, biotite, or cordierite.

Two questions remained unanswered after
this combined in situ dating: what is the rea-
son for largely varying apparent ages in a sin-
gle monazite grain, and what is the difference
between the well-defined 500 Ma overgrowths

© 2003 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.
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Figure 2. Preparation of transmission electron microscopy (TEM) foils from monazite
M13 using focused ion beam (FIB) technique. A: Backscattered-electron (BSE) image
of thin section with monazite M13 embedded in quartz (Qz) with associated garnet
(Gt). B: Close-up BSE image of monazite M13. Bright areas (core) formed at 790 Ma;
dark areas are 500 Ma overgrowths. Numbers are U-Th-Pb ages in Ma obtained by
electron microprobe. C: Secondary-electron image of FIB milled trench with TEM foil
removed. Foil was milled perpendicular to image plane along trace marked by cross-
es. D: Optical micrograph in transmitted light of TEM-ready FIB foil on perforated
carbon film on copper grid. Foil dimensions are 15 pm X 7 pm X 130 nm.

and the domains showing geologically mean-
ingless ages? Nanometer-scale investigations
to solve these problems required preparation
of TEM foils—ultrathin, ultrasmall tabular
sections—from defined areas in monazite
grains that have been dated by the EMP tech-
nique (Figs. 2B and 3A). For this purpose, we
applied the focused ion beam (FIB) milling
technique.

METHODS
Focused Ion Beam (FIB) Technique

The FIB preparation technique is designed
to produce site-specific TEM foils, ~15-20
pm X 10-15 wm, and ~100 nm thick (for
technical details, see Overwijk et al., 1993;
Young, 1997; Roberts et al., 2001). Milling
occurs by using gallium ions accelerated to 30
keV. Carbon coating of the TEM-ready foil is
not necessary, because it rests on carbon foil.
The FIB allows cutting a TEM-ready foil in a
section from a well-defined area such as min-
eral boundary, without preferential thinning or
production of artifacts (e.g., Fig. 4D). Homo-
geneous sample thickness is very favorable,
especially for acquisition of elemental maps or
line scans (Figs. 3C and 3D). The TEM foil
is cut perpendicular to the surface of the sam-
ple (Figs. 2C and 2D), allowing the gathering
of information with respect to the depth of the
specimen. In the current context, this aspect is
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particularly useful for testing the reliability of
specific EMP age data.

The site-specific specimens for this study
were prepared with the FEI FIB200 instru-
ment at the GeoForschungsZentrum (GFZ)-
Potsdam. Figure 2 illustrates subsequent stag-
es of the preparation.

Transmission Electron Microscope (TEM)

TEM studies were carried out with the Phil-
ips CM200 TEM at the GFZ-Potsdam, and the
JEOL 3010 TEM of the Interdisciplinary Cen-
ter for Electron Microscopy and Microanalysis
(ICEM), University of Miinster. The JEOL
3010, operating at 300 kV, was used for con-
ventional TEM. The Philips CM200, equipped
with an energy-dispersive X-ray analyzer
(EDAX) with an ultrathin window, was used
for energy-dispersive X-ray (EDX) analysis
and EDX mapping. Acceleration voltage was
200 kV, and the electron source was a LaBg
filament. Point analyses were carried out with
a spot size of ~4 nm; the counting time for
EDX point analysis was 200 s, and 45 ms per
step in EDX mapping.

SAMPLE DESCRIPTION

Two monazite grains (M13 and M26) were
selected for the TEM study. (For simplicity we
relabeled these grains, labeled by Goncalves
[2002] M13’ and M26".) These monazites are

representative for the whole population because
they display the typical bimodal age distribu-
tion. Both grains were originally located in po-
lygonal recrystallized quartz within the rock
matrix. The 110 wm monazite M26 displays a
chemically distinct core, surrounded by a ho-
mogeneous rim and isolated small overgrowths
(Fig. 3A). The distributions of EMP age data
in core and rim are similar, scattering continu-
ously from 1805 to 911 Ma (Fig. 3A). In con-
trast, overgrowths yielded systematically youn-
ger dates, ca. 500 Ma. As shown in the
backscattered-electron (BSE) image (Fig. 2B),
the 160 pm monazite M13 revealed only two
domains: (1) a large core and (2) darker areas
located at the rim and at the contact with quartz
inclusions. These areas with an average age of
504 = 15 Ma are interpreted as younger re-
crystallized domains. The EMP ages in the core
range from 2099 to 1096 Ma.

On the basis of these EMP ages and ID-
TIMS results, Goncalves (2002) interpreted
the cores of M13 and M26 as 2.5 Ga mona-
zites, which underwent partial Pb loss during
the 790 Ma event. Goncalves further suggest-
ed that the rim on monazite M26 was formed
by dissolution followed by precipitation at
790 Ma, despite the older ages obtained by
EMP. The overgrowth crystallized ca. 500 Ma.

NANOSCALE INVESTIGATIONS OF
MONAZITE WITH COMPLEX AGES

In monazite M13, the TEM foil FIB1 was
extracted from the old core, and foil FIB2 in-
cludes the core and the dark area giving con-
sistent 500 Ma ages (Fig. 2B). In M26, foil
FIBI1 covers core and rim (Fig. 3A).

Structural State

Bright-field (BF) images of all domains in
these monazites consistently show a typical
pattern, i.e., mottled diffraction contrasts due
to the presence of distorted volumes (Fig. 4B;
cf. Black et al., 1984; Seydoux-Guillaume et
al., 2002a). These lattice defects are produced
by self-irradiation due to the a-decay of U and
Th. An important observation is the lack of
significant difference in defect concentration
in the 500 Ma domains and the old cores of
both monazites. Note the presence of mottled
diffraction contrasts in quartz as well; these
are also due to lattice defects, which are prob-
ably caused by irradiation related to U and Th
decay in the monazite (Fig. 4D).

Nanometer-Sized Pb-Rich Domains

Many ~50-nm-sized domains were observed
in the core and the rim of monazite M26 (Fig.
3B) and in the core of monazite M13 (Fig.
4C). Figure 3D shows EDX mapping results
for Pb in M26. The lead is not homogeneously
distributed (Fig. 3D): the dark domains la-
beled 2 and 3 and one fluid inclusion (Fig. 3B)
are enriched in Pb (Fig. 3D). The EDX point
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Figure 3. Energy-dispersive X-ray (EDX) analysis of monazite M26. A: Backscattered-
electron (BSE) image. Foil FIB1 covers core and slightly darker rim. Numbers correspond
to electron microprobe (EMP) ages. B: Bright-field (BF) transmission electron micro-
scope (TEM) image of monazite core in FIB1 foil (see A). Note dark domains 2 and 3 and
two fluid inclusions. Dark domain X corresponds to contamination of foil with Ga ions
dispersed during focused ion beam (FIB) milling. Mottled diffraction contrasts are due
to distorted volumes in monazite lattice (cf. Fig. 4B). C: Overlay of analysis 1 of monazite
matrix and representative EDX analysis of dark domain in B is reported. As TEM foil has
fairly uniform thickness, analyzed volumes are same, allowing direct comparison of two
analyses. Compared to monazite matrix, dark domains are very enriched in Pb and, to
lesser extent, in Ca and Si. Cu and Ga are preparation artifacts. REE—rare earth ele-
ments. D: EDX map of PbM« for area shown in B. Domains 2 and 3 and one fluid inclu-
sion (arrow) are enriched in Pb (brighter in this image) compared to monazite matrix.

Schematic drawing of M13-FIB2 foil:

5 y a— 109’
Qz / L Overgrowth /
b . (500 Ma) /

i 2000 nm
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boundary \

Quartz

Figure 4. Transmission electron microscope (TEM) images of FIB2 foil, monazite M13.
A: Schematic drawing shows different zones and locations of details given in B-D.
B: Bright-field (BF) image of part of core region, showing mottled diffraction con-
trasts. C: BF image showing monazite, old core, with largely varying U-Th-Pb ages,
and young overgrowth, together with host mineral, quartz (Qz). Bright circles corre-
spond to holes in perforated carbon supporting TEM foil. Note small Pb-rich domains
in core (dark areas in rectangle; see enlargement on lower right). D: BF image of
boundary between quartz and monazite. Note presence of ~150-nm-wide amorphous
phase and mottled diffraction contrasts in quartz due to lattice defects.
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analysis (Fig. 3C) corroborates this observa-
tion: compared to the monazite matrix, the in-
clusions are considerably enriched in Pb and,
to a lesser extent, in Ca and Si. Because the
electron beam of the TEM covers both inclu-
sions and monazite matrix, the precise chem-
ical composition of the Pb-rich domains could
not be determined. The core of monazite M13
yields similar results. In contrast, Pb-rich do-
mains seem to be absent in the 500 Ma over-
growths (Fig. 4).

Phase Boundary Between Monazite and
Quartz

The FIB technique permits analysis of de-
fined, few-nanometers-small areas and inclu-
sions, which usually are destroyed during con-
ventional TEM preparation methods (ion
milling). This fundamental advantage helped to
study the phase boundary between monazite
and quartz in monazite M13 (TEM foil FIB2;
Figs. 2D, 4A, 4C, and 4D). At the micrometer
scale (Fig. 2C), this boundary looks very nar-
row and sharp. At the nanometer scale, how-
ever, the interface is ~150 nm wide. It consists
of an amorphous phase (Fig. 4D), which ac-
cording to EDX analysis, is composed of O,
Fe, and Si in approximately the same propor-
tions, and, to a lesser extent, Al.

DISCUSSION AND IMPLICATIONS
a-Decay Damages

Goncalves (2002) explained the range in
apparent ages by partial Pb loss from 2.5 Ga
monazites. Clearly, in such old monazites,
self-irradiation due to a-decay from U and Th
must have induced more defects than that in
the 500 Ma overgrowths, and Pb is probably
much more mobile in such a distorted lattice
than in a perfect one (Cherniak, 1993). In the
present case, however, zones with different
ages have a similar concentration of defects,
making enhanced Pb mobility due to different
structural states highly improbable.

Implication of the Presence of Pb-Rich
Inclusions

The occurrence of nanometer-sized Pb-rich
domains in monazites has strong implications
for EMP dating. The main advantage of EMP
dating is the high spatial resolution: at con-
ventional analytical conditions, the excited
volume is ~4 um?3, which is very small com-
pared to single-grain U-Pb ID-TIMS dating
(Montel et al., 1996; Paquette and Pin, 2001),
yet relatively large on the TEM scale. By us-
ing the EMP dating technique, it is not pos-
sible to exclude nanometer-sized Pb-rich do-
mains from the analysis. In chemical dating,
all Pb is considered to be of in situ radiogenic
origin; hence, inclusion of Pb-rich domains in
the analysis yields an older apparent age.

On the basis of these arguments, the inter-
pretation of Goncalves (2002)—that the cores
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of both M26 and M13 grain are partially reset
2.5 Ga monazites—is reconsidered. We now
assume that the 2.5 Ga monazites dissolved
and recrystallized at 790 Ma. All apparent
ages older than 790 Ma result from mixing of
the 790 Ma domains with Pb-rich domains,
which contain inherited radiogenic Pb from
the 2.5 Ga monazite. This surprising outcome
emphasizes that special care must be taken in
interpreting chemical zoning visible in BSE
images in terms of different monazite
generations.

The nature of the Pb-rich domains is not
understood. They could (1) be a pure Pb-Ca-
Si-O phase like margarosanite (Ca,PbSizOy),
(2) represent material that crystallized in fluid
inclusions (Fig. 3B), or (3) be a local domain
in the monazite structure, high in lead, like the
brabantite [PbTh(PO,),] experimentally syn-
thesized by Montel et al. (2002).

Goncalves (2002) documented some 2.5 Ga
monazites that survived the 790 Ma event as
inclusions in garnet. In the rock matrix, how-
ever, these old monazites were probably af-
fected by dissolution followed by precipitation
at 790 Ma, when cordierite + orthoamphibole
+ Dbiotite formed at the expense of garnet +
quartz. The newly formed 790 Ma monazite
incorporated radiogenic Pb, previously re-
leased during the dissolution of the 2.5 Ga
monazite. The EMP U-Th-Pb ages indicate a
heterogeneous distribution of this old radio-
genic lead. Generally, incorporation of Pb de-
pends on its distribution coefficient between
the different phases involved in the reaction.
For example, Pb would be concentrated in flu-
ids relative to monazite and in monazite rel-
ative to garnet or quartz. In hydrothermal ex-
periments, monazite releases or incorporates
Pb from a fluid depending on the relative
concentrations and the external conditions
(Seydoux-Guillaume et al., 2002b). Although
we cannot exclude incorporation of the old ra-
diogenic Pb in the form of brabantite into the
monazite structure, we prefer the interpreta-
tion that this Pb is concentrated in nanometer-
sized Pb-rich domains. Regardless of the pre-
cise location of the radiogenic Pb in the
monazite, the important implication for dating
is the fact that domains of unsupported Pb ex-
ist in monazite.

Role of the Fluid in Resetting Monazites
The boundary between monazite and its host
quartz is not a sharp contact between pure crys-
talline phases, but lined with an amorphous
phase (Fig. 4D), the exact nature of which is
unknown. We propose this phase to be an in-
dicator of fluid activity. It could be a low-
temperature phase (a clay mineral) or an am-
phibolite facies mineral, that later became
metamict by irradiation from adjacent mona-
zite. In the thin section shown in Figure 2,
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monazite M13 is included in quartz, but this
grain was not completely armored; over-
growths on the monazite record the 500 Ma
event (Fig. 2B). We emphasize that all these
young overgrowths are localized either at the
monazite-quartz interface or close to quartz in-
clusions (e.g., the 524 and 484 Ma domains in
Fig. 2B). We tentatively conclude that the event
that yielded these monazite overgrowths took
place ca. 500 Ma during late fluid circulation
under low amphibolite facies conditions (Gon-
calves, 2002). The boundary between monazite
and quartz acted as the channel for fluid cir-
culation. Our observations confirm the major
role of fluids in the resetting of monazites (Teu-
fel and Heinrich, 1997; Seydoux-Guillaume et
al., 2002a; Villa, 2002).

CONCLUSIONS

In U-Th-Pb dating of minerals from poly-
metamorphic terranes, the combined use of
different methods is extremely useful. Possi-
ble analytical techniques include single-grain
ID-TIMS and EMP U-Th-Pb dating of petro-
graphically and chemically characterized crys-
tals as well as TEM observations (Seydoux-
Guillaume et al., 2002a; Villa, 2002). The
behavior of U-Th-Pb systems in minerals dur-
ing metamorphism at the single-grain scale is
currently poorly understood. For example,
Romer and Roétzler (2003) provided an ex-
ample of a titanite that inherited the radiogenic
signature of its precursor mineral rutile. In
this, the TEM study of site-specific FIB foils
resulted in a new understanding of EMP ages
for monazites from a polymetamorphic ter-
rane: the range in apparent ages is not the con-
sequence of partial Pb loss, a process com-
monly used for interpretation, but instead is
due to the incorporation of various amounts of
radiogenic Pb during recrystallization of the
monazites. The development of more sophis-
ticated, more precise geochronologic tech-
niques requires a strong effort in the under-
standing of what really happens to the isotopic
systems in dated minerals.
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Abstract: In order to compare the irradiation-induced behaviour of monazite and ThSiO,, a large single crystal of monazite from
Norway (Arendal monazite) containing several ThSiO, inclusions was investigated. The estimated theoretical self-irradiation dose
received by monazite near those inclusions was approximately 3 x 10" a-decay/g. Transmission electron microscopy (TEM)
analyses were performed on both host and inclusion. The TEM samples were prepared by the focused ion beam (FIB) technique.
Monazite and ThSiO, were found to have very different textures, including the presence of an amorphous zone between them.
Crystalline monazite showed mottled diffraction contrast, which is characteristic of irradiation damage in this mineral. Observations
suggest that there is a maximum defect density in monazite which cannot be exceeded. It is unlikely that some natural monazite can
surpass this defect density. In contrast, ThS10, is completely amorphous and exhibits an unusual spherical, bubble-like texture. The
size of these spheres is in the range of 10 to 200 nm. It is proposed that ThSi0Q) is composed of aggregated spheres very similar to a
gel. The zone between these two phases was certainly amorphized due to irradiation induced by a-decay of Th and U. It could be a
preferential alteration zone and act as high-diffusive pathway for elements.
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Introduction

The study of radioactive minerals, such as monazite, zircon,
thorite, uraninite is of great interest for both U-Pb age dating
(see review in Speer, 1982, and Harrison et al., 2002) and
the problem of nuclear waste storage of high activity ele-
ments (see review in Ewing et al., 2000, and Ewing &
Wang, 2002). Because of their high actinide (U and Th) con-
tents, these minerals received intense self-irradiation doses
during their geological history. During an a-decay event, an
a-particle (helium nucleus) is ejected, while the remaining
nucleus (recoil nucleus) is recoiled in the opposite direction.
The a-particle is ejected to 10-40 um (Owen, 1988; Ewing
et al., 1995; Ewing et al., 2000; Nasdala et al., 2001b) and
dissipates most of its energy by ionisation along its path,
with limited elastic collisions occurring at the end of its tra-
jectory (Nasdala et al., 2001a). It produces isolated defects
made of several hundred atomic displacements. The recoil
nucleus travels through 10-20 nm according to the principle
of momentum conservation, and causes collision cascades
made of a few thousand atomic displacements (Gégen &
Wagner, 2000; Nasdala et al., 2001b). Collision cascade due
to recoil of nucleus, the main cause of amorphization of a
crystal lattice, are caused by a-recoil nuclei (e.g., Ewing et
al., 1995; Nasdala et al., 1996; Weber et al., 1998; Ewing et
al., 2000). Long-time integration of these atomic-scale in-
teractions produces macroscopic effects such as swelling

DOI: 10.1127/0935-1221/2007/0019-007

and bubble formation due to accumulation of helium
(Ewing et al., 2000).

In minerals relevant for U-Pb dating, radiation damage
may partially or totally destroy the crystal lattice, dramati-
cally changing their physical and chemical properties (e.g.,
Weber et al., 1998; Ewing et al., 2000; Geisler et al., 2005)
and modifying the kinetics of resetting. It was, for example,
suggested that Pb diffusion is enhanced in a metamict crys-
tal (Cherniak, 1993) because radiogenic Pb diffuses much
faster within “channels” that correspond to the percolating
interface between amorphous and crystalline domains (e.g.,
Geisler et al., 2002; Salje, 2000; Trachenko et al., 2000;
Geisler et al., 2003; 2004). Moreover, radiogenic Pb can be
leached more easily from a damaged lattice (Davis &
Krogh, 2000; Romer, 2003). Consequently, a damaged lat-
tice 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. Micro-nano-structural investigations are
therefore of fundamental importance to better understand
isotopic ages of minerals (Seydoux-Guillaume et al., 2003;
2004). Characterising the structural state of U- and Th-rich
phases is also essential when considering their potential use
in nuclear waste deposit strategies. Monazite-based ceram-
ics are currently studied as a crystalline waste form for im-
mobilization actinides (e.g., Meldrum et al., 1998; Poitras-
son et al., 1996; 2000; 2002; Read & Williams, 2001; Mon-
tel et al., 2002; Oelkers & Poitrasson, 2002). For these stud-
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ies, natural monazite provides data on long-term damage ac-
cumulation at low dose rates.

The monoclinic (P2,/n) light rare-earth orthophosphate
monazite (APO,: A=LREE, Th, U, Ca, Pb) contains high
concentrations of U and Th (up to 6 wt. % UO, and 20 wt. %
ThO,; e.g., Montel et al., 1996; Forster, 1998; Seydoux-Gu-
illaume et al., 2002a). Up to now, amorphous monazites
have never been found despite of the fact that they experi-
enced high radiation doses (Ewing, 1975), well above the
critical dose required for amorphization. In natural mona-
zite, clear evidence of radiation damage was limited to iso-
lated nm-sized domains within the crystal (Black et al.,
1984; Meldrum et al., 1998; Seydoux-Guillaume et al.,
2002b; 2003; 2004).

The two polymorphs of ThSiO,, thorite and huttonite,
have the zircon (I4,/amd) and monazite structure types, re-
spectively (Pabst & Hutton, 1951; Taylor & Ewing, 1978).
It seems that they have an opposite behaviour to irradiation.
Thorite has been found mostly in a metamict (i.e. amor-
phous) state (Pabst, 1952; Lumpkin & Chakoumakos, 1988;
Farges & Calas, 1991), whereas the rare huttonite has al-
ways been crystalline (Speer, 1982; Forster et al., 2000).
However, it is always difficult to be sure that amorphous
ThSi0, was previously thorite, since the only criterion to
distinguish thorite from the huttonite is the crystalline struc-

BSE images g

ke

ture. The aim of the study was to compare the behaviour of
monazite and ThSiO, inclusions to irradiation. Two kinds of
irradiation were considered: monazite and ThSiO, inclusion
self irradiation, and irradiation from one mineral to the other
(external irradiation). Nano-structural investigations of
minerals were performed by using TEM.

Sample description

A large (several centimetres) reddishbrown, dull and
opaque single crystal of monazite from Arendal, Norway
was used for this study. The sample comes from the collec-
tion of the “Muséum National d’Histoire Naturelle” in Par-
is. A piece of this crystal was prepared for microscopic stud-
ies (optical, scanning electron microscopy (SEM), and
TEM). Optical observations of thin sections showed that the
crystal is full of orange to red inclusions (iron oxides?).
Back scattered electron microscope (BSE) images and ener-
gy dispersive X-ray (EDX) analysis (Fig. 1) of the monazite
crystal showed its chemical heterogeneity. A part of the
crystal (Mnzl) is enriched in Th (BSE image brighter,
Fig. 1A) as compared to the rest of the crystal (Mnz2),
which is also full of cracks and contains many bright (Th)
and dark inclusions (Xe). Results from EDX analyses re-

zEkU

Fig. 1. Back-scattered electron (BSE) images of thorium silicate inclusions in a monazite sample. (A) Part of the monazite sample showing its
chemical heterogeneity: Mnz, (dark grey) is depleted in Th compare to Mnz, (bright grey), and full of cracks, bright (Th) and dark inclusions
(Xe). (B) Image of the large ThSiO, inclusion studied here. (C) Enlargement of area within the thorium silicate inclusion. (D) BSE image of
two FIB-milled trenches with the TEM-foil removed. Foils were milled perpendicular to image plane along the trace marked by crosses. The
size of the foil covers both monazite (Mnz,) and ThSiO, (Th). Foil dimensions are ~18 um x 8 um x 130 nm. (Xe) is for xenotime.
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vealed that (Xe) corresponds to the YPO, xenotime and (Th)
to a thorium silicate, probably thorite or huttonite. Many ra-
diating fractures are visible around ThSiO, inclusions
(Fig. 1B and Fig. 4A). Electron microprobe analysis (EP-
MA) showed that the monazite crystal (Mnz, + Mnz,) is het-
erogeneous in composition (Table 1), with a ThO, range of
3-13 wt. %, of 1200-6000 ppm PbO, and 400-7500 ppm
UO,. The estimated U-Th-Pb age (for method see Montel et
al., 1996) is ~930 +/- 17 Ma. As we do not know the exact
location of our monazite sample, it was not possible to pro-
vide an independent age date for the host rock. However, the
U-Th-Pb estimated age given by our monazite is in agree-
ment with ID-TIMS ages — in the range of 920-1200 Ma —
from this region (Bingen et al., 2005). This results in an esti-
mated theoretical self-irradiation dose received by monazite
to be in the range of 2 to 18 x 10! a-decay/g (after Nasdala
et al., 2001b). Close to the ThSiO, inclusions, monazite
(Mnz,) is systematically depleted in Th (Table 1, Fig. 1A).
From the composition (Table 1) and the corresponding U-
Th-Pb age of ~930 Ma, theoretical self-irradiation doses re-
ceived by monazite near ThSiO, inclusions was estimated to
be ~3.3 x 10'° a-decay/g. This value is quite high and simi-
lar to those calculated for previously studied monazites
from “Moacir” and “Madagascar” samples (Seydoux-Guil-
laume et al., 2002b; 2004).

Thorium silicate inclusions are very unstable under the
electron beam. The BSE image on Fig. 1C shows an unusual
mottled-texture mineral. The bright area left from the FIB-
cut trench is damaged region generated by the electron beam
after microprobe analysis under 15 kV and 20 nA. This is
probably due to the presence of water inside ThSiO, (Farges
& Calas, 1991; Lumpkin & Chakoumakos, 1988). From the
composition (Table 1) and the same U-Th-Pb age as the co-
genetic Th-depleted monazite (930 Ma), theoretical self-ir-
radiation doses received by ThSiO, inclusion was estimated
to be ~5 x 10?° a-decay/g. This mineral accumulates a con-
siderable dose, about 15 times higher than the high dose ac-
cumulated in monazite.

The aim of the study is to compare the behaviour of mon-
azite and ThSi10O, inclusions with respect to natural irradia-
tion. An article in preparation will explain in detail the mode
of formation of these ThSiO, inclusions within monazite.
The present paper will not deal with the chemical relation-
ship between the monazite and ThSiO, inclusions.

Analytical methods
Focused-Ion-Beam (FIB) Technique

Because the aim of the study was to investigate the nano-
structure of the monazite, the thorium silicate inclusions,
and the contact-zone between these two phases, a site-spe-
cific preparation method for TEM analysis was needed.
This method is called Focused Ion Beam and creates TEM
foils, ~15-20 ym by 10-15 ym, and ~100 nm thick (for
technical details, see, Overwijk et al., 1993; Young, 1997,
Roberts et al., 2001; Seydoux-Guillaume et al., 2003;
Wirth, 2004). Milling occurs using gallium ions accelerated
to 30 keV. The TEM foil is cut perpendicular to the surface

Table 1. Electron microprobe analyses of monazite 1 (mean of 10
analyses), monazite 2 (8 analyses) and ThSiO, inclusion (5 analy-
ses). See Fig. 1A for analysis location.

wt. % Monazite 1 Monazite 2 ThSiO,
Sio, 2.05 0.43 16.45
P,0O; 26.65 29.06 0.46
CaO 0.91 0.84 2.00
Y0, 2.23 0.20 0.42
La,0O, 11.14 12.57 0.00
Ce,04 25.53 30.00 0.01
Pr,04 3.09 3.61 0.11
Nd,04 10.63 13.80 0.12
Sm,0; 2.05 2.86 0.04
Gd,0, 1.54 1.82 0.10
Dy,0, 0.69 0.25 0.28
ThO, 11.97 4.00 62.99
uo, 0.67 0.10 7.12
PbO 0.56 0.18 0.10
Total 99.71 99.72 90.20

of the sample (Fig. 1D), which provides information with
respect to the depth of the specimen. Artefacts from FIB
preparation, like redeposition of sputtered material and gal-
lium onto the foil surface (see EDX spectra, Fig. 3) are de-
scribed in Wirth (2004). The specimens were prepared with
the FEI FIB200 instrument at the GeoForschungsZentrum
(GFZ)-Potsdam.

Transmission Electron Microscope (TEM)

The TEM studies were carried out with the Philips CM200
TEM at the GFZ-Potsdam, operating at 200 keV, and the
Philips CM30 TEM of the University of Lille (USTL), oper-
ating at 300 kV. Both microscopes were equipped with an
energy-dispersive X-ray analyzer (EDX) with ultra-thin
windows, and LaB filaments as electron sources.

Fourier Transformed Infra-Red spectroscopy (FTIR)

We used a Fourier transform spectrometer with an attached
microscope (Nicolet 5700 and Continupum microscope from
Thermo electron). Both spectrometer and microscope were
purged with dry air during analyses to minimize atmospheric
contamination. An MCT detector cooled by liquid nitrogen
was used to collect 256 scans at a resolution of 8 cm™! between
4000 and 650 cm™! from an un-polarized infrared beam with a
spot size of 20 x 20 um?. The FTIR observations were done on
another piece of Arendal monazite cut to a ~30 um thickness
and doubly polished. Analyses were done on the large ThSiO,
inclusion in monazite visible in Fig. 4A. The IR profile
(Fig. 4B) was done at a spacing of 20 um.

Results

The TEM sample was cut both from the monazite and from
the thorium silicate inclusion as shown in the SEM images
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TEM BF i image

Monazite

TEM- BF image in monazr[e

ik it

100 nm

e,,xa'"

TEM BF image in ThS|O4

Fig. 2. TEM-bright field (TEM-BF) images of TEM- foil dlsplayed in Fig. 1D. (A) Image of the three domains observed within the sample. (1)
ThSiO, inclusion, (2) amorphous grain boundary layer and (3) monazite “matrix”. (B) Image from inside ThSiO, inclusion with corresponding
diffraction pattern (inset). Note the bubble-like texture of ThSiO, and its diffraction pattern displaying an amorphous structure. (C) Image from
inside monazite close to ThSiO, inclusion with corresponding diffraction pattern (inset). Note the typical mottled contrast for this mineral and the
diffraction pattern suggesting it is crystalline. (D) EDX profile (from a to b) across a large sphere showing clear enrichment in gallium (dark rim).
Note correlation from Th and Si along profile showing thin thickness variation within the sample. BF image on the top shows localization of the
profile and intense beam damage (holes + contamination) of the sample after the traverse. (conditions: 300 kV TEM, 10 s/point, 20 points)

in Fig. 1. The foil was milled perpendicular to the image
plane along the trace marked by the two crosses and is
~18 um long, 8 um high and 130 nm thick. There is actually
no direct contact between monazite (3) and thorium silicate
(1) (Fig. 2A). A ~400 nm wide zone (2) is visible on the
TEM bright field (BF) image. The EDX analyses (Fig. 3)
performed in domains (1) and (3) are in agreement with
electron microprobe analysis. The zone intermediate area
(2) is enriched in Th, Fe and Si together with some P and Pb.
Electron diffraction patterns from this interface demonstrate
that it is amorphous. The TEM-BF images from monazite

and thorium silicate (Figs. 2B and C) reveal very different
microtextures. Monazite shows mottled diffraction contrast,
which is characteristic for this mineral (Black et al., 1984;
Seydoux-Guillaume et al., 2002b; 2003; 2004). They are the
result of a mosaic structure of the crystal, i.e., a lattice com-
prising many smaller domains that have slightly different
orientations. The dark areas represent domains oriented
close to a zone axis, and the bright ones are regions that are
not diffracting. However, the lattice distortions seem to be
too limited to be visible on the selected area diffraction
(SAD) patterns — no arcing or defocusing of the reflections
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Fig. 3. TEM-Energy dispersive X-Ray (EDX) spectra acquired from
the different domains (1, 2 and 3) of TEM-foil. Numbers are the same
as in Fig. 2A and correspond to the location of each point analysis. Cu
intensity is due to secondary fluorescence from the copper grid and Ga
intensities are caused by implanted or redeposited gallium.

2.00 4.00 6.00

were observed (Fig. 2C inset). The thorium silicate shows
an unusual sphere-like texture; it is basically an agglomera-
tion of spheres 10 to 200 nm in diameter. The rim of these
spheres appears darker due to redeposition of gallium ions
from FIB milling thus causing stronger mass absorption
contrast (Fig. 2D). Another tremendous difference between
these two phases is displayed in their electron diffraction
patterns (inset in Fig. 2B and C). While monazite is still
crystalline, the thorium silicate is totally amorphous. A dif-
fraction pattern of the latter shows two diffuse scattering
rings, the most intense at ~ 3.1 A, which is characteristic for
a metamict structure (Lumpkin & Chakoumakos, 1988). It
is not possible to confirm that amorphous ThSiO, was tho-
rite, since the original structure is gone. Because it is impos-

sible to discriminate between thorite and huttonite, we will
simply refer to them as ThSiO, inclusions.

The FTIR data clearly demonstrates presence of molecu-
lar water within the ThSiO, inclusions. The H-O-H bending
mode of molecular water is systematically present at
1645 cm™! and the spectra are fully saturated in the region of
O-H stretching modes (3600-2900 cm™'; Fig. 4B). The
spectra are very similar to those found by Lumpkin & Cha-
koumakos (1988) for thorite from the Harding pegmatite.

Discussion

First we want to emphasize that the structural state of this
monazite (fully crystallized) is approximately the same as
the Moacir monazite previously studied by Seydoux-Guil-
laume et al. (2002b; 2004). Defect concentrations in the
Arendal monazite lattice, very close to what is observed in
the Moacir study, remain much reduced. A comparison be-
tween many monazites studied using TEM (Black et al.,
1984; Meldrum et al., 1998; Seydoux-Guillaume et al.,
2002b; 2003; 2004), in terms of defect concentrations, are
similar to the current study. Irradiation damage is limited
and mottled textures visible in bright field images are very
similar. From this, it seems that there is a maximum defect
density in natural monazite which cannot be exceeded. It is
unlikely to find some natural monazite surpassing this de-
fect density. This makes it difficult to set up a classification
scheme of self-irradiation-induced defect concentrations in
monazite (Seydoux-Guillaume et al., 2004).

Monazite and ThSiO,react completely different to irradi-
ation damage. As mentioned above, monazite is always
found in the crystalline state (Ewing, 1975; Black et al.,
1984; Meldrum et al., 1998; Seydoux-Guillaume et al.,
2002b; 2003; 2004). However, based on the irradiation
dose, monazite is expected to show much more irradiation
defects than observed or to be amorphous. By comparison,
other minerals like zircon, pyrochlore, zirconolite were
amorphous over 1 x 10" a-decay/g (see review in Ewing et
al., 2000). Furthermore, the results of irradiation studies
carried out on silicates and phosphates with monazite or tho-
rite structures showed that at room temperature, the amor-
phisation dose is similar for all the investigated structures. It
shows that monazite is not specifically resistant to radiation
damages. The main difference is the critical temperature
(temperature above which amorphization cannot be in-
duced). For monazite this temperature is in the range of 60
to 150°C, but is above 650°C for huttonite and above 700°C
for thorite (Meldrum et al. 1999, 2000). Therefore, mona-
zite is able to restore its structure at low temperature, al-
though it is not specifically resistant to radiation damage.
Another reason that explains the different behaviour of
monazite and ThSiO, is the difference in bonding energy be-
tween P-O and Si-O (~200 kJ/mol) (Lumpkin & Chakoum-
akos, 1988). The energy barrier to recrystallization in a
phosphate is much lower than in a silicate (ThSiO,). Never-
theless, in this study, where monazite is in contact with the
very radioactive ThSiO, (the dose received by ThSiO, is ~
15 times higher than for monazite), monazite is still crystal-
line. There is no observable difference in terms of defect
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concentration of monazite close to ThSiO, or far away from
ThSi0O,. Although monazite receives irradiation both inter-
nally due to its own U and Th content, and externally due to
the ThSiO, irradiation, monazite is always in the crystalline
state. This confirms our assumption of a maximum accumu-
lation of irradiation damages in monazite, presumably due
to its rapid healing capability of irradiation damages (Sey-
doux-Guillaume et al., 2004).

In contrast to monazite, ThSiO, is totally amorphous with
an unusual spherical nanotexture (Fig. 2B). We propose two
hypotheses to explain such a texture. Because helium is a
product of the Th and U disintegration, it is suggested that
ThSi0, is composed of an amorphous matrix with He-bub-
bles inclusions. Due to the very high amount of helium pro-
duced during a-decay of U and Th in ThSiO,, and due to the
amorphous state of this phase, helium is not incorporated in
the ThSiO, phase but is segregated into bubbles. In the case
of monazite, helium seems to be accommodated in the lat-
tice (Seydoux-Guillaume et al., 2002b; 2004) as interstitial
atoms. Additionally, this bubble-like texture could also ex-
plain the instability of ThSiO, under the electron beam dur-
ing EPMA analysis (Fig. 1C). The observed ThSiO, spheri-
cal-nanotexture is very unusual and was never observed in
minerals before. The most similar textures within minerals
we found in the literature were those observed in amorphous
Nb-Ta-Ti oxides minerals like euxenite (Headley et al.,
1981) and in CaZrTi,O; zirconolite (Ewing & Headley,
1983). The authors described their TEM observations as
spherical microvoids and proposed that these voids were
generated by helium accumulation caused by the internal a-
decay. Except for the experimental work on helium-irradiat-
ed minerals (Johnson et al., 2000; Carrez et al., 2002a; b),
there is no evidence that these spherical textures or micro-
voids contain helium. In the same way, little is known about
the behaviour of helium in such minerals in terms of helium
solubility, diffusion or its effect on mineral physical proper-
ties (Weber et al., 1998). Nevertheless, such data are of great
importance for the study of ceramics used for the immobili-
zation of nuclear waste. A closer look at the texture suggests
the observed ThSiO,-texture is more like an aggregate of
spheres than an assemblage of bubbles, as shown in the
TEM BF image in Fig. 2B. In the TEM images, neither
holes nor voids, similar to those observed by Headley et al.
(1981) or Carrez et al. (2002b) were found. The ThSiO,-tex-
ture does not show any space between the supposed bubbles
and the entire inclusion is composed of aggregated spheres.
We do not observe a disappearance of these “bubbles” by
electron irradiation during TEM analysis as observed by
Carrez et al. (2002b). Finally, because of the presence of
cracks and due to the amorphous structure of ThSiO,, it is
improbable that helium accumulates within the ThSiO, in-
clusion but diffuses out of this phase and out of the sample.
In the same way, Pb is not completely accumulated in the
ThSiO, phase, giving a U-Th-Pb age younger (~30 Ma) than
the 930 Ma expected. Therefore, we proposed another hy-
pothesis, which assumes this texture to be a gel, i.e. amor-
phous, highly porous, aggregated spheres, and hydrated
form of ThSi0,. The presence of molecular water anticipat-
ed by the low totals of ThSi0O, EPMA analyses (see also Far-
ges & Calas, 1991 and Lumpkin & Chakoumakos, 1988) is

definitely confirmed by FTIR analyses (Fig. 4B). Water can
also explain the instability of ThSiO, under the electron
beam during EPMA analysis (Fig. 1C), and the abundance
of iron oxides observed in the sample at the boundaries be-
tween monazite and ThSiO, (Fig. 3) and filling cracks. The
presence of cracks around the ThSiO,inclusions (Fig. 1A, B
and 4A) could be due to volume expansion of the inclusions
during amorphization. Large volume changes are usually
associated with amorphization and are responsible for
swelling and formation of cracks (e.g. for zircon; Holland &
Gottfried, 1955; Murakami et al., 1991). It is known, for ex-
ample for zircon (an orthosilicate with the same structure as
thorite) that radiation damage can induce volume expan-
sions of 16—-18% (Weber et al., 1998). Cracking induces
free circulation of water into the ThSiO,. The ThSiO, gel
probably stays amorphous because the ambient tempera-
tures were too low to promote healing (see the discussion
above about critical temperature) and/or from the constant
irradiation from Th and U decay. Finally, if there is a free cir-
culation of water, it could be possible to dissolve helium and
transport it out of the structure.

The 400 nm amorphous zone between monazite and
ThSi0, has approximately the same composition as the tho-
rium silicate inclusion, except with more P and Fe and less
U and Si. A similar amorphous layer, 100 nm wide, was also
observed between monazite and quartz from ultrahigh tem-
perature granulites of North-Central Madagascar (Seydoux-
Guillaume et al., 2003). It is suggested that this layer formed
due to irradiation originating from monazite and ThSiO,. Ir-
radiation (via a-recoil nuclei) could initiate lattice destruc-
tion at grain boundaries (destruction on ~20 nm), and after
that, alteration could be intensified by fluids to form this
400 nm amorphous zone. This zone concentrated only some
elements, e.g. Th, Si, and Pb coming from damage of
ThSi0, and P from monazite (Fig. 3). The fact that the zone
is depleted in REE, Ca and U, which are other constituents
of monazite and thorium silicate (Fig. 3), suggests that these
elements were removed and transported by fluids; Fe could
also be transported by fluids. This layer must be a preferen-
tial alteration zone and acts as high-diffusive pathway, like
what is known for zircon (Geisler et al., 2002; 2003; 2004).
A detailed study of the process responsible for the formation
of ThSiO, inclusions and this amorphous zone will be sub-
ject of another paper in preparation.

Conclusions

The TEM study of Arendal monazite revealed a different re-
sponse to irradiation for monazite and ThSiO,. Monazite re-
mains crystalline exhibiting the same mottled diffraction con-
trast as those previously observed and described in a large va-
riety of monazites. This confirms our presumption of a maxi-
mum accumulation of irradiation damages in monazite, due to
the rapid healing capability of irradiation damages. Thorium
silicate is entirely amorphous and an unusual aggregation of
spheres, similar to a ThSiO,-(hydrated)-gel structure is re-
vealed. The phase boundary between these two phases was
certainly altered by irradiation induced by o-decay of both
minerals. Irradiation affects the lattice of minerals by knock-
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on damage and consequently favors amorphization. Such an
unstable structure facilitates dissolution; this phase bound-
ary constitutes a preferential alteration zone and high-diffu-
sive pathway for elements and fluids.

In addition, some aspects revealed by this study need fur-
ther investigation. Experimental work on helium irradiation
in monazite and ThSiO, is also missing if we want to under-
stand the behaviour of helium in such minerals. Is it accu-
mulated or accommodated in these minerals? What are the
modifications on mineral properties induced by helium?
Yet, such data are of great importance both for the study of
ceramics used for immobilization of nuclear waste and for
geochronological and petrological interpretations.
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Combining observation and simulation, radiohalos formed around uranothorianite (UTh) from the
Tranomaro granulitic skarns (SE-Madagascar) were studied. These structures consist of UTh grains
surrounded by both aluminous diopside (Cpx) and calcite (Ccq) crystals. Optical microscope and Scanning
Electron Microscope (SEM) images revealed (1) the presence of radiating cracks around the UTh probably due
to swelling of the metamict UTh, (2) a diffuse optical halo at the Cc;/UTh interface, and (3) a wide “reaction
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Diopside investigated by Transmission Electron Microscope (TEM). In contrast to SEM observations, there is no direct
FIB/TEM contact between Cc; and UTh. From Cc; to UTh, we found: (1) a large (~200-300 nm) amorphous zone (A),
Alteration enriched in U, Th and Ca, but without Si; (2) a chain (B) of very small (~20 nm) ThO, crystals; (3) another

amorphous zone (C), which, in contrast to zone A is enriched in Si; and (4) another zone (D) made of small
amorphous Si-rich “bubbles”. The organization is similar for the UTh-Cc, interface. The presence of hydrous
minerals (smectite) and carbonate (calcite) in reaction zone and in cracks, the presence of Pb-rich inclusions
in secondary calcite, the abundance of fluid inclusions in the porous layer in calcite, the dissociation of U and
Th in the calcite-uranothorianite layer, and the ThO, chains along interfaces, are strong indications that low-
temperature crystallization was promoted by a fluid phase. SRIM simulation was used to calculate the effect
of a and recoil particles of the three decay chains, in Cpx, Cc and UTh. The thickness of the damaged area
calculated for o in Cpx and Cc are similar to the widths of the recrystallized areas observed in thin section
(~30 um). Corrected with the “wandering recoil effect”, the size of the damaged area calculated for recoil
nuclei in Cc (~50-60 nm) is ~multiplied by 3 and is in rather good agreement with the thickness of the totally
amorphous layer at the Cc-UTh interface (~200 nm). Finally, it is emphasized that radiohalos are a point of
chemical and physical weakness in a rock and probably a starting point for alteration.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

During geological time, U- and Th-rich minerals accumulate
radiation damage, mainly from o decay. Such damage destroys to a
variable extent the host crystal network, leading to an amorphous
structure, called metamict state (summary in Ewing, 1994). Damage is
caused by three types of particles. First, o particles, which are
energetic (4-8 MeV), penetrative, (10-20 pm), but not very destructive
(about 100 displacement/particle); second, recoil nuclei (daughter
nuclei), which are less energetic (100-400 keV), less penetrative (20-
50 nm), but more destructive (800-2000 displacement/particle);
finally, fission nuclei, which are very energetic (150-200 MeV), very
destructive (fission tracks are 10-20 pm long and 5-10 nm diameter,
and made of several ten thousands displacements), but very rare
(0.0005% of 228U decays). Submitted to natural radiation damages, i.e.
accumulated over a long time, minerals react differently: many

* Corresponding author. Tel.: +33 5 6133 25 97.
E-mail address: seydoux@Imtg.obs-mip.fr (A.-M. Seydoux-Guillaume).

0009-2541/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemge0.2008.04.013

minerals, like zircon (review in Ewing et al., 2003) or allanite (Headley
et al,, 1981; Janeczek and Eby, 1993), become amorphous (metamict),
whereas some remain crystalline such as monazite (Meldrum et al,
1998; Ewing and Wang, 2002; Seydoux-Guillaume et al., 2002; 2004;
reviews in Ewing et al., 2003) or apatite (Linberg and Ingram, 1964;
review in Ewing and Wang, 2002).

Radiation damage in radioactive minerals has been studied in the
geosciences for two main reasons. First, U-Th-rich minerals are used for
U-Th-Pb dating, and it is essential to understand the effects of radiation
damages on lead retentivity (Lumpkin et al., 1986a; Davis and Krogh,
2000; Romer, 2003). Second, the effect of long-term accumulation of
radiation damage is a key parameter for assessing the durability of
ceramics that could be used as nuclear-waste forms (Ewing, 1975;
Ewing et al., 1988; Ewing et al., 1995; Weber et al., 1998).

Four strategies are used to study radioactive damage in minerals (see
review in Ewing et al,, 2000): (1) external irradiation by ion beams (e.g.
Wang and Ewing, 1992; Meldrum et al., 1998); (2) atomistic simulations
(e.g. Crocombette and Ghaleb, 2001; Trachenko et al, 2001); (3)
synthesis of doped-crystal with short-lived isotopes (e.g. Begg et al.,
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Fig. 1. Optical microscope images showing 3 uranothorianite (UTh) grains included in diopside (Cpx) + calcite (Cc) under crossed polar light. Note the associated structures due to
irradiation from o decay of U and Th: (1) cracks, visible only in diopside, radiating from uranothorianite; (2) a diffuse optical halo at calcite-uranothorianite interface; and (3) a wide

(~20-30 um) “reaction zone” along diopside-uranothorianite interface.

2000; Burakov et al, 2002); (4) study of old naturally radioactive
minerals in various geological contexts by using various analytical
methods like IR (Zhang and Salje, 2001), EXAFS (Farges and Calas, 1991;
Harfouche et al., 2005), Raman (Nasdala et al., 1995), RMN (Farnan et al.,
2003), RPE (Balan et al., 2005), and TEM (Black et al,, 1984; Lumpkin
et al.,, 1986a; Murakami et al., 1991; Weber et al., 1994). The most studied
minerals are those that are either used for U-Th-Pb geochronology or
expected to be good candidate for nuclear-waste storage, and many
papers have been published on zircon (review in Ewing et al., 2003),
monazite (review in Ewing and Wang, 2002; Seydoux-Guillaume et al.,
2004), titanite (Vance and Metson, 1985; Hawthorne et al., 1991;
Lumpkin et al,, 1991; Farges, 1997, Zhang et al., 2002), pyrochlore and
zirconolite (Lumpkin et al., 1986b; Lumpkin and Ewing, 1988; Farges et
al., 1993; Farges, 1997), apatite (Ouchani et al. 1997), and thorite-group
(Lumpkin and Chakoumakos, 1988; Farges and Calas, 1991).

However, radioactive minerals not only irradiate themselves, but also
the surrounding non-radioactive minerals. This produces concentric
structures called “pleochroic halos” or “radiohalos”, very familiar to
petrologists, who use them to identify radioactive minerals in
metamorphic or plutonic rocks. In contrast to the numerous studies
dealing with radiation effects in radioactive minerals themselves, the
effect of radiation damages in host minerals are rare. The first time that
such halo around mineral inclusions was interpreted as being due to the
radioactivity of these inclusions was 100 years ago (Miigge, 1907; Joly,
1907). After that, studies on radiohalos were published between the
seventies and the nineties (e.g. Gentry, 1973, 1974; Owen, 1988; Odom
and Rink, 1989; Meunier et al., 1990). Recently, only two papers deal with
radiohalos: in biotite (Nasdala et al., 2001) and in chlorite and cordierite

(Nasdala et al., 2006). These latter studies demonstrated that radiohalos
are created by o particles and correspond only to modification of optical
characteristics of the host mineral, the various energies of the o particles
explaining the difference in size of the halos. Furthermore, those authors
found intensive damage (i.e. amorphous domains visible via TEM) only
in cordierite up to a few tens of nanometers away from radioactive
inclusions. They interpreted these damaged zones to recoil nuclei. Such
amorphous zones at the vicinity of a radioactive mineral has already
been observed by using Focused lon Beam-Transmission Electron
Microcopy (FIB-TEM) across monazite-quartz boundaries by Seydoux-
Guillaume et al. (2003); in this case, the zone was ~150 nm wide.

However, other consequences of radiation damage have not been
evaluated. In rocks, poorly crystallized areas, such as the metamict grains but
also the damaged zone around them, are actually zones, which can be used
by geological fluids to initiate alteration. Another important effect is swelling
produced by radiation damage, which can induce cracks around the
enclosing minerals, forming pathways for fluids to penetrate into the rock.

The aim of this study is to investigate, by various electron microscopy
techniques, the effect of irradiation in a radioactive mineral (uranothor-
ianite) and in the surrounding minerals (calcite and diopside). The
geological consequences of radioactive damage for the non-radioactive
host minerals and for the whole-rock itself will be discussed.

2. Sample description
The studied sample (SB540) is a diopside-bearing marble within

skarns from the Tranomaro area (Andranomitrohy open pit at 46°33.15" E,
24°19.97’ S) in South-East Madagascar, metamorphosed under granulitic

Table 1
Compositions (in wt.%) of uranothorianite (UTh), diopside (Cpx), calcite (Cc) and sheet silicate (¢) from Fig. 2A obtained by EMP.
# (Fig. 2A) Uranothorianite (UTh) Sheet silicate (¢) Diopside (Cpx) Calcite (Cc)
1 2 12 13 14 3 4 5 6 7 8 9 10 1
Na,0 0.00 0.00 0.08 0.00 0.00 0.07 0.00 0.00 0.00 0.12 0.22 0.21 0.29 0.00
MgO 0.00 0.00 0.00 0.01 0.00 10.56 14.02 15.50 13.75 13.79 13.72 14.05 13.99 0.66
Al,04 0.00 0.00 0.00 0.00 0.00 19.05 18.42 18.75 19.06 8.22 8.19 8.38 8.35 0.00
Si0, 0.00 0.39 0.00 0.01 0.00 43.58 39.52 33.68 43.81 48.73 48.70 49.27 48.67 0.04
K,0 0.10 0.03 0.05 0.04 0.11 0.21 0.10 0.03 0.20 0.00 0.02 0.00 0.00 0.00
Ca0 0.19 0.25 0.16 0.11 0.16 2.26 1.87 1.94 234 25.03 25.38 25.00 25.07 55.95
TiO, 0.00 0.00 0.00 0.00 0.00 0.25 0.18 0.09 0.24 0.74 0.72 0.83 0.68 0.00
Cry05 0.04 0.00 0.07 0.00 0.01 0.00 0.04 0.02 0.00 0.00 0.00 0.00 0.02 0.02
MnO 0.00 0.07 0.07 0.05 0.02 0.13 0.01 0.23 0.10 0.11 0.05 0.00 0.04 0.02
FeO 0.12 0.00 0.00 0.01 0.01 6.28 7.55 14.45 725 2.36 2.26 223 2.50 0.19
PbO 3.77 3.74 410 433 3.92 0.06 0.17 0.14 0.00 0.25 0.00 0.00 0.05 0.18
ThO, 66.37 64.80 66.33 66.12 66.99 0.04 0.68 0.10 0.00 0.03 0.00 0.06 0.08 0.00
uo, 29.24 28.50 30.27 29.76 28.92 0.10 0.00 0.00 0.00 0.00 0.06 0.00 0.01 0.00
Total 99.83 97.78 101.14 100.44 100.15 82.57 82.56 84.93 86.75 99.38 99.31 100.03 99.75 57.06

EMP operating at 15 kV, 20 nA. Standards are: albite (NaKat), periclase (MgKo), corundum (AlKa), wollastonite (Si and CaKat), sanidine (KKot), perovskite (Ti and MnKa), Cr,03
(CrKav), hematite (FeKat), synthetic Pb-glass (PbMp), synthetic ThO,-ceramic (ThMa) and synthetic UO,-ceramic (UMP).
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conditions (4-5 kbar, 800-850 °C; Rakotondrazafy, 1995; Rakotondrazafy
et al,, 1996) during the Pan-African orogeny (565-580 Ma, Paquette et al.,
1994). In this region, at the western border of the Anosyan Belt,
uranothorianite mineralization is common (Moine et al., 1985; Boulvais
et al,, 1998; Ramambazafy, 1998; Ramambazafy et al., 1998; Boulvais et al.,
2000). They occur in skarns formed by metasomatic alteration of calcitic
marbles (Moine et al., 1985). Fluid inclusions study shows that fluids are
COy-rich (Xc02>0.8) and in equilibrium with mineral assemblages
(Ramambazafy et al., 1998). The hydrothermal/metasomatic mobility
of Th can be explained by transport in F-rich fluids as shown by the

widespread occurrence of fluor-phlogopite and fluor-pargasite (Moine et
al., 1998; Ramambazafy, 1998).

Minerals are essentially aluminous diopside (Cpx) and calcite (Cc;)
sometimes containing uranothorianite inclusions; but spinel, pargasite,
plagioclase, phlogopite and zirconolite may also be present. Optical
microscope pictures (Fig. 1) show examples of 3 uranothorianite grains
included in diopside + calcite. The uranothorianite grains are system-
atically associated with structures suggesting that radioactivity sig-
nificantly modified the host non-radioactive minerals. These include: (1)
cracks, visible only in diopside, radiating from uranothorianite; (2) a

=

Fig. 2. Scanning Electron Microscope (SEM) images in Secondary Electron (SE) mode from UTh + Cc; + Cpx shown in Fig. 1 (left one). A. Note the associated structures due to irradiation from
adecay of U and Th: (1) cracks, visible only in diopside, radiating from uranothorianite; (2) a diffuse optical halo at calcite-uranothorianite interface; and (3) a wide (~20-30 um) “reaction
zone” along the diopside-uranothorianite interface. Within this reaction zone, 2 other phases were observed: a secondary calcite (Cc,) and a clay mineral (¢). 7 FIB holes and Electron
Microprobe analyses (see numbers) were also done. B. FIB hole across UTh-Cc; boundary (# 750). Note the porosity within Cc; and possible remnant of cracks (see arrow). C. Enlargement
within the “reaction zone” showing mixture of a secondary calcite (Cc,) and a low-T clay mineral (¢), and FIB holes done across UTh-¢ (# 752) and ¢-Cpx (# 753) boundaries. D. Enlargement
within the “reaction zone” showing fractures within diopside, with some extended into the reaction zone (arrow), and FIB hole cut across one crack (# 1092). E. Enlargement within the

“reaction zone” showing high porosity within Cc,.
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diffuse optical halo at the calcite-uranothorianite interface; and (3), a
wide (~20-30 um) “reaction zone” along the diopside-uranothorianite
interface. Only diopside in contact with uranothorianite show these
corona; other diopside crystals are pristine indicating these features are
due to irradiation coming from o decay of U and Th.

3. Analytical methods
3.1. Scanning Electron Microscope (SEM) and Electron Microprobe (EMP)

SEM images and EDX mapping were performed using the JEOL 6360
equipped with a Sahara detector from PGT at the LMTG-Toulouse.

BSE image [

Cpx

Quantitative EMP analyses were obtained using the Cameca SX50 at
the LMTG-Toulouse operating at 15 kV and 20 nA (Table 1).

3.2. Transmission Electron Microscope (TEM) coupled with Focused lon
Beam (FIB) technique

Since the aim of this study is to investigate the interfaces between
grains in thin section, a site-specific preparation method for TEM
analysis is needed. This method is called Focused lon Beam (FIB) and
allows cutting site-specific TEM foils, ~15-20 um by 10-15 pm, and
~100 nm thick (for technical details, see, Overwijk et al., 1993; Young,
1997; Roberts et al, 2001 and Wirth, 2004). TEM samples were milled

Fig. 3. SEM chemical maps of PbMa, SiKot, ThLar, AlKe, CaKor, MgKo and FeKor of the zone observed in the Back Scattered Electron (BSE) image on the left. Acquisition time was
12.4 sec/image for a total of 140 images and a size of maps of 256 x 192 x 16 bits. Note of the high quantity of PbS inclusions within UTh.
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by using gallium ions accelerated to 30 keV. The TEM foil is cut
perpendicular to the surface of the sample (Fig. 2), providing
information with respect to the depth of the specimen. The site-
specific specimens were prepared with the FEI FIB200 instrument at
the GeoForschungsZentrum (GFZ)-Potsdam.

TEM studies were carried out with the Philips CM200 TEM,
operating at 200 keV, equipped with an energy-dispersive X-ray
analyzer (EDX) with an ultra-thin window, and a LaBg filament as
electron source, and the FEI Tecnai™G? F20 X-Twin, operating at
200 kV, equipped with a FEG electron source, a high angle annular dark
field (HAADF) detector, and an EDAX energy-dispersive X-ray analyzer
system; both instruments are installed at the GFZ-Potsdam. Additional
selected area diffraction (SAED) patterns were also performed at the
TEMSCAN-Toulouse with a Jeol 2010 (200 keV, LaBg) microscope.

4. Results
4.1. Microscopic study

In agreement with previous studies (Rakotondratsima, 1983;
Ramambazafy, 1998), EMP analyses showed that uranothorianite is a
solid-solution made of about two-thirds thorianite and third
uraninite. The lead content is about 3-4 wt.% PbO. The SEM-EDX map
(Fig. 3) shows that uranothorianite contains many Pb-rich inclusions,
demonstrated by EMP and TEM to be galena PbS. The chemical ages
calculated from U, Th, and Pb content range from 544 to 578 Ma, for
four analyses, in agreement with the accepted ages for those rocks, but
one analysis gives 931 Ma, due to high Pb content. We think that this
analysis was contaminated by a galena inclusion, giving an apparently
high Pb content, and then an apparently old age. Clinopyroxene is an
Al-rich diopside (Xmg=0.92, and 8.3 wt.% Al,05).

The “reaction zone” at diopside-uranothorianite interface (Fig. 2C)
consists of a mixture of calcite (secondary calcite, Cc,), with an Al-
Mg-Fe-silicate fibrous phase (¢) (Fig. 2C, D and E). EMP coupled with
TEM results (Table 1) demonstrated that it is a low-T phyllosilicate
from the smectite group. Secondary calcite is usually located at the
inner part of the reaction zone, along uranothorianite, and is always
porous, whereas smectite (¢) is located in the outer part along
diopside. The diopside-reaction zone grain boundary is locally

EFTEM-BF image

— ~

200 nm

indented (Fig. 2A, C and D), along the main cleavage direction. The
primary calcite-uranothorianite interface is sharp, but calcite in
contact with uranothorianite is more or less porous on a ~20 pm
layer (Fig. 2B and E), as is secondary calcite in the reaction zone (Fig.
2E).

SEM confirms the presence of cracks radiating around the
uranothorianite within clinopyroxene (Fig. 2A and D). Possible
remnants of cracks were observed within Cc; (arrow Fig. 2B). Some
fractures extend into the reaction zone (Fig. 2A and D).

4.2. Nanometric study (FIB/TEM)

TEM samples were prepared using the FIB milling technique across
the uranothorianite-primary calcite (#750; Fig. 2B), uranothorianite-
secondary calcite (#752) and diopside-reaction zone (#753) interfaces
(Fig. 2C); one foil was also cut across a fracture (#1092, Fig. 2D). From
selected area diffraction (SAD) patterns (Fig. 4B and C), we can conclude
that both primary calcite and uranothorianite are crystalline. The only
indication of structural modification in those phases, is mottled
diffraction contrast in bright field and dark field images, observed
mostly in uranothorianite. In this mineral, diffraction spots are split
(Fig. 4C), probably because of PbS inclusions (Fig. 3—PbMa map).

Uranothorianite-primary calcite interface (Figs. 4 and 5): in contrast
to what was observed with SEM, there is no direct contact between
primary calcite and uranothorianite. Four different zones (A, B, C
and D) were identified (Fig. 5). From calcite to uranothorianite, we
found: (1) a large (~200-300 nm) amorphous zone (A), enriched in
U and Th, but without Si (see U-Th-Si maps in Fig. 5) and enriched
in Ca (see EDX spectrum Fig. 5); (2) a chain (B) of very small
(~20 nm) ThO, crystals free of U (Figs. 4 and 5); (3) another
amorphous zone (C), which, in contrast to zone A is enriched in Si;
and (4) another zone (D) made of small amorphous Si-rich
“bubbles”. Many fluid inclusions were observed in the calcite,
some of them displaying a “negative crystal” shape (arrow Fig. 4A).
Diopside-reaction zone interface (Fig. 6): the FIB cut foil shows
preferential dissolution of Cpx along cleavages, giving this
particular triangular-shaped boundary (Fig. 6A). Within the

Fig. 4. TEM foil # 750. A. Energy Filtered Transmission Electron Microscope (EFTEM) — Bright Field (BF) image showing presence of an amorphous zone (A) between primary calcite
(Ccy) and UTh. Zone (B) correspond to ThO, grains and zone (C) to another amorphous zone (see Fig. 5). Many fluid inclusions were observed in the calcite, some of them displaying a
“negative crystal” shape (see arrow). B and C. Selected area diffraction (SAD) patterns in respectively primary calcite and UTh showing that both phases are crystalline. In UTh
diffraction spots are split probably because of the presence of PbS inclusions within UTh (arrows in Fig. 3).
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EFTEM-BF image
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Fig. 5. TEM foil # 750. EFTEM-BF image (on the top on the left), and U, Th, Si-jump ratio maps of the same zone showing from calcite to uranothorianite: (1) a large (~200-300 nm) amorphous
zone (A), enriched in U and Th, but without Si (see U, Th and Si maps) and enriched in Ca (see EDX spectrum on the right); (2) a chain (B) of very small (~20 nm) ThO, crystals free of U; (3)
another amorphous zone (C), which, in contrast to zone A is enriched in Si (see EDX spectrum on the right and Si-map); and (4) another zone (D) made of small amorphous Si-rich “bubbles”.

reaction zone an unoriented clay mineral (smectite) was observed,
with its typical layer-form (Fig. 6B and C). Many inclusions are
present in this zone (arrows on Fig. 6): Pb-rich inclusions as well as
and U + Th-rich inclusions.

Uranothorianite-secondary calcite interface (Fig. 7): the organiza-
tion is similar, but opposite to the uranothorianite-primary calcite
interface. An amorphous zone (A) enriched in U, Th and Ca and a
chain of ThO, crystals (B) parallel to the interface was observed.
However the ThO, layer is mostly along calcite, and not along
uranothorianite, and no Si-rich zone was observed. Secondary
calcite contains many fluid inclusions (see arrows in Fig. 7A and C)
and U + Th + Pb-rich inclusions (large inclusion Fig. 7A).

Within one crack (Fig. 8): the fracture (~2 um wide) is filled with a
mixture of clay mineral and calcite similar to the reaction zone. It
contains also ZrTiCaTh-amorphous phase (Zr), presumably meta-
mict zirconolite, already described in those rocks (Rakotondrazafy
et al., 1996). Nano-channels are visible at the interface between
diopside and the crack border; the channel is larger (~70 nm
compared to ~40 nm) on the upper side (Fig. 8A and B). Bright field
(BF) image of the upper channel (Fig. 8B) shows that it is filled with
nano-bubbles, i.e. fluid inclusions.

4.3. Summary of petrographic features

The aureole along the diopside-uranothorianite interface is not a
pleochroic halo such as described by Nasdala et al. (2001) in biotite or
Nasdala et al. (2006) in cordierite. It is a totally transformed zone, filled
with material that we could expect to form during low-temperature
retrogression of diopside. The transformed zone is rather constant in
thickness: 20 to 38 um, with an average at 27 pm. The transition to pristine

diopside is very sharp, but sometime indented. The transformations in
primary calcite are less visible but there is actually a porous calcite layer,
again 20 to 30 um thick, although it is there more difficult to estimate. At
the nano-scale, the uranothorianite—calcite interfaces are quite complex,
with several layers, of various chemical compositions and structural states.

Those observations suggest that primary calcite and diopside located
close to uranothorianite has been crystallized at low temperature, as a
secondary porous calcite for calcite, and as a mixture of secondary calcite
and clay mineral for diopside. The presence of hydrous minerals (smectite)
and carbonate (calcite) in reaction zone and in cracks, the presence of Pb-
rich inclusions in secondary calcite, the abundance of fluid inclusions in
the porous layer in primary calcite, the dissociation of U and Th in the
calcite-uranothorianite layer, and the ThO, chains along interfaces, are all
strong indications that low-temperature crystallization was promoted by a
fluid phase.

Surprisingly, truly metamict material is very rare, limited to a narrow
(200-300 nm) amorphous layer, along the calcite-uranothorianite inter-
face. However all structures described above are strictly limited to the
interface between uranothorianite and other minerals, so must be more or
less related to the effect of irradiation. In order to evaluate how irradiation
by U and Th could affect the minerals studied above, we carried out a
detailed study of irradiation damages using the SRIM/TRIM software.

5. Modeling with SRIM/TRIM

Damage was modeled by using the SRIM/TRIM software package
(Ziegler, 2006) which allows simulating the effect a particle in a target,
knowing what kind of particle it is, its energy, and the density and
chemical compositions of the target. It is based on full-quantum
calculations of individual interactions of incident particles with the
atoms of the target. For our purpose the interesting outputs are the
particle path (in three dimensions), and the vacancies created in the
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Fig. 6. TEM foil # 753. Scanning Transmission Electron Microscope Bright Field (STEM-BF) image (A) and EFTEM-BF images (B and C) showing preferential dissolution of diopside
(Cpx) along cleavages, giving this particular triangular-shaped boundary, an unoriented clay mineral (¢-smectite), with its typical layer-form (B and C), and many Pb-rich as well as

U + Th-rich inclusions (arrows in A and C).

target. SRIM/TRIM always assumes that the target is amorphous and
isotropic.

5.1. Irradiation by U and Th chains

Irradiation by U and Th is done by all the radioelements of the 23°U,
2381J, and #32Th decay chains which combine o and 3 decays to reach the
final stable nuclei: 2°7Pb, 2°°Pb and 2°%Pb respectively. We will neglect
the B decay which produces no major damage, and we will neglect also ot
decays of minor branched radioactivity. During o decay, two particles
are created: the o particle itself, which is a “He nucleus, and the recoil
nucleus, which is actually the nucleus of the daughter element,
belonging to elements from U to Tl. The total energy involved during
an a decay is few MeV, distributed unevenly between the two particles
(about 100 keV for the recoil, and the rest for the o). Then each o decay
produces a slow, heavy nucleus (recoil), and a light, fast particle (o).
Another source of damage in radioactive minerals is the spontaneous
fission of 238U, It is a rare event (0.00005% of the 238U decay) but the
energy involved is about 200 MeV, and it produces two fissions nuclei
with atomic number around 100 and 140 respectively. The energies of
the particles of the three decay chains are summarized in Table 2. For ot

particles, it ranges from 4 to 8.8 MeV and for recoil for from 70 to 170 keV.

Using SRIM we calculated the effect of o and recoil particles of the
three decay chains, in diopside, calcite and uranothorianite, as well as
the effect of two typical fission products °°Y and °Ce. Usually 1000

particles are calculated to obtain good statistics. Two key outputs are
presented in Table 2: the average distance reached by the particle, and
the number of vacancies created. To illustrate the effect of o and recoil
particles in minerals, the vacancy distributions for the 2'*Po=21Pb
decay in diopside (c:7.69 MeV; recoil: 146 keV), are presented in Fig.
9. For other decays or other minerals, the amount of vacancies and the
distances are different, but the shapes are similar. The effects of o
particles and recoil nuclei are fundamentally different. The o particles
are penetratives (12-38 um in diopside, 14 to 45 um in calcite) and
produce 220 to 270 vacancies in diopside and 170-200 vacancies in
calcite. The recoil nuclei are 1000 times less penetrative (27-45 nm in
diopside, 32-55 nm in calcite) but 10 times more destructive (1200-
2500 vacancies in diopside, 940-2030 vacancies in calcite). The fast o
particle produces vacancies only at the end of its displacement, when
it has been slowed down enough by ionization to interact with target
nuclei. The slow recoil nucleus creates vacancies all along its
trajectory. In three dimensions, the trajectory of a series of o particles
has the shape of a cone, while it is pear-shaped for the recoils. The
maximum distance reached by an o particle is very close to the
average distance, whereas it is about twice as long for recoil nuclei.
Fundamentally the length of the trajectory increases with increasing
energy, and decreases with increasing density of the target. In
uranothorianite the length of the trajectories are about 9 to 30 pm
for a particles, so only the outer part of the uranothorianite irradiates
the surrounding minerals.



A.-M. Seydoux-Guillaume et al. / Chemical Geology 261 (2009) 318-332 325

STEM-BF image

B
R
Lt

o
EFTEM-BF images
g

Fig. 7. TEM foil # 752. STEM-BF image (A) and EFTEM-BF images (B and C) showing a similar organization but reversed from the uranothorianite-Cc; interface: an amorphous zone (A)
enriched in U, Th and Ca and a chain of ThO, crystals (B) parallel to the interface (see also image B). Secondary calcite (Cc,) contains many fluid inclusions (see arrows in A and C) and
U + Th + Pb-rich inclusions (large inclusion on the right).

5.2. Geometry grain) into a non-radioactive material (diopside and calcite). The
vacancy distribution calculated by SRIM/TRIM must then be corrected.

SRIM/TRIM simulates only the effect of a particle thrown into a target First, because radioactive decay emits particles in random directions and
along a single direction. In the present study we are studying the effect of not along a single path, and second, because the emitting volume is a
a layer of radioactive material (the outer part of the uranothorianite layer and not a point. The main output of SRIM/TRIM is the linear density

STEM-DF (HAADF) image

TEM-BF image

\<—Ccrack zone—=

—y

Fig. 8. TEM foil # 1092. STEM — Dark Field (DF) image (A) done with high angle annular dark field (HAADF) detector and TEM-BF images (B and C) showing TEM foil cut across one fracture within
Cpx (see Fig. 2D). The fracture (~2 pm wide) is filled with a mixture of clay mineral (¢), calcite (Cc), and a ZrTiCaTh-amorphous phase (Zr), presumably metamict zirconolite (A). Nano-channels,
filled with nano-bubbles (fluid inclusions) are visible at the interface between Cpx and the crack border (B); the channel is larger (~70 nm compared to ~40 nm) on the upper side (A and B).
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Table 2
Summary of the results of TRIM/SRIM calculations.
E (MeV) Alpha particles E (keV) Recoil nuclei

Diopside Calcite Uranothorianite Diopside Calcite Uranothorianite

dist dam dist dam dist dam dist dam dist dam dist dam
238U
2385234 420 12.3 228 14.6 172 9.7 184 71 27 1231 33 983 16 971
B34[jE230 T, 478 14.8 225 17.5 186 115 190 83 29 1414 36 1129 16 1124
230Th—226Ra 4.69 14.4 221 171 178 11.2 198 83 29 1381 36 1117 17 1113
226Ra=222Rp 4.79 14.7 224 175 179 11.5 190 86 29 1447 36 1145 18 1141
222Rn=218pg 5.49 18.0 238 214 184 14.0 203 90 31 1485 4 1315 19 1312
218p_, 214p}, 6.00 20.5 236 24.4 193 15.9 206 112 35 1826 43 1456 22 1467
214pg210p}, 7.69 30.0 251 35.7 197 22.9 224 146 42 2300 53 1830 24 1836
210py—,206p} 531 171 236 20.4 185 171 209 103 34 1694 42 1357 20 1341
232Th
232Th=228Ra 401 11.8 219 14.0 173 9.0 136 69 27 1191 32 937 15 927
228Th—22Ra 5.42 18.1 232 214 186 13.7 194 95 31 1577 38 1247 19 1224
224Ra=22Rp 5.69 19.4 231 23.0 177 14.6 210 102 32 1647 40 1329 19 1310
220Rpn=215pg 6.29 22,5 233 26.7 189 16.9 203 114 35 1848 43 1459 21 1443
216pg—212pp 6.78 25.2 252 29.9 193 18.8 213 126 38 2032 46 1607 23 1595
212 208T] (36%) 6.09 215 231 25.5 194 16.1 203 115 34 1863 43 1470 21 1450
212po—208ph (64%) 8.79 378 268 447 201 27.7 225 166 45 2592 55 2029 44 2038
235U
5= 207y 4.69 14.3 221 171 178 10.9 192 81 29 1386 35 1095 16 1057
231pa—227pc 5.06 16.0 231 19.0 181 121 192 89 30 1497 36 1194 18 1179
227Th=2?Ra 6.04 20.8 239 24.7 190 15.6 206 108 34 1754 42 1406 21 1382
223Ra=21Rn 5.87 19.9 235 23.7 180 15.0 199 107 35 1742 42 1400 21 1376
219Rn=215po 6.82 24.9 243 29.6 191 18.6 214 127 37 2035 47 1623 24 1597
215pg—211pp 7.39 28.2 245 335 197 21.0 204 140 41 2244 50 1785 26 1750
211gj 2077 6.62 23.8 241 283 185 17.8 207 128 38 2055 47 1634 26 1604
Fission

90y (100 MeV)
140Ce (100 MeV)

15.8 um 39000 vacancies/ion
17.5 um 81000 vacancies/ion

9.10 um 43500 vacancies/ion
8.50 um 95700 vacancies/ion

E: energy of the particle, in MeV (alpha) or in keV (recoil); dist: average distance done by the particle in pm (alpha) or in nm (recoil); dam: damage in vacancies/ion.

of vacancies created by a particle, expressed in vacancy/ion/A, hereafter
named VAC(r)je.r With 1 being the distance (radius). A series of N
particles, along a small distance dr situated at a distance r of the emitting
volume creates a number of vacancies N -VAC(r)jne,-dr. In three
dimensions, because of the random direction of the emission, the
same amount of vacancies is diluted in a fraction of sphere 4mr? - dr.
Therefore the vacancy density per ion around an emitting center is:

— VAC(r)linear

VAC(T‘) sphere — 411r2 ( 1 )

This expression is fundamentally the same as in Nasdala et al. (2001),
but calculated by differentiation.

As shown in the first part of this paper the thickness of the
damaged area (20-30 pm) is small compared to the length of the
uranothorianite-diopside/calcite interface (few hundreds of um).
Therefore we will consider the irradiation geometry to be a plane
separating a radioactive domain from a non-radioactive domain. Each
volume of the irradiated medium situated at a distance L from the
interface will receive VAC(r)s,pee damages from all the particles
emitted from the radioactive medium and situated at a distance r. The
volume of radioactive medium situated at a distance r is:

Vrad = Q- r* - dr (2)

with Q the solid angle of the cone defined by r and L, which is given by

Q:2n<1— ;). 3)

Combining Egs. (1)-(3) and summing over the whole radioactive
volume, we obtain the density of vacancies created at a distance L of the
radioactive half-space:

“1 L
VAC(r)plane = A i . VAC(r)linear'<1 - ;) -dr. (4)

Since we do not have an analytical expression for VAC(r) e, this can
only by estimated numerically from the output of SRIM/TRIM. The
calculation of the exact expression would require calculating each
VAC(T)jinear function for all L and all particles. In order to maintain the
calculation time reasonable we decided, for each particle and each
target, to use only the VAC(r)j,e,, function calculated for the target
mineral. The consequences of this approximation will be discussed later.

5.3. The time scale

The petrological study showed that the altered aureole was formed
by recrystallization of the target minerals, calcite or diopside. To
estimate the amount of damage that the target had experienced when
recrystallization occurred, we should know the time at which damage
started, assumed to be the age of the rock formation (550 Ma), and the
time at which alteration and recrystallization occurred, which is
unknown. This initial damage at recrystallization is not zero because
some lead, presumably radiogenic has been found in the altered
aureole, but it can be from few millions to few hundredths of millions
years. This is a major uncertainty, which affect the amount of damage
and the relative proportion of damages due to the 23°U, 228U and 23°Th
chains. However neither the size of the damaged area, which depends
only on the nature of the target and the particles energy, nor the shape
of the vacancy distribution, which depends mainly on the shape of



A.-M. Seydoux-Guillaume et al. / Chemical Geology 261 (2009) 318-332 327

2.0E-02

vacancylion/A
1.8E-02 1

1.6E-02 1
1.4E-02 -
1.2E-02 -
1.0E-02 -
8.0E-03 -
6.0E-03 1

4.0E-03 -

{ distance (um)

vacancyfion/A

0 T T T T

|Recoil 21‘Po=>“"|=t:|

distance (um)

0 0.01 0.02 0.03 0.04

B

0.05 0.06 0.07 0.08 0.09 0.1

Fig. 9. Projection of the vacancy distribution created by a 7.69 MeV « particle (A) and the corresponding recoil (B) nuclei (2'°Pb at 146 keV) in diopside. The fast « particle produces
vacancies only at the end of its displacement, when it has been slowed down enough by ionization to interact with target nuclei. The slow recoil nucleus creates vacancies all along its

trajectory. Note that vertical and horizontal scales are very different in the two figures.

individual particle damaging and of the geometrical corrections, are
affected. All the calculations have been carried out assuming 550 Ma
as the irradiation time. As a result of this major uncertainty, we made
no attempt to estimate dpa (displacements per atom) from the
number of vacancies in target minerals.

5.4. Results

Uranothorianite has been auto-irradiated since its formation. It is
possible to calculate the number of vacancies directly from the average
damage in Table 2, integrated over 550 Ma, and converted it in dpa
(displacement per atom). The calculated average of 240 dpa over
550 Ma, when compared to the dose necessary to completely
amorphized thorite (ThSiOy4), ~0.20 dpa at room temperature (Meldrum
et al, 1999), suggests that the uranothorianite should be completely
amorphous. However, because electron diffraction patterns (SAD—

Fig. 4) demonstrate that it is crystalline, uranothorianite must self-
anneal by some processes. As a comparison, amorphization of UO,
seems impossible, because of the highly rapid recombination of the
bonding; for an irradiation dose equivalent to 25 dpa at ~170 °C, UO; is
still crystalline (Matzke and Turos, 1992; Matzke and Wang, 1996).

Results for diopside and calcite are presented in Figs. 10 and 11.
Spontaneous fission of 238U is such rare event that it can be neglected.
The shapes of the curves, representing the damage due to « particles
as a function of distance from uranothorianite are similar. Most
damage is accumulated at short distances (about 15 pm in diopside
and 17 um in calcite). The more distant part corresponds to the area
damaged only by the more energetic particles emitted close to the
uranothorianite surface. The total damaged area is then about 35 pm
wide in calcite and 30 um in diopside. Recoils nuclei create 1000 times
more damage than o particles, with a very steep decrease for a
damaged zone of 60 nm in calcite and 50 nm in diopside.
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The thickness of the damaged area calculated for o in diopside is
similar to the width of the recrystallized area observed in thin section.
The thickness of the porous calcite layer around along the primary
calcite-thorianite interface is more difficult to estimate but is also
similar to the size of the area damaged by «a as calculated above.
However the characteristic distances calculated for the damage of recoil
nuclei (50 to 60 nm) are far away from the size of the totally amorphous
layer seen at the calcite-uranothorianite interface (150-250 nm).

5.5. Effect of wandering recoils

Modeling the effect of recoil nuclei by a succession of individual
ions projected from uranothorianite into the target is, actually, a poor
representation of the real process occurring during the radioactive
decay of a chain. In decay chains the recoil nucleus is the next
radioactive element. During radioactive decay, the recoil moves of few
tens of nm, in a random direction. Therefore, there is a possibility, for
decay occurring close to the uranothorianite surface, that after decay
the recoil is indeed located out of the uranothorianite. Then next
decay will occur inside the diopside (or calcite), and the new recoil

will move again, in a random direction. For damages created by « this
effect can be neglected, because the path of o is much longer than the
possible displacement of the recoil, but for the recoil itself, the damaged
area can be significantly enlarged by the “wandering recoil effect”: a
series of recoils that would move always in the same direction, although
very unlikely, can ends few hundredths of nm inside diopside (or
calcite). In order to quantitatively estimate this effect we simulated this
effect by the following procedure: (1) for each decay, a random direction
is chosen; (2) the average damage is distributed along the path, as
calculated by SRIM/TRIM; (3) the recoil (daughter) nucleus is displaced
in that direction, at the average distance shown in Table 2; (4) the next
decay in the chain is processed from this position, as described in (1)-
(2)-(3). For each chain and for both diopside and calcite we simulated
1000 decay chains. At the end of the calculation, the radial distribution of
the damages is calculated. Strictly, this procedure only simulates a decay
chain initiated exactly at the interface. Again, because we do not know
the time scale, but only the shape of the curves, only the characteristics
distances have real meanings in this simulation. The results are
presented in Fig. 12. The main result is that the thickness of the area
damaged by the recoils is approximately multiplied by 3 because of the
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Fig. 10. Spatial distribution of the vacancies created in calcite by a particles (A) and recoil nuclei (B) emitted by uranothorianite. The calculation includes all particles from the three
decay chains, integrated for 550 Ma. It assumes that uranothorianite is a semi-infinite emitting medium irradiating a semi-infinite calcite half-space, separated by a plane. Note that

vertical and horizontal scales are very different in the two figures.
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“wandering recoil effect”. With this correction, the size of the area
damaged by recoil nuclei in calcite is in rather good agreement with the
thickness of the totally amorphous layer at the calcite-uranothorianite
interface (Figs. 4 and 7).

6. Interpretation and discussion
6.1. A reasonable history of radiohalos in Tranomaro skarns

From petrographical study and damage modeling, the evolution of
the rock can be reconstructed as follows. The initial rock is a high-
temperature marble, mainly made of aluminous diopside and primary
calcite, with some large uranothorianite grains. As soon as the latter
is formed, radioactive decays start, with three consequences: (1)
radiogenic Pb accumulates in uranothorianite; (2) radiation damage
accumulates in uranothorianite and in the contiguous minerals; and
(3) the uranothorianite grains swells because of radiation damage. For
uranothorianite similar to the minerals studied here, Evron et al.
(1994) estimated a macroscopic volume expansion of ~1.5%. With

increasing time, swelling creates radial cracks in diopside and calcite,
and radiation damage accumulates and weakens calcite and diopside
around uranothorianite. A heavily damaged (amorphous) thin layer
is created along the interface by the recoils, and a partially or totally
damaged layer, 20-40 um is created by a. Since no Helium bubbles
was observed within uranothorianite by TEM, it is supposed that
radiogenic Helium diffused out of the crystal through the cracks. After
some time, a low-temperature fluid infiltrates through the rock, using
the cracks and the weak interfaces as preferential pathways. The
damaged part of diopside is retrogressed as a mixture of clay and
secondary calcite. The damaged part of primary calcite recrystallized
as a secondary porous calcite layer. At this stage, cracks in calcite are
healed, whereas, cracks in diopside are partially filled by various
secondary material (Fig. 8; calcite, zirconolite, clay mineral). Ura-
nothorianite is also affected by fluids, as shown by the presence of Pb,
U, and Th in the reaction zones (Fig. 6) and in the amorphous layers A
and C (Figs. 4 and 5), and the presence of ThO, chains (Figs. 4,5 and 7).
However the fact that the chemical ages are in good agreement with
the age of the rock indicates that this mineral is not deeply penetrated
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by fluids. During fluid infiltration, some elements are partially
redistributed, including elements which are not obviously present in
the thin section such as Zr. After this hydrothermal episode, the newly
formed phases are again affected by radioactive damage.

The exact significance of the features observed along the
uranothorianite and calcite is at this stage not totally explained.
However the B zone, a chain of ThO, grains, suggest an in-situ
reprecipitation of ThO, during partial dissolution of uranothorianite,
as it is commonly observed in experiments with ThO, (Seydoux-
Guillaume et al., 2002; Heisbourg et al., 2003; Heisbourg et al., 2004).

6.2. Some properties of uraninite, calcite, and diopside relative to radiation
damages

The observations made on this sample support several hypotheses
on the behavior of calcite, diopside and uranothorianite under
irradiation. Uranothorianite is remarkably resistant to irradiation

damage. This is not unexpected, since uraninite, which is isostructural
with uranothorianite remains crystalline (Evron et al. 1994; Janeczek
et al. 1996). By contrast, a thorium silicate (ThSiO4) that accumulated
approximately the same dose as the uranothorianite studied here
(~5x%10%° a/g) is completely amorphous (Seydoux-Guillaume et al.,
2007). This observation is consistent with higher resistance to
amorphization by radiation damage (or greater ability to self-anneal)
in minerals for which the long-range ionic forces dominates over the
short-range covalent forces (Trachenko, 2004), as in the case for
uranothorianite when compared to thorite.

Contrary to uranothorianite, diopside seems to be highly sensible
to radiation damage. The average size of the retrogressed zone is
27 pum. At this distance the damage is only 2% of the maximum damage
created by the o at the contact with uranothorianite. For 550 Ma of
irradiation, this would correspond to 0.0014 dpa, so it means that the
resistance of diopside relative to low-temperature fluids is modified
even if about 1/1000 atoms are displaced. We should recall that



A.-M. Seydoux-Guillaume et al. / Chemical Geology 261 (2009) 318-332 331

550 Ma is the maximum for the irradiation time since it assumes that
retrogression occurred at the present time.

The limit between pristine diopside and the retrogressed area is
very sharp; there is no intermediate zone in which diopside would be
partly retrogressed. This suggests that there is a threshold in the
sensitivity of damaged diopside to low temperature fluid. Below a
certain value of damage the diopside behaves as an undamaged
diopside, and is not affected by alteration. We should recall that
diopside is a common mineral in heavy minerals concentrates in river,
so it is not normally destroyed by low-T fluids.

In calcite the porous layer, which can be assumed to be the
equivalent of the retrogressed zone in diopside, is ~10 to 15 pm wide,
as estimated from Fig. 2. At this distance damage is 45 to 25% of the
maximum (550 Ma) oe damage, for 0.013 to 0.0055 dpa. Calcite seems
then more resistant to irradiation damage than diopside, probably due
to the type of interatomic forces in that structure (Trachenko, 2004). It
is important to remember, that diopside crystals that are not in
contact with uranothorianite in the rest of the rock are pristine. This
demonstrates that irradiation is responsible for the destabilization of
diopside by fluids. However, calcite directly in contact with
uranothorianite (see presence of Ca within amorphous zone A (Figs.
4A and 5) is amorphous, showing the strong effect of “continuous
irradiation by wandering recoil”. It should be also noted that calcite is
always crystalline, even at the contact with uranothorianite where the
damage rate can be up to 0.055 dpa.

Outside the modified area around uranothorianite, the rock is very
fresh; the only indication of the low-T fluid infiltration is secondary
material along the diopside-uranothorianite interfaces and, at nano-
scale, in swelling structures, i.e. cracks (Fig. 8). This definitely shows that
uranothorianite grains create weak zones in the rock, by destroying the
surrounding minerals, and by creating swelling cracks.

The thickness of the retrogressed area at the diopside-uranothor-
ianite interface is approximately constant all around the thin section. It
means that the effect of irradiation damage in diopside does not depend
on the orientation of the diopside crystals although it is an anisotropic
chain-silicate. The only visible indication of the anisotropy of diopside is
the local presence of indentation at the pristine-retrogressed limit, due
to limited fluid infiltration along cleavage surfaces.

6.3. Reliability of the conclusions

The above conclusions are based on a detailed study of structures
surrounding a single uranothorianite grain. The representativity of the
studied zone can then be legitimately questioned. Many features
observed around this particular grain are visible in the whole thin
section, such as the radiating cracks, the presence of retrogressed zone
along the diopside-uranothorianite interface, and the presence of a
porous layer along the calcite-uranothorianite. Those features are also
present in all studied samples of the same rock. Observations at the
nano-scale by coupling FIB/TEM analyses, like the presence of a wide
amorphous zone along the calcite-uranothorianite boundary, or the
presence of chains of ThO, crystals, which are time-consuming,
cannot easily be multiplied all around a thin section, but are regular in
shape and size, and are in agreement with damage model. Therefore
we are quite confident that these are general features in this sample.
Moreover, similar observations have been reported in other studies
(Seydoux-Guillaume et al., 2003, 2007; Nasdala et al., 2006; Seydoux-
Guillaume, unpublished), suggesting that it is common in rocks
containing radioactive minerals. Some observations are clearly
accidental, and may not be representative, such as the presence of
zirconolite grains in the fractures.

6.4. Reliability of the model

In this study the SRIM/TRIM model provided several important
constraints. This software has the advantage of being the most

sophisticated program available for non-specialist; on the other hand
it has some limitations; for example it considers all materials as
isotropic, and neglects the effect of crystalline structures. However,
the fact that the size of damaged area in diopside is constant whatever
its orientation provides an a posteriori justification of this assumption.
Diopside is a chain-based, highly anisotropic structure, and if radiation
damage is sensitive to crystal anisotropy, it should be visible in this
mineral.

7. Conclusions

Radiohalos are complex structures, which deserve detailed study.
Since radiation damage has a visible effect at the thin section scale, but
also affects the structure of crystals at the atomic scale, studies must
be conducted with a variety of techniques, including FIB/TEM for the
nano-scale. Radiohalos are unique sources of information for under-
standing the behavior of minerals submitted to irradiation damages,
even for non-radioactive minerals. This approach allows to study the
effects of long-term irradiation and is thus very complementary to
other methods that involve doping experiments with short-lived
isotopes, which are far more expensive.

In the present study we have demonstrated the high resistance of
uranothorianite to self-irradiation damage, in agreement with pre-
vious results (Evron et al., 1994), and, by contrast, the high sensitivity of
diopside to radiation damage from neighbouring uranothorianite.
TRIM/SRIM simulations have been shown to be able to correctly
simulate radiation damage, even in complex minerals such as diopside.

Finally, we would like to emphasize that radiohalos are actually a
point of chemical and mechanical weakness in a rock and probably a
starting point for alteration.
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Abstract: Effects of infrared femtosecond laser ablation (800 nm, 60 fs, 5 Hz, 85 pl/pulse, objective x 15) of a well-characterized
monazite on its micro- and nano-structure were investigated. Craters were produced by single and multiple pulses (N = 10, 20, 50,
150 and 300) to follow the evolution of laser-induced damage in monazite using Scanning Electron Microscope (SEM), and
Transmission Electron Microscope (TEM) coupled with Focused lon Beam (FIB) sample preparation, in order to characterize this
damage. Voids are observed within craters from the first pulse and cracks appear already after 10 pulses, at the sample surface; radial
cracks are well-defined for 50 pulses, and become conchoidal after 150 pulses, indicating high-strain fields in the vicinity of craters.
After the first pulse, the monazite lattice is highly strained to depths greater than ~1 pm with a spotty ring diffraction pattern
demonstrating that the damaged monazite is a mosaic crystal. Under this area monazite is moderately strained over 6 um in depth.
Crack formation within the crystal is observed from the first pulse. Cracks formed at the surface and propagated over 2 um into the
crystal. Their number increased notably after 10 pulses, with some cracks propagating 8 pm into the crystal. Increasing lattice defects
(mosaic crystal, twins) and fracture intensities demonstrate that a cumulative effect exists. Part of the energy carried by the laser is
stored within the crystal and used in the formation of defects. This study highlights the intense damages that are created during a
femtosecond laser ablation in monazite. Mechanical effects dominate thermal ones, limited to a thin layer (200 nm-1 pulse) of
resolidified monazite, and are induced by high-pressure shock wave from plasma expansion.
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1. Introduction

Femtosecond laser ablation (Fs-LA) has been widely used
for 20 years for various scientific purposes. In medicine
Fs-LA can be used to ablate hard body parts such as
calcified tissues (Neev et al., 1996; Liu & Niemz, 2007)
and, in dentistry, caries may be treated by using Fs-LA
(Niemz, 1998; Niemz et al., 2004). In materials science the
potential of Fs-LA is used and is studied for applications in
the semi-conductor industry related to the precise micro-
machining of silicon (Bonse et al., 2002; Coyne et al.,
2005), indium phosphide (Bonse et al., 2001; Borowiec
et al., 2003a, 2004; Couillard et al., 2007) and lithium
niobiate (Stach er al., 2003). In the geosciences, laser
ablation coupled with ICP-MS (Inductively Coupled
Plasma-Mass Spectrometry) is widely used for the in situ
determination of element concentrations and isotopic
ratios in minerals. In phases such as zircon or monazite,

DOLI: 10.1127/0935-1221/2010/0022-2001

this technique allows high spatial resolution, i.e. down to
4-5 pum craters, for U-Th-Pb dating (Poitrasson et al.,
2000; Paquette & Tiepolo, 2007). In this application, a
critical aspect is elemental and isotopic fractionation that
must be maintained as low as possible. Recent studies
showed that fs lasers (Poitrasson et al., 2003; Horn & von
Blanckenburg, 2007; Freydier et al., 2008) reduce elemen-
tal fractionation compared to nanosecond (ns) laser abla-
tion. This is mostly due to the fact that, in principle, ultra
short pulse laser ablation results in a significantly reduced
heat-affected zone (Le Harzic et al., 2002). This is because
the energy is imparted to the sample over a very short period
of time (~60 fs) and the ablated material is completely
removed before a significant amount of the energy can be
spread to the surrounding region of the sample. The energy
is imparted within an average time of 10~ s, which is
very short compared to the mean heat diffusion time
constant, which is in the order of 1072 to 107! s (von
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der Linde et al., 1997; von der Linde & Sokolowski-
Tinten, 2000; Laville et al., 2002; Lorazo et al., 2003).

In a review on Fs-laser ablation coupled with ICP-MS,
Fernandez et al. (2007) presented a comparison between
laser—matter interaction with nanosecond and femtosecond
pulses (their Fig. 1). They suggested that, in addition to
there being no heat-affected zone, there is no damage, no
occurrence of cracks or shock-wave effects in material
analyzed in the femtosecond laser ablation regime.
However, numerous studies have demonstrated the pre-
sence of damage effects created by Fs-laser ablation within
different materials. Borowiec et al. (2004) observed a high
density of defects (microtwins and dense network of dis-
locations) extending over a few micrometres in depth in
InP (800 nm, 130 fs, 2 J/cmz) and Couillard et al. (2007)
described a similar result for this phase (2050 nm, 100 fs,
0.8 J/cm?); Borowiec et al. (2003a) imaged the residual
strain field resulting from laser ablation in femtosecond
(800 nm, 130 fs, 2 J/cm?) and nanosecond regimes and
show that areas under tension in femtosecond ablated
samples are in compression in the nanosecond ablated
samples and vice versa. Stach et al. (2003) observed
defect-rich regions at the focal point of the laser pulse
(800 nm, 300 fs, 123 J/cm?) in LiNbOs5, interpreted to be
associated with shock-wave propagation, and Coyne et al.
(2005) observed the presence of mechanical damage at the
base of the hole in silicon (775 nm, 150 fs, 11 J/cm?).
Furthermore, two other studies have clearly demonstrated
elevated pressure induced by Fs-laser ablation: Ma et al.
(2007) transformed rutile into anatase by Fs-laser ablation
(800 nm, 120 fs, 191 J/cm?) and Sano ez al. (2005) used Fs-
laser ablation (800 nm, 120 fs, 12 J/cmz) to synthesize a
high-pressure phase of iron (¢) and suggested this as
method for synthesis of high-pressure phases. All these
studies performed in different materials showed that the
mechanical damage effects by Fs-laser ablation should not
be ignored. Finally, it is important to recognise that with
such a pronounced mechanical effect, large particles
(micrometre sized) are likely to be created. This presents
a problem for elemental and isotopic microanalysis as
incomplete LA-ICP-MS ionization of such large-diameter
aerosols (Kuhn et al., 2004) will generate chemical and
isotopic fractionation (Horn et al., 2007). It is therefore
essential to carefully study these effects on structures of
materials for analytical or high-pressure mineral physics
applications.

This initial study investigates the micro- to nano-struc-
tural changes induced by Fs-laser ablation (800 nm, 60 fs)
in monazite by using electron microscopic methods
[Scanning Electron Microscope (SEM) and Transmission
Electron Microscope (TEM) coupled with Focused Ion
Beam (FIB)]. Comparable studies dealing with Fs-laser
ablation induced damages in materials, and in particular
in geoscience, are not so widespread. As mentioned above,
most of the studies concern semi conductors (Si, InP,
LiNbO3;, AlGaN/GaN) and, to our knowledge, there are
very few such studies on minerals. Only Gorelik et al.
(2003) present a brief report of a TEM study where the
laser was focused inside the quartz below the surface. Ma
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et al. (2007) followed the phase transformation from rutile
into anatase induced by Fs-laser ablation by using micro-
Raman spectrometry. Finally, Kosler et al. (2005) observed
thermal decomposition of zircon with TEM in sample pre-
pared with FIB perpendicularly to the surface and adjacent
to the laser pit ablated with a nanosecond laser.

The aim of the present work has been to characterize
the effects induced by Fs-laser ablation on micro-nano-
structures of monazite. Single and multiple pulses
Fs-laser ablation were conducted on monazite crystals
and resulting craters were observed using SEM and TEM
coupled with FIB sample preparation. Results demonstrate
that mechanical effects cannot be neglected during fs-laser
and dominate thermal ones.

2. Experimental procedure

2.1. Laser ablation

Pulses were obtained with a commercial femtosecond
Ti:sapphire laser system (Pulsar 10, Amplitude
Technologies, Evry, France) based on the chirped-pulse
amplification (CPA) technique (for details see Freydier
et al., 2008). The laser operates at a centre wavelength of
800 nm, 5 Hz repetition rate and pulse duration of 60 fs.
The laser beam was focused on the sample surface by a
15 x Cassegrin-type reflective objective, which induced a
loss of energy; the energy arriving at the sample surface is
therefore reduced to 17 % from the initial energy of laser
(500 pJ/pulse, injected in the 15 x objective), i.e. 85 pJ/
pulse. The diameter of the ablation crater is ~30 pm
(measured by SEM); this measurement allows a calcula-
tion of average laser fluence of ~12 J/cm?. This value is
significantly above the threshold fluence, measured
experimentally at ~1 J/cm? in monazite (d’Abzac et al.,
in press) with the method seen in Bonse et al. (2001); for
this value possible LA-ICP-MS analyses would be opti-
mized (Freydier et al., 2008). Craters were produced by
single and multiple pulses (10, 20, 50, 150 and 300) irra-
diations in order to follow the evolution of the crater
geometry and the micro-nanostructure modifications
induced (e.g., bubbles, cracks, crystallinity). Randomly
oriented monazite crystals (2—4 mm large), mounted in
epoxy and polished, were placed in an ablation cell.
Ablated particles were transferred from the cell via He
carrier gas flowing through the cell at a fixed flow rate
(He, 0.4-0.5 L/min). In order to observe the deposited
ejectas on the sample surface single-pulse experiment
was carried out without the use of a carrier gas (Fig. 1A-
SEM and 2A-TEM).

2.2. Sample

The Moacyr monazite sample (Seydoux-Guillaume et al.,
2002a, 2002b, 2004) was used for this study. This standard
monazite is very well characterized by a large variety
of techniques such as SEM, electron microprobe analysis
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without He-flug/ "}

"\.

20/um 150 pulses

Fig. 1. Scanning electron microscope (SEM) images in secondary-electron mode (SE) showing morphologies of craters ablated with fs-laser
for various numbers of pulses (1-300 pulses). In particular the diameter evolution (from 14 to 34 pm), presence of radial cracks (D-F) intense
fracturation (G-H) and voids (A—E) can be noticed. The difference between A and B comes from the absence (A) or the presence (B) of a
helium-flux during ablation; from that follows the presence in high quantity (A) or limited amount (B) of ejectas on the surface of the sample.
Two transmission electron microscope (TEM) foils were prepared by focused-ion-beam (FIB) milling across crater shown in A (Fig. 2A) and
in C (Fig. 2I). Inset in A corresponds to the trace within crater after FIB milling. See text for details.

(EPMA), TEM, Raman, cathodoluminescence (CL), X-ray = Freydier et al., 2008). All these techniques have demon-
diffraction (RXD), and Isotope Dilution Thermo strated the chemical homogeneity of this monocrystal, and
Ionization Mass Spectrometry (ID-TIMS) (Nasdala et al., its low amount of irradiation damage, for which the sole
2002; Seydoux-Guillaume et al., 2002a, 2002b, 2004; evidence is lattice distortion. This background
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STEM-DF (HAADF)

Pt layer Single pulse

undamaged zone

1|_||-|1

damaged zone damaged zone

Fig. 2. TEM observations realized on two FIB foils cut across a one-pulse crater (shown in Fig. 1A) and a 10-pulse crater (shown in Fig. 1C).
The long straight darker traces starting at holes and proceeding downward are an artefact from FIB preparation called ‘‘curtaining effect”
(Fig. 2A and I). (A—G) TEM observations from foil cut across one-pulse crater. (A) Scanning TEM (STEM) image of a part of the FIB-foil cut
across a single-pulse crater acquired with a high-angle annular dark-field (HAADF) detector showing four different zones: (i) resolidified
layer (ejecta) composed of nanocrystalline material and bubbles, (ii) damaged zone with a corresponding selected-area diffraction (SAD)
pattern (B) of a mosaic crystal, (iii) intermediate zone with diffuse contrasts (corresponding SAD pattern in C), and (iv) undamaged zone
(corresponding SAD pattern in D). All dark contrast corresponds to holes (or light elements, e.g., C-layer on the surface sample), and bright
contrast represents heavy elements (e.g., protective Pt layer deposited on the sample during the FIB-milling process). (E-F) TEM bright-field
(BF) image (E) and associated dark-field (DF) image (F) from an intensively strained zone located in A. (G) TEM-BF image from
undamaged zone; mottled diffraction contrasts correspond to residual strains within the lattice induced by natural irradiation damage typical
for natural monazite. (H-K) TEM observation from foil cut across 10-pulse crater. (I) STEM image of a part of the FIB-foil, acquired with a
HAADF; the foil was broken in the middle during FIB milling and thus a part of the foil in the axis of the laser beam and below 2 pm depth is
missing, and the centre of the foil is thinner. Note that modifications induced by the accumulation of 10 pulses are the same as for one single
pulse: presence of bubbles, cracks and nanocrystalline monazite in the upper part (I), damaged monazite with a mosaic crystal structure
below (BF image and associated SAD pattern J); however, the mechanical effects are several orders of magnitude higher, as demonstrated by
cracks propagated up to 8 m deep, and the presence of twins (I). Note that, in contrast, the number or size of the bubbles (thermal effect) remains
constant (even reduced).
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characterisation was done before investigating laser-abla-
tion effects on the sample structure. Two main reasons
were at the origin of the choice of monazite for this
study. Firstly, monazite is, after zircon, the most often
analyzed mineral by using LA-ICP-MS for U-Pb dating.
Secondly, a more indirect reason is linked to the ability of
monazite to heal its irradiation damage at low temperature
(Meldrum et al., 1997). This last point makes it an efficient
tracer of thermal occurrences within the crystal.

2.3. Electron microscopy (SEM-FIB/TEM)

The SEM images were acquired using the JEOL 6360
equipped with a Sahara detector from PGT at LMTG-
Toulouse.

The TEM samples were prepared using the FIB
technique that allows cutting site-specific TEM foils,
~15-20 pm by 10-15 pm, and ~100 nm thick (for tech-
nical details, see Wirth, 2004) perpendicular to the sur-
face of the sample and across the laser ablation craters
(Fig. 1 and 2). The samples, coated with a protective Pt
layer, were milled using gallium ions accelerated to
30 keV. After milling, foils were cut free, lifted out and
placed on a holey carbon coated grid for TEM observa-
tions. The site-specific specimens were prepared with the
FEI FIB200 instrument at the GeoForschungsZentrum
(GFZ)-Potsdam. One TEM-foil was cut across a crater
formed after single pulse irradiation (Fig. 1A and 2A) in
order to observe structures modifications under the laser
beam and to determine characteristic depths. A second
foil was cut across a crater formed after 10 pulses (Fig. 1C
and 2I) in order to observe the effect of cumulative pulses
on the sample structure.

The TEM studies were carried out both with a JEOL
JEM 2010 operating at 200 kV, equipped with a LaBg
filament as electron source, and installed at the
TEMSCAN lab in Toulouse, and a FEI Tecnai™G? F20
X-Twin, operating at 200 kV, equipped with a FEG elec-
tron source, a high-angle annular dark-field (HAADF)
detector, and an EDX (Energy dispersive X-ray) analyzer
system from EDAX, and installed at GFZ-Potsdam.

3. Results

3.1. Scanning electron microscopy

The craters are lightly elliptical, due to a little tilting of the
sample against the orthogonal path of the laser beam.
Surface diameters increase from 14—15 pum for the single
pulse crater (Fig. 1A and B) up to 30-34 um for 150 and
300 pulses (Fig. 1G and H).

The single-pulse crater shows two rings (the ‘‘Airy
ring’’: Fig. 1B), corresponding to diffraction interferences
from the laser beam associated with a heterogeneous
energy distribution (80 % in the centre) in the laser beam.
Furthermore, voids were observed within the crater: only a
few, when ejectas were transported by He-flux (Fig. 1B),
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and more when He-flux was absent (Fig. 1A). This indi-
cates that voids are more concentrated in ablated (ejectas)
material and limited within the sample.

For more than one pulse, the morphology of the craters is
“ripple”’-like (see the 20 pulses crater, Fig. 1D), but the
ripples are not as regular as those in craters described in the
literature (Bonse et al., 2002; Couillard er al., 2007,
Guillermin et al., 2007; Varlamova et al., 2007). At greater
than 50 pulses, crater bottoms show a ‘‘bubbled”” morphol-
ogy (Fig. 1E). Amongst the most intense modifications of
the samples relate to increased density of fracturing with
the pulse number. Monazite shows radial cracks on the
surface after 20 pulses (Fig. 1D), and intense fracturing at
greater than 50 pulses (Fig. 1F), up to conchoidal breaking
from 150 pulses (Fig. 1G and H). This suggests high strain
fields in the vicinity of craters. Ablated particles are
ejected and re-deposited on the sample surface when no
He flux is used (Fig. 1A). Even when He flux is efficient, a
broad ring-shaped layer (100—180 pm in radius) of ejectas
forms around the crater after 50 pulses (Fig. 1F-H).

3.2. Focused ion beam/transmission electron
microscope

The FIB foils were prepared perpendicular to the sample
surface on single pulse (Fig. 1A) and 10 pulses (Fig. 1C)
craters.

3.2.1. Single-pulse crater

Figure 2A shows part of the FIB-foil cut across a 2.1 um
deep, single-pulse crater (Fig. 1A). Images in this STEM
mode acquired with a high-angle annular dark-field
(HAADF) detector contain predominantly information on
chemical composition of the sample (atomic number Z).
Moreover, HAADF signals strongly depend on the thick-
ness of the sample: thinner areas of the foil with the same
composition appear darker (e.g., Fig. 2I; middle of the
foil). This is why uniform foil thickness is essential to
facilitate interpretation, and is made possible by cutting
the sample with FIB (Wirth, 2004). Given a uniform thick-
ness foil it is valid to conclude that all black zones in the
image corresponds to holes (or light elements, e.g., C-layer
on the surface sample), and bright zones represent heavy
elements (e.g., protective Pt layer deposited on the sample
during the FIB-milling process). Moreover, ‘‘diffuse or
milky contrasts’ in the intermediate zone (Fig. 2A) are
most likely due to different crystallographic orientations of
the area (confirmed by selected area diffraction pattern,
Fig. 2C).

Four different zones, more or less clearly delimited,
can be distinguished from the surface of the sample (top
of Fig. 2A) under the Pt-layer, downwards the deeper
portions of the crystal. The first one is an ejecta layer,
~200-300 nm thick, composed of nanocrystalline
(50-100 nm) material (observe diffraction contrasts in
the Bright Field image, Fig. 2E) and bubbles (Fig. 2A
and E); the latter were already observable using SEM
(Fig. 1A). The particularity of this zone is that the
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nanocrystalline monazite (Fig. 2E and F) does not show
the mottled diffraction contrasts that are characteristic of
natural monazites (Seydoux-Guillaume et al., 2002a,
2003, 2004, 2007). This implies that the material initially
composing this layer was completely transformed during
ablation. Cracks are dispersed within this layer and
propagate into the second zone, which corresponds to
the damaged zone (Fig. 2A, B, E and F). This 1 um-
thick zone shows the structure of a mosaic crystal
(Fig. 2E and F) as demonstrated by the corresponding
electron diffraction pattern (SAD), whose spots show
streaking into arcs (Fig. 2B), consistent with a spread in
the grain orientation. TEM-Bright Field (BF, Fig. 2E) and
Dark Field (DF, Fig. 2F) images confirmed that the zone
is intensely strained, in particular, contrasts revealed by
DF image (Fig. 2F) indicate that large number of small
domains are slightly tilted with respect to each other, i.e.
the lattice is distorted. These observations are consistent
with a response of monazite to high shock pressure.
Furthermore, this zone does not contain any amorphous
material; the monazite is still crystalline. Below this
damaged zone and up to 7 um deep there is an intermediate
(or less damaged) zone (‘“‘diffuse or milky contrasts’),
where the monazite crystal is less distorted (no spotty
rings on the SAD pattern, Fig. 2C), but still strained enough
so that the diffraction pattern lacks spots associated with
specific crystallographic directions [e.g., (001), (003) direc-
tions] and shows the appearance of diffraction spots other
than those seen in undistorted monazite (Fig. 2D). Finally,
beyond depths of 7-8 pm the monazite is undamaged and
corresponds to the original crystal not affected by laser
beam. The SAD pattern corresponds to a well-crystallized
undistorted monazite single crystal. The unique evidence of
a defective lattice in this zone is revealed by mottled dif-
fraction contrasts visible in the BF mode (Fig. 2G) that
correspond to residual strains within the lattice induced by
natural irradiation damage (Seydoux-Guillaume et al.,
2002a, 2004).

Finally, no significant chemical variation, i.e. higher
than 1-2 wt% variation, was observed in any of these
zones; all analyses correspond approximately (within the
TEM-EDX precision, i.e. 5-10 wt% depending on the
concentration) to the initial Moacyr monazite composition
(Seydoux-Guillaume et al., 2002b).

3.2.2. The 10-pulse crater

This crater is 3.2 pum deep. The foil was broken in the
middle (Fig. 2I) during FIB milling and thus a part of the
foil in the axis of the laser beam and below 2 pm depth is
missing. Furthermore, the centre (appears darker in Fig. 2I)
of the foil is thinner so that direct comparison of TEM
contrasts (Fig. 2I) between the rim and the centre of the foil
cannot be made. Modifications induced by the accumula-
tion of 10 pulses are the same as for one single pulse:
presence of bubbles, cracks and nanocrystalline monazite
in the upper part (Fig. 2I), and damaged monazite with a
mosaic crystal structure at deeper levels (Fig. 2J and H).
However, the mechanical effects that induced cracks are

A.-M. Seydoux-Guillaume, R. Freydier, F. Poitrasson, F.-X. D’ Abzac, R. Wirth, L. Datas

several orders of magnitude greater: (i) more cracks
are created by ablation and some have propagated down
to the lower edge (~8 pm deep) of the TEM foil (Fig. 2I)
monazite twins are induced by laser ablation (Fig. 2I and K)
— the (100) twin visible on Fig. 2I, with lenticular form,
corresponds to the most frequent twins found in monazite
(Hay & Marshall, 2003). These twins are only present on the
left side of the crater (Fig. 2I), whereas cracks are more
penetrative on the other side of the crater. In contrast to
the number of cracks that increase with increasing pulse
number (mechanical effect), the number or size of the bub-
bles (thermal effect?) or cavitation remains constant.
Because the foil was broken during FIB-milling, it is not
possible to evaluate the full depth to which the laser beam
affected the monazite crystal. However, on the rim of the
crater, monazite is still monocrystalline as shown by SAD
pattern (Fig. 2K).

4. Discussion

4.1. Evolution of the craters morphology: the
cumulative effect

Crater diameters change significantly during the first 20
laser pulses (from 14 to 26 pm). For pulse numbers
between 20 and 50, diameters increase from 26 to
30 um and remain constant up to 50 pulses at a value of
35 um. Moreover, depth measurements of single and 10-
pulse craters with FIB foils demonstrate that monazite
ablation rate is not linear; it is very high from the first
pulse (2 pm) but after 10 pulses, the crater is only 3.2 um
deep, hence with a 0.32 pm/pulse ablation rate. Because
we were only able to measure these two craters, it is
difficult to extrapolate these measurements to subsequent
pulses. However, it is interesting to consider two phenom-
ena that could influence the ablation rate. The first one
concerns the beam focus on the sample. When the second
pulse is hitting the sample, the beam is still focused on the
primary sample surface (2 um above the material). The
resulting defocused laser beam will be less efficient to
ablate the material, because of a lower effective fluence.
However, up to this point the efficiency of this effect has
not been proven. A second and more important phenom-
enon concerns the modifications of physical properties of
the ablated monazite induced after the first pulse. As
shown above, the structure of ablated monazite is mod-
ified after the first pulse. Monazite is slightly distorted
(up to 7 um in depth), and it has the features of a mosaic
crystal down to 1 pm deep (Fig. 2A-D), and fractured,
with cracks propagating down to 2 um depths in the
crystal. This means that only a part of the energy con-
tained in the first pulse was used for ablation; the rest of
the energy was deposited and accumulated within the
monazite crystal and is responsible for the defect creation
within it, i.e. deformation of the monazite into a so called
mosaic crystal. Subsequent pulses will therefore interact
with a modified monazite. One can suggest that this
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modified monazite should be ablated in the same way as
an unaffected one or perhaps more easily ablated, unless
the energy deposited through subsequent pulses within
the sample is released, e.g. through cracks, or used to
create other defects. This is precisely what happens after
10 pulses (Fig. 2I): intense fracturing (cracks propagated
over 8 um) and twin formation are observed within the
monazite crystal. We therefore infer that a large fraction
of the laser energy that was received by the monazite was
used to create these features rather than for efficient ablation.
This cumulative effect was explained by Yong et al. (1988)
via an incubation mechanism, and was, in their work,
related to energy accumulation via plastic stress-strain of
the crystalline metals. For other authors and other materials,
the possibility of energy consumption by phase transforma-
tion, such as amorphization/re-cystallization or chemical
changes also has been proposed (Bonse et al., 2001;
Borowiec et al., 2004; Couillard et al., 2007).

4.2. Dominance of mechanical over thermally induced
damage

Femtosecond laser ablation is of high interest essentially
because of its limited heat-affected zone (Le Harzic et al.,
2002). This is a critical factor for elemental fractionations,
which should be limited in comparison to nanosecond laser
ablation when coupling femtosecond laser ablation with
ICP-MS (Poitrasson et al., 2003). In this section we will
discuss these effects and also evaluate other effects, such as
the mechanical processes observed.

4.2.1. Thermal effects: presence of resolidified material,
i.e. ejecta

On the basis of SEM images (Fig. 1), one would expect
the ejecta (resolidified material on the sample surface)
to be composed of molten material, i.e. to be amorphous
material. However, our TEM observations reveal that
ejecta consist of nanocrystals embedded together with
bubbles (Fig. 2A, E and F). Nanocrystalline (~50 nm)
ejecta were already described in Borowiec et al. (2003b)
in InP and GaAs materials, for energies between 18 and
52 nJ, from the first pulse. As described above, these
monazite nanocrystals do not show mottled diffraction
contrasts characteristic for irradiation damage in natural
monazite (Seydoux-Guillaume et al., 2002a, 2003, 2004,
2007). This implies a complete transformation of this
layer during ablation. From literature it is known that
monazite completely heals its irradiation damage for
temperature higher than 900 °C (Seydoux-Guillaume
et al., 2002b), nevertheless for longer duration than
those occurring during a femtosecond laser ablation
(Ben-Yakar et al., 2007). As example, Ladieu et al.
(2002) report direct local thermal measurements carried
out on a quartz sample at the millisecond scale and mea-
sured a temperature ~3000°C in the vicinity (50 pm) of
the crater. Annealing of irradiation damage and the pre-
sence of bubbles in the layer suggest a thermal effect
occurring during fs ablation. Lorazo et al. (2003) used
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Monte Carlo and molecular-dynamic modelling of 500 fs-
laser ablation of silicon substrate, to demonstrate that 1 ps
after the first pulse, a hot (~8000 K) and highly pressur-
ized (~10 GPa) liquid layer has formed at the surface by
isochoric heating; the incoming laser energy being trans-
ferred to the ions in 1 ps. The pressure is then released via
mechanical and adiabatic expansion and therefore with-
out heating the substrate under the ‘‘liquid layer’’. This
rapid expansion causes material ejection, i.e. ablation
occurs, eventually with void nucleation (=gas bubbles).
Ben Yakar et al. (2007), in an experimental study on
borosilicate glass ablated using single IR femtosecond
laser pulses, demonstrate that a small portion of the
incoming energy (from the high-pressure, high-tempera-
ture plasma) is deposited on the sample surface and used
to form a thin melted zone below the surface. Ladieu ez al.
(2002) measured that ~8 % of the incoming energy was
thermalized and transmitted to the undamaged part of a
quartz crystal irradiated with a 100 fs laser pulse for
fluence very close to the threshold fluence (1.2 times
higher). These results are consistent with our study;
some of the ablated material (ejecta) resolidified on the
monazite surface was also heated at very high tempera-
ture [monazite melts at ~2000 °C (Boatner, 2002) and
vaporizes most probably above 3000 °C; temperature in
agreement with those measured by Ladieu et al. (2002) in
quartz] but not the monazite substrate below, because
irradiation damage within monazite was not healed
except for within this ejecta layer. This is evidence for
non-thermal diffusion within the crystal, because it is
known that irradiation damage is healed at low tempera-
ture in monazite (Meldrum et al., 1997, 1998; Seydoux-
Guillaume et al., 2002a). After expulsion, monazite re-
crystallizes rapidly but is not quenched enough to stay
amorphous; monazite re-crystallizes as nano-crystals. In
contrast Jia et al. (2004) observed a rapid solidification of
molten silicon after femtosecond laser ablation (150 fs) of
a silicon single crystal, resulting in the formation of an
amorphous Si layer. Finally, in contrast to other studies
on fs-laser ablation of InP (Borowiec et al., 2004,
Couillard et al., 2007) or LiNbOj3 (Stach et al., 2003),
many bubbles were observed in our samples that are
comparable to silicon fs-ablation (Bonse et al., 2002) and
demonstrate vaporization of material and void nucleation.

4.2.2. Mechanical effects: shock wave propagation

Some studies from the literature investigated the plasma
pressure induced by a femtosecond laser ablation.
Ben-Yakar et al. (2007) completed the studies from Perry
et al. (1999), Choi & Grigoropoulos (2002) and Vidal et al.
(2001) and precised that femtosecond laser generated plas-
mas exhibit very high pressures (millions of atmosphere) in
the first tens of picoseconds. As the plasma expands
(mainly vertically), the pressure decreases rapidly to
several tens of atmosphere within a few tens of nanose-
cond. Sokolowski-Tinten et al. (1998) and Lorazo et al.
(2003) have also estimated the pressure during a femtose-
cond laser ablation to be in the range of tens of GPa.
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In contrast to thermal effects limited to the resolidified
layer, mechanical traces seem to dominate within the
crystal substrate: SEM and TEM results demonstrate the
presence of intense fracturing, with cracks propagating
far into the crystal, a highly strained lattice resulting in a
mosaic crystal, and even the presence of twins within the
monazite ablated with 10 pulses. All of these observations
clearly demonstrate the extent of mechanical effects due to
shock-wave propagation during femtosecond laser abla-
tion. Observation of these defects is not restricted to this
study — similar defects have been observed in numerous
studies on metals or alloys (Borowiec et al., 2003a, 2004;
Coyne et al., 2005; Couillard et al., 2007). However, the
presence of cracks within the monazite crystal can be
explained by the low hardness (Moh hardness of 5.5) of
monazite; the intense fracturing is not widespread in other
materials like metals, alloys and even quartz, whereas the
presence of twins, dislocation networks or strained lattice
has been widely reported in numerous studies (Borowiec
etal.,2003a, 2004; Gorelik et al., 2003; Coyne et al., 2005;
Couillard et al., 2007).

In our study, the monazite lattice responds to shock-
wave propagation within the first pulse (Fig. 2A, B, E
and F) by accumulating strain within the lattice, which
appears as a mosaic crystal. In contrast, Couillard et al.
(2007) detected extended defects only for multiple-pulse
craters; a difference that could be explained by a lower
fluence (0.8 J/cm?). Stach et al. (2003) already observed
high dislocation densities for the first pulse at higher
fluence (123 J/cmz). However, such comparisons of
different femtosecond laser ablation studies of various
materials are difficult to evaluate. This is because the
majority of investigations were conducted on metals,
which have properties very different from those of mon-
azite, and also because femtosecond laser ablation para-
meters, notably fluence, are also very different and often
poorly defined, e.g. estimates based on the use of crater
size instead of focal spot diameter for Gaussian beams,
(Freydier et al., 2008; d’ Abzac et al. (in press)).

Finally, taking into account pressure values from litera-
ture (see above), we found interesting to make a parallel
(only qualitative) between the plasma-pressure-induced
damage in the monazite crystal under the craters produced
after femtosecond laser ablation, and the pressure-induced
damage in minerals submitted to high-pressure shock
(experimentally or naturally shocked minerals, e.g., impact
rocks). Bell (2007) exposed siderite to 49 GPa experimen-
tal shock and revealed, by TEM, the development of
extensively strained submicrometre domains of siderite.
The crystal lattice was so distorted that mottled contrasts
were observed in the bright-field TEM image. Dougherty
et al. (2007) performed a 14 GPa gas gun shock loading
experiment on 1018-steel. They also observed spotty ring
patterns under the TEM, correlating with a highly strained
lattice. Leroux et al. (2008) investigated micro-craters
produced by hypervelocity impacts of comet dust particles
on the aluminium foil of the Stardust collector and show
that particles (olivine) were subjected to strong shock
deformation (60-70 GPa). All these similarities with our
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observations on monazite, even though only qualitative,
demonstrate that pressure effects of femtosecond laser
ablation are very important and can not be neglected, and
that mechanisms operating in fs-laser ablation are very
close to those operating in very high-pressure studies.
This was already viewed by Langenhorst ef al. (1999),
who used nanosecond laser pulse to generate shock defects
in minerals. In this study, we show that a femtosecond laser
pulse would be even more appropriate for this application
given its stronger mechanical effect.

5. Conclusions

Using microscopic (SEM) and nanometric (FIB/TEM)
studies of the monazite structure, we have demonstrated
that intense damage is created during femtosecond laser
ablation of monazite. Mechanical effects, such as an inten-
sively strained lattice leading to a mosaic crystal, twin
formation, and crack formation and propagation within
the crystal, are induced by a high-pressure (tens of GPa)
shock wave associated with the femtosecond laser pulse,
and largely dominate thermal effects, which are limited to
a thin layer (200 nm) of resolidified nanocrystalline mon-
azite. The mechanical defects are created because of the
storage (cumulative effect) within the crystal of a part of
the energy used for ablation.

Our results are in agreement with the previous sugges-
tions that ultra-short laser pulses like fs ablate the matter so
rapidly (energy deposited within a time scale of 10" s)
that the process takes place without significant thermal
diffusion (mean heat diffusion time on the order of 102
until 10~'" s) (von der Linde et al., 1997; von der Linde &
Sokolowski-Tinten, 2000; Laville et al., 2002; Le Harzic
et al., 2002). Most of the incoming energy is used by the
expanding plasma to move into the ambient gas whereas a
small portion remains in the ablated sample as thermal
energy (Ben-Yakar et al., 2007).

To conclude and as perspective for this study it is now
essential to evaluate implications of such high density
defect formation for laser ablation-ICP-MS measurements.
In particular, the fundamental question for ICP-MS mea-
surement concerns chemical fractionation. Since most of
the energy goes into producing mechanical defects in the fs
laser ablation regime, the next question is to understand the
cause of the remaining small chemical fractionation still
observed in fs LA-ICP-MS (Poitrasson et al., 2003; Freydier
et al., 2008). A similar issue lies with isotopic fractionation
(Ikehata et al., 2008) that is still observed in IR fs LA-MC-
ICP-MS. For example, a potential direct effect due to a high
mechanical damage of the sample may be the production of
large (micrometre sized) particles that the ICP torch may not
be able to completely ionize. As a consequence, chemical
and isotopic fractionation may be generated (Guillong &
Giinther, 2002; Jackson & Giinther, 2003). Analytical TEM
was not adapted to detect possible elemental fractionation
(e.g., U and Pb were not detectable) within the resolidified
and damage areas; therefore, other analytical methods must
be used. The more adapted one will be the NanoSIMS (Nano
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Secondary lon Mass Spectrometry), because we will need to
obtain analyses directly from FIB foils cut within craters
produced by the fs laser. Doing NanoSIMS in such FIB foils
will allow us to evaluate if the very localized heating and
melting (observed within the first micrometre in the present
study), or if the analytical artefacts observed (Poitrasson
et al., 2003; Freydier et al., 2008) are just related to particle
size effects. This is a fundamental question to address in
order to perform precise and accurate dating with a fs-laser
ablation ICP-MS in monazite and other minerals.

Other parameters, like the influence of energy and pulse
width on ICP-MS signal of monazite correlated with char-
acterization of ablated particles and structure modifications
within the ablated craters (d’Abzac et al., in press) are in
progress. Two comparisons will also be tested, that could
have an influence on both structure and ICP-MS signal: the
wavelength (UV vs. IR) and the pulse width (nanosecond vs.
femtosecond). Once these mechanisms will be understood,
we will be able to link them to the elemental and/or isotopic
fractionation observed, one of the most critical parameters
for successful analytical geochemistry, and develop a pre-
dictive model to improve such microanalysis.
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