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Abstract

Abstract

This work summarises several individual studies on radiation-damaged ABO4 minerals that address
aspects of the quantification of the radiation damage, its effects on material properties, and
commonly occurring, subsequent alteration processes. Many natural minerals are characterised by
structural damage that results from the radioactive decay of actinides. Such radiation damage is
typically associated with property chances, including generally reduced physical stability and
increased chemical reactivity. The insights gained are relevant for the Earth sciences as well as the
materials sciences.

Two individual studies have focused on the ability of light-spectroscopic techniques to
characterise the lattice disorder. For monazite—(Ce), a method to distinguish between effects of the
chemical composition and the structural disorder on the Raman spectrum was developed. This
method will be the indispensable premise for the Raman-spectroscopic estimation of the degree of
radiation damage of natural monazite—(Ce). In the case of zircon, the spectroscopic evaluation of
the radiation damage is a well-established method that has proved useful in many cases already. In a
DAC (diamond anvil cell) study it was verified that the degree of the radiation damage in zircon can
be quantified based on spectroscopic parameters even if samples are affected by high pressures.

In another study, a natural monazite—(Ce) sample that showed moderate radiation damage
but heavy secondary alteration effects, was characterised in detail. It was found that a significant
fraction of the thorium was released during the chemical alteration process, and re-deposited in
fracture fillings. This leads to a critical assessment of the performance of orthophosphates as
potential host materials for the storage of radioactive waste. By contrast, the ability of fergusonite—
(Y) for the long-term immobilisation of radionuclides could be supported based on two detailed
studies. The highly radiation-damaged fergusonite—(Y) samples investigated showed only a low
mobility of the actinides incorporated, even though one of them had suffered severe chemical
alteration. Raman- and luminescence spectroscopic changes observed upon thermal annealing of

monazite—(Ce) and fergusonite—(Y) were compared to those of radiation-damaged baddeleyite.






Kurzfassung

Kurzfassung

Die vorliegende Arbeit fasst mehrere Teilstudien an strahlengeschidigten ABO4-Mineralen
zusammen, die sich mit der Quantifizierung der Strahlenschiddigung, ihrer Auswirkung auf die
Materialeigenschaften und den in Folge hiufig auftretenden Alterationsprozessen beschiftigen.
Viele natiirliche Minerale weisen eine Schidigung ihrer Struktur auf, die auf den radioaktiven Zerfall
von Aktinoiden zurlickzufthren ist. Eine solche Strahlenschidigung geht typischerweise mit
Anderungen der Materialeigenschaften einher, wie allgemein verringerter physikalischer Stabilitit
und erhohter chemischer Reaktivitit. Die diesbeziiglich neuen Ergebnisse sind sowohl fiir
erdwissenschaftliche als auch materialwissenschaftliche Belange von Bedeutung.

Die Eignung der Licht-Spektroskopie zur Charakterisierung der Gitter-Fehlordnung stand
im Fokus zweier Teilstudien. So wurde fiir Monazit—(Ce) eine Methode entwickelt, um die Effekte
von chemischer Zusammensetzung und struktureller Fehlordnung auf das Ramanspektrum
auseinanderhalten zu konnen. Diese Methode bildet die Grundlage, um den Grad der
Strahlenschidigung von natiirlichem Monazit—(Ce) mit Hilfe der Ramanspektroskopie
abzuschitzen. Fir Zirkon hat sich die spektroskopische Evaluierung der Schidigung bereits seit
lingerem bewihrt. Im Rahmen einer Studie wurde hier unter Verwendung einer
Diamantstempelzelle  nachgewiesen, dass eine spektroskopische  Quantifizierung  des
Strahlenschidigungsgrades von Zirkon auch bei hohen Driicken méglich ist.

In einer weiteren Teilstudie wurde ein moderat strahlengeschidigter, aber stark sekundir
alterierter Monazit—(Ce) detailliert charakterisiert. Durch den Alterationsprozess kam es hier zu
groBBen Verlusten an Thorium sowie dessen Ablagerung in Rissfillungen. Dies fihrt zu einer
kritischen Beurteilung der Eignung von Orthophosphaten als potentielle Wirtsmaterialien fiir die
Lagerung radioaktiver Abfille. Im Gegensatz dazu konnte die Fihigkeit des Minerals Fergusonit—
(Y) zur Langzeit-Immobilisierung von Radionukliden anhand zweier umfassender Studien
unterstrichen werden. Die untersuchten, hoch strahlengeschidigten Fergusonite—(Y) zeigten,
ungeachtet der in einem Falle erfolgten intensiven chemischen Alteration, lediglich eine geringe
Mobilitit der enthaltenen Aktinoide. Raman- und lumineszenzspektroskopische Verinderungen
beim thermischen Ausheilen von Monazit—(Ce) und Fergusonit—(Y) wurden mit jenen von

strahlengeschadigtem Baddeleyit verglichen.
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Introduction

1 Introduction

Many natural minerals incorporate the actinides U and Th in their structure. Through the
radioactive decay processes of these actinides and their daughter nuclei the minerals suffer
irradiation, and damage is commonly created in the mineral structures. The overall goal of this work
was to gain new insights into radiation-damaged minerals, especially the radiation-induced changes
in physical and chemical properties, and subsequent alteration processes.

A concise introduction to radiation damage in minerals and the relevance of research in this
field for Earth sciences and materials sciences is provided in subchapter 1.1. Raman spectroscopy
was a particularly relevant method for the present work. In all five individual studies, the method
was applied to characterise the structural state of minerals, and in two of these studies, its ability to
quantify the radiation damage of minerals was examined. Therefore a short introduction to Raman
spectroscopy is given in subchapter 1.2. Note that an in-depth treatment of the physical
background is beyond the scope of this thesis. The research objectives of this thesis are described
in more detail in subchapter 1.3. Results obtained in the individual studies are documented in
chapter 2, in the form of published papers (subchapters 2.1-2.4), a submitted manusctipt
(subchapter 2.5), and some preliminary results, which in part have been published as conference
contributions (subchapter 2.6). The results are followed by a final discussion and implications,

including a brief discussion on the analytical techniques used for the studies.

1.1 Radiation damage

Radiation damage is induced in a crystalline structure by high-energy radiation. The degree of
damage may vary from a partial destruction of the structure to the formation of a completely
amorphous state of the material. Irradiation of a mineral may occur due to internal radiation
sources that is radioactive elements incorporated in the crystal structure (e.g., Nasdala et al. 2004) or
due to external radiation sources. The latter include natural ones [e.g., inclusions of actinide-bearing
minerals (e.g., Nasdala et al. 2000)] and artificial ones [e.g., irradiation experiments with ions or
electrons (e.g., Meldrum et al. 1997; Krickl et al. 2008; Nasdala et al. 2011)].

Three processes may cause self-irradiation damage in minerals: alpha decay, beta decay and
spontaneous fission events. Out of these, alpha decay events are considered to be responsible for
most of the self-irradiation damage in actinide-containing minerals (Murakami et al. 1991; Weber et
al. 1998). Beta-decay is considered to be generally ineffective in generating permanent damage. A
spontaneous fission event is able to create extensive damage, but due to its low probability of
occurring, fission events do not significantly contribute to the damage accumulation in actinide-
bearing solids.

During an alpha decay event an unstable (radioactive) isotope spontaneously transforms into
a heavy daughter nucleus and an alpha particle (i.e., a *He nucleus) (see Fig. 1). The alpha particle is
emitted with a kinetic energy of ~3.9-8.8 MeV and is able to move a few tens of micrometers

through the mineral. It will mainly loose its energy by ionisation processes, but particularly near the
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Introduction

end of its path the alpha particle collides with other atoms and may cause up to a few hundred
Frenkel defect pairs (Weber et al. 1998). The heavy daughter nucleus experiences a recoil impulse.
Compared to the alpha-particle, the recoil nucleus has a lower kinetic energy of ~0.1 MeV and its
stopping range is only a few tens of nanometres (Murakami et al. 1991; Nasdala et al. 2001).
Nevertheless the nuclei will lose most of its energy in elastic collisions with nuclei of lattice atoms
and generate thousands of displacements due to its high atomic mass. A damage cluster by collision
cascades of displaced lattice atoms may result (Murakami et al. 1991; Weber et al. 1998; Nasdala et
al. 2001). An additional reason for the appreciable contribution of alpha-decay events to damage
accumulation is that the decay chain of a single actinide ion consists of several successive alpha-
decays. The isotopes 238U, 23U and 2**Th undergo eight, seven and six alpha-decays, respectively

until their stabile isotopes 208Pb, 207Pb and 20°Pb are formed.

Fig. 1 Formation of an

o.-recoil ‘
range 20-35 nm O alpha-particle and an alpha-
600-1,100 Frenkel pairs / 4H recoil nuclei duting an
€ Ipha-d t.
4 ‘A‘ o.-radiation (~ 8.8 MeV) Aphadecay cven

range 10,000-30,000 nm
120-135 Frenkel pairs

212
Po
208pp,

(~ 161 keV)

The accumulation of radiation damage may lead to complete destruction of the crystal structure.
The transition of the crystalline to the amorphous state of the material is referred to as
metamictisation (Ewing 1994; Zhang et al. 2002). There exist several models to explain the process
of metamictisation: (i) progressive (homogeneous) amorphisation due to point defect accumulation,
(i1) interface-controlled amorphisation, (iif) cascade-overlap (heterogeneous) amorphisation and (iv)
in-cascade (heterogeneous) amorphisation (see Weber 1998 and references therein). Note, however,
that amorphisation of a mineral might involve more than one of these processes and so far for
most minerals no well-defined model exists (Weber et al. 1998).

However, whether or not a mineral becomes metamict depends on the damage
accumulation, as well as, the damage recovery upon thermal annealing (Meldrum et al. 1998). As
long as the damage accumulation rate is less than or equal to the annealing rate, complete
amorphisation can not occur. The temperature above which no amorphisation can be induced
under particular conditions is defined as the critical amorphisation temperature (T¢) and is specific
to the material (Meldrum et al. 1998, 2000; Ewing 2005). Recovery of the structure is not restricted
to thermal annealing. Irradiation (i.e., electron beams or alpha particles) (Meldrum et al. 1996;
Ouchani et al. 1997; Harrison et al. 2002) or recrystallisation processes (e.g., through an alteration
event) (Nasdala et al. 2001) might also cause structural reconstitution.

As a consequence of an increasing degree of radiation damage, the physical durability of
minerals is reduced and their chemical reactivity increased (Lumpkin 2001; Horie et al. 2000;

Lenting et al. 2010). Changes of physical properties may include decreases in elastic properties and
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hardness (Chakoumakos et al. 1991; Weber et al. 1998; Ewing et al. 2003; Picot et al. 2008) and
changes in optical properties (Holland & Gottfried 1955; Nasdala et al. 2009). Furthermore
radiation-induced expansion of the unit cell (volume swelling) and a decrease of density are
commonly observed (Holland & Gottfried 1955; Bakker et al. 1998; Picot et al. 2008).

The (sometimes heterogeneous) volume expansion of the material may cause microfractures
in the material (Fig. 2; see e.g., Chakoumakos et al. 1987; Weber et al. 1998). The subsequently
increased surface area enhances fluid access and dissolution (Lee & Tromp 1995). Such fluid
transport through cracks and voids is typical for secondary alteration processes, e.g. hydrothermal
overprinting or near-surface weathering processes (Lumpkin & Ewing 1995). The process of fluid-
driven alteration may cause extensive element mobilisation and is often referred to as “dissolution—
reprecipitation” (Putnis 2002). In contrast, primary alteration is mostly dominated by intracrystalline

elemental diffusion. Such diffusion, as well as the susceptibility of the minerals to dissolution is

typically enhanced by radiation-induced disorder and amorphisation (Lumpkin 2001; Cherniak &
Watson 2003; Tromans 2000).

Fig. 2 Back-scattered electrons image of a
complexly zoned zircon grain from a gneiss
from Afella, In Ouzzal Massif, Algeria.
Image modified from Nasdala et al. (2001),
for details on the host rock see Peucat et al.
(1996). The strongly radiation-damaged
central zone (bright BSE) is more volume-
expanded than the surrounding zones; it is
hence surrounded by the typical radial
fracture pattern.

Knowledge on the degree of radiation damage may yield important information in reconstructing
the geological history of a mineral. As an effect of alteration processes, the U-Th—Pb system of a
mineral may be disturbed by depleting and/or enriching, actinide and/or Pb concentrations (Suzuki
et al. 1994; Goncalves et al. 2005; Kuiper 2005). Such isotopic disturbance may bias dating results
that is the mineral may be affected by the generation of normal or reverse discordance, or data
interpretation may be completely prevented. Understanding the mechanisms that might affect the
U-Th-Pb system is fundamental for the interpretation of dating results (e.g., to better understand
the post growth history of minerals and to avoid biased age data). Hence investigations on
geochronological significant minerals, like zircon, monazite—(Ce) and apatite (commonly used for
U/Th-Pb dating or fission-track dating) are of particular interest.

Minerals that are able to incorporate actinides in their crystal structure (e.g., zircon,
zirconolite, monazite—(Ce), pyrochlore, etc.) are commonly discussed as potential carrier phases for
actinides in ceramic nuclear waste forms (Ewing 1999; Trocellier 2000; Lumpkin 2000;
Omel’yanenko et al. 2007; Weber et al. 2009; Montel 2011). Any release of radionuclides from the
waste forms has to be prevented. Hence long-term chemical and mechanical durability (including

mechanical strength, thermodynamic stability, etc.) are essential properties of waste forms for the
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immobilisation of actinides (Ewing 1999). As underground repositories are commonly discussed for
the disposal of such nuclear waste forms, it needs for instance to be considered that groundwater
infiltration might affect the waste form. Therefore low solubility in natural fluids is of crucial
importance for potential waste form phases. The susceptibility of materials to undergo chemical
alteration, the chemical alteration process itself and as to which degree these materials can resist the
release of radionuclides is of particular interest.

It is therefore understandable that radiation-induced property changes in minerals provided a
wide area of research in recent years. Information on the suitability and performance of materials
for the immobilisation of radionuclides (e.g., their alteration behaviour) is obtained from laboratory
experiments performed on natural and synthetic materials as well as from observations on natural
minerals. Laboratory studies such as irradiation or leaching experiments offer a number of
advantages. The behaviour of minerals can for instance be studied under controlled conditions (e.g.,
under high temperature, high pressure, etc.), or the stability of different minerals under identical
conditions can be compared (e.g., Meldrum et al. 2000; Terra 2003). Nevertheless all the
experimental investigations have to be supported by observations made on naturally radiation-
damaged and/or naturally chemically altered mineral samples. Natural minerals are able to provide
information on the long-term accumulation of radiation damage in crystals and on their long-term
behaviour (including chemical alteration processes) in a geological environment (e.g., in the
presence of aqueous solutions). In short-term laboratory experiments, such natural processes,

proceeding at a low temperature over millions of years, can not be simulated.

1.2 Raman spectroscopy

The Raman effect was observed for the first time in 1928 by the Indian physicist C.V. Raman
(Raman & Krishnan 1928). It describes an interaction of an electromagnetic wave with matter
(gasses, liquids or solids). The decisive process is the inelastic scattering of a light quantum (photon)
from the examined molecule (respectively crystal lattice). For this an electromagnetic radiation,
commonly monochromatic laser light in the visible range, is focused onto the sample and the
energy-shifted fraction of the scattered light is detected.

The quantum-mechanical model is often used to explain the Raman effect in terms of the
discrete vibrational energy states of each molecular vibrational mode. According to this model, an
incoming photon might be absorbed if its energy matches to the energy difference between two
allowed vibrational levels of a molecule. A quantum of vibrational energy (phonon) with the same
energy is excited. This may occur upon irradiation with middle to far infrared light.

In the case of visible light no such absorption can take place. Here, the incoming photon
excites the system to a virtual state. In most cases, upon relaxation of the excited state a new
photon is emitted, having the same energy as the photon of the incident laser light, and the
remaining molecule has the same vibrational state as before. Such a scattering process, where no
energy is transferred, is called elastic or Rayleigh scattering. However, very rarely a vibrational
transition to a higher or lower vibrational state than before the interaction is induced. In this case

an energy transfer occurs and the photon energy of the scattered light is different from the incident
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one. This process is called inelastic or Raman scattering. The energy differences between Raman-
scattered photons and incident photons are equal to the difference in energy between two
vibrational states of the molecule. If energy is transferred from the incident light to raise a vibration
to the excited state, the scattered light shows a shift towards lower energies. This red shift is called
the Stokes scattering. If energy is transferred from an already excited vibration that relaxes to the
ground state, a vibrational phonon is destroyed and the scattered light shows a shift towards higher
energies. This blue shift is called the anti-Stokes scattering. Accordingly, for the occurrence of anti-
Stokes scattering the existence of molecules in an excited state is required. Further it is obvious that
anti-Stokes scattering increases with rising temperature. Under ambient conditions Stokes scattering
in the dominant process and the Stokes part of a Raman spectrum is recorded and considered for
most applications.

Another approach to explain inelastic Raman scattering is to apply an electro-dynamical
model. According to this model the electric field of the laser light induces a time-dependent dipole
momentum in the molecule. The interaction of the time-dependent dipole momentum and the
electromagnetic wave of the laser beam itself is controlled by the polarisability of the molecule.
Molecular vibrations are only Raman active if the polarisability for the molecule changes with time.
Number and type of possible vibrations can be calculated using group theory. The so-called (group
theoretical) selection rules describe whether or not a vibrational mode is Raman active.

A Raman spectrum is a plot of light intensity versus the photon energy. The energy shift of
the inelastic scattered light relative to the elastic scattering is called the Raman shift and usually
given in relative wavenumbers. Anti-Stokes Raman bands have negative and Stokes Raman bands
have positive relative wavenumbers. The Rayleigh line is observed at zero Raman shift.

A Raman system typically consists of several major components: (1) an excitation source
(laser), (2) a sample illumination system and light collection optics, (3) dispersive gratings for
spectral decomposition, and (4) a detector. Mirrors or glass fibres guide the laser beam through a
beam expander and a laser line rejection filter (edge filter or notch filter) reflects the beam through
a microscope onto the sample, where it interacts with the sample in the focal spot. The scattered
light is collected by a microscope objective and directed on the laser line rejection filter, which
rejects the elastically scattered light from entering the spectrometer. Only the inelastically scattered
light passes and is spectrally decomposed by the dispersive gratings in the spectrometer before it is
projected into the detector. In most instruments charge coupled device (CCD) detectors are used.

For a high spatial resolution and a reduction of the sampling volume an instrument with a
confocal arrangement of the optical pathway is applied. Such instruments allow performing so-
called “microprobe” analyses with a volume resolution better than 5 pm? (Markwort et al. 1995). A
disadvantage of the confocal setup is the reduced light collection efficiency. For routine analyses a
compromise between non-confocal and confocal mode may be reached using a pseudo-confocal
instrument setup (Williams et al. 1994), which compared to a non-confocal aligned instrument
offers an improved spatial resolution and compared to confocal systems a good light throughput.

It should be noted that Raman spectral parameters (especially Raman band intensities)

depend on the crystallographic orientation of the sample relative to the polarisation plane of the
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laser light. Hence in some cases oriented measurement might be required to allow a sensible
comparison of Raman spectra.

Applications of Raman spectroscopy cover a wide field including for instance Earth
sciences, archaeological sciences, forensic sciences, polymer research, semiconductor physics, etc.
The Raman spectrum is highly specific for a certain substance and is mostly used as a “fingerprint
method” for the identification of a material. In Earth sciences Raman spectroscopy is, besides for
the identification of mineral phases, often used for structural investigations. It proved for instance
to be a suitable method to study the short-range order of minerals. The decreased short-range order
of radiation-damaged minerals can commonly be observed from spectral changes, such as band
shifts (typically toward lower wavenumbers), increases of their widths (commonly expressed as
FWHMs), intensity losses, and sometimes band asymmetries. Additionally the splitting of Raman
bands or the appearance of additional bands might occur in a spectrum. For zircon the
quantification of the degree of radiation damage by means of Raman spectroscopy is a well-
established method (e.g., Geisler et al. 2001; Nasdala et al. 2001).

Note that for quantitative conclusions concerning Raman band width a band correction
procedure has to be applied to obtain the real FWHMs (see e.g., Dijkman and van der Maas 1970).
Further it needs to be considered that a suitable laser excitation wavelength is chosen for Raman
analyses to avoid that the Raman signal is affected or even obscured by any simultaneously emitted
photoluminescence signal. In principle Raman spectroscopy is a non-destructive method. Only in
rare cases does the local temperature increase result in artefacts, such as the decomposition of the
sample. Raman analyses do not require special preparation of the sample. Grains can be analysed as
well as polished samples. Even mineral inclusions can be studied, as measurements can be done
without any direct contact to the sample. Due to the high volume resolution small amounts of

sample material as well as minerals showing a fine-scale zoning can be analysed.

1.3 Research objectives

Three ABO4 minerals were in the focus of the present thesis (nominal chemical formulas in
parentheses): monazite—(Ce) (CePOy), zircon (Z1SiO4) and fergusonite—(Y) (YNbOy). They
commonly incorporate actinides and are considered as potential carrier phases for the long-term
immobilisation of radionuclides. In addition, monazite—(Ce) and zircon play an important role for a
wide range of geochemical investigations and are often used for radiometric dating, which makes a
better understanding of the alteration mechanisms crucial for these minerals.

The first main objective of this thesis, an evaluation of the potential of Raman spectroscopy
to quantify the degree of short-range order in radiation-damaged minerals, is attended to in two
studies (subchapters 2.1 and 2.5).

The band width of the zircon v3(SiO4) Raman band is a reliable indicator of the degree of
self-irradiation damage for zircon samples. The study reprinted in subchapter 2.1 was dedicated to
the question whether the Raman band parameters can indicate the degree of radiation damage

under high pressure conditions. Pressure-induced Raman spectral parameter changes of zircon
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samples with different degrees of self-irradiation damaged and synthetic zircon have therefore been
studied under hydrostatic compression in a diamond anvil cell (DAC).

The second study (subchapter 2.5) investigated the potential of Raman spectroscopy to
estimate the degree of accumulated radiation damage in monazite—(Ce) samples whose chemical
composition has been determined before. The degree of disorder generally depends on both the
structural state and the chemical composition of the material. Regarding that monazite—(Ce) has an
extremely broad range of chemical compositions it is hence crucial to primarily investigate how the
chemical composition affects the monazite—=(Ce) Raman spectrum. This was done on synthetic
orthophosphates and non radiation-damaged analogues of the naturally radiation-damaged
monazite—(Ce) samples, produced by dry annealing. Knowledge on the effect of chemical
composition on the Raman spectrum might then be used to estimate the degree of structural
radiation damage from the observed spectrum of a natural sample.

The second main objective was to study the effects of radiation damage and subsequent
alteration processes on natural minerals. The samples studied in three case studies include a
monazite—(Ce) sample from Moss (Norway) (subchapter 2.4), and fergusonite—(Y) samples from
the Berere region (Madagascar) (subchapter 2.3) and Adamello (Italy) (subchapter 2.2). The samples
were structurally and chemically characterised in detail using a broad range of imaging,
spectroscopic and elemental (respectively isotope) techniques. Due to the reasons outlined in 1.1
the potential mobility of the actinides and Pb was of particular interest in these studies.

For three different radiation-damaged minerals, namely monazite—(Ce), fergusonite—(Y)
and baddeleyite the Raman- and photoluminescence spectroscopic changes upon thermal annealing

were compared (some preliminary results are presented in subchapter 2.6).
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cell up to ~10 GPa. Radiation-damaged zircon shows
similar up-shifts of internal SiO, stretching modes at ele-
vated pressures as non-damaged ZrSiO4. Only minor
changes of band-widths were observed in all cases. This
makes it possible to estimate the degree of radiation
damage from the width of the v;(SiO4) band of zircon
inclusions in situ, almost independent from potential
“fossilized pressures” or compressive strain acting on the
inclusions. An application is the non-destructive analysis of
gemstones such as corundum or spinel: broadened Raman
bands are a reliable indicator of self-irradiation damage in
zircon inclusions, whose presence allows one to exclude
artificial color enhancement by high-temperature treatment
of the specimen.

Keywords Zircon - Radiation damage -
Diamond anvil cell - Raman spectroscopy

L. Nasdala (X)) - K. Ruschel - T. Viczi

Institut fiir Mineralogie und Kristallographie, Universitidt Wien,
Althanstr. 14, 1090 Wien, Austria

e-mail: lutz.nasdala@univie.ac.at

R. Miletich
Mineralogisches Institut, Ruprecht-Karls-Universitidt Heidelberg,
Im Neuenheimer Feld 236, 69120 Heidelberg, Germany

9/83

Introduction

The accumulation of self-irradiation damage in zircon
(ZrSi0y) leads to dramatic changes of physical properties
and chemical resistance of this mineral and may finally
lead to an amorphous “metamict” form (e.g., Ewing et al.
2003). The damage originates from the radioactive decay
(i.e., alpha-decay events) of U and Th substituting on the
7Zr** sites within the lattice, and their instable daughter
nuclei in the respective decay chains. The degree of radi-
ation damage that is present in a certain sample, however,
does not necessarily correlate with the self-irradiation dose.
It has been shown that radiation damage is the result of the
two competing processes damage accumulation and dam-
age annealing, controlled by the sample’s thermal history
(Meldrum et al. 1999).

Nasdala et al. (1995) have introduced Raman spectros-
copy as a method to estimate quantitatively the degree of
radiation damage in zircon. They showed that Raman
spectra of mildly to strongly radiation-damaged (but not
yet amorphized) zircon show the same pattern of Raman
bands as crystalline zircon. Bands, however, clearly shift
towards lower wavenumbers and broaden, which reflects
the loss of short-range order and the general expansion of
the lattice. The FWHM (full width at half band-maximum)
of the internal v4(SiO4) mode at ~ 1,000 cm™"' was found
to increase most sensitively with increasing radiation
damage. It increases from <2 cm™' for well-crystallized
(i.e., undamaged) to well above 30 cm™! for strongly
radiation-damaged zircon. This parameter was used in
many recent studies to estimate the degree of metamicti-
zation of unknown zircon samples. The Raman-based
estimation of radiation damage provides the opportunity to
do non-destructive in situ analyses with resolution on a
micron-scale, opening up new opportunities for studying
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the structural state of single zones and areas within zircon
grains, and their internal heterogeneity. Applications were
presented, for instance, by Wopenka et al. (1996), Hoskin
and Black (2000), Zhang et al. (2000), Balan et al. (2001),
and Pidgeon et al. (2007).

The objective of the present paper is to study the
Raman spectral changes of radiation-damaged zircon (or,
more precisely, zircon-structured ZrSiO,) at elevated
pressure. Such data have only been provided for crystal-
line zircon thus far by Knittle and Williams (1993), who
found that ZrSiO, transforms from the zircon-type to a
scheelite-type high-pressure polymorph at ~37 GPa.
Pressures applied in the present study have remained well
below this transition. Note that the present study deals
with effects of hydrostatic compression on the spectral
behavior of zircon with accumulated self-irradiation
damage. It is therefore not closely related to recent papers
addressing the question how pressure affects the forma-
tion of local material changes, i.e., the process of damage
accumulation due to relativistic heavy ions under pressure
(e.g., Glasmacher et al. 2006; Lang et al. 2005, 2008). In
contrast, we have focused on the following questions: (1)
which spectral changes are observed for existing radiation
damage in zircon on pressure changes within the hydro-
static regime; (2) as to which degree trends of spectral
changes of significantly radiation-damaged zircon differ
from those of non-damaged ZrSiO4; and finally (3)
whether or not the presence of pressure affects the
quantification of radiation damage using the FWHM of
the v53(SiO4) Raman mode.

Samples and experimental

We have studied small chips of four zircon gemstones
(ages 522-571 Ma) originating from the Sri Lankan
Highland Complex, and synthetic (un-doped) ZrSiOy,. The
latter was grown using the Li—-Mo flux technique described
by Hanchar et al. (2001). Chemical and isotopic compo-
sition and structural state of the four natural samples,
namely M144, BR231, OR1, and G168, have been
described in detail elsewhere (Nasdala et al. 2004). They
cover the range from mildly (M144; 436 ppm U) to
strongly radiation-damaged (G168; 1,499 ppm U). For
analytical characterization of the synthetic (i.e., very-well
crystallized) ZrSiO, see Nasdala et al. (2002b).
High-pressure experiments up to ~ 10 GPa were per-
formed in three runs using an “ETH-type” diamond anvil
cell (DAC) that has been described in detail by Miletich
et al. (2000). For all three individual loadings 0.09 ct type
Ia low-fluorescence diamond anvils with 0.6 mm culets
were placed on standard Be backing plates with 15°
opening angles for the optical ports. The pre-indented
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steel gaskets had thicknesses of 85-95 um, and the
diameter of the mechanically-drilled circular pressure
chamber was in the range 205-250 pum. The cell was
loaded with one or two un-oriented crystal fragments
(longest dimensions 90-150 pm). Cryogenically loaded
argon was used as pressure-transmitting medium. For the
determination of pressure inside the DAC, several small
ruby spheres (sizes ca. 5-10 pm) were loaded together
with zircon fragments. Pressures were calculated from the
spectral position of the laser-induced R; emission line
(’E > *A, transition; Nelson and Sturge 1965) of crt
centers incorporated in Al,Os;. The R; emission lies at
14,405 cm™! (which corresponds to A = 694.2 nm) at
ambient conditions and is shifted to lower wavenumbers
(i.e., higher wavelengths) at elevated pressures. Calibra-
tions have been provided, for instance, by Piermarini
et al. (1975) and Mao et al. (1986). Measurements were
done at least 30 min after manual pressure increase or
decrease, to reach equilibrium conditions of pressure
setting in the DAC. Pressures were derived from the
wavelength shift relative to the respective measurement at
1 bar after complete pressure release, using the empirical
calibration parameters given by Mao et al. (1986) for
hydrostatic conditions.

Raman spectra were obtained by means of a Renishaw
RM1000 spectrometer equipped with Leica DMLM optical
microscope, a grating with 1,200 grooves per mm, and a
Peltier-cooled charge-coupled device (CCD) detector.
Spectra were excited with the 785 nm emission line of a NIR
(near infrared) diode laser. The laser power at the sample was
<3 mW, which is well below the threshold for any heating
effects thathypothetically could be caused by local absorption
of thelaserlight. A20x ULWD (ultra-long working distance)
objective (numerical aperture 0.40, free working distance
~ 11 mm)wasused. Withthis objective, thelateral resolution
(with the system operated in the quasi-confocal mode) is
estimated at about 20-30 pm, which was powerful enough
for our needs. The spectrometer was calibrated using neon
lamp emissions (cf. Lide 2003), in particular those at
14219.87 cm ™' (703.24 nm), 14431.12 ecm ™' (692.95 nm),
and 14887.5 cm™! (671.7 nm), and the Rayleigh line. All
spectra were obtained in the “continuous extended scan”
mode, with accumulation times of 10 s for the Rayleigh and
neon lamp lines, 30 s for the ruby R lines, and between 60 s
(synthetic ZrSiO,) and 900 s (OR1, G168) for zircon Raman

spectra. The wavenumber accuracy was better than 0.5 cm™ L

and the spectral resolution was determined at ~2.5 cm™".
Fitting was done assuming Lorentzian—Gaussian band
shapes (except for the Rayleigh line, for which a simple
Gaussian shape was assumed). Measured FWHMs were
corrected for the experimental band broadening (i.e.,
apparatus function, spectral width of laser emission), and

real FWHMs were calculated according to the procedure of
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Verma et al. (1995). Estimated uncertainties of corrected
FWHMs of the zircon v3(SiO4) Raman band were between
+0.4 cm™" (synthetic ZrSiO,) and +1.2 cm™' (G168).
Uncertainties of determined pressures are assessed to be
below +0.1 GPa.

Results and discussion

Representative zircon Raman spectra obtained with
785 nm excitation are presented in Fig. 1. Near infrared
(NIR) excitation was preferred for two reasons. First, the
spectral resolution of a dispersive spectrometer is better at
longer wavelengths. This results in bands being defined by
more data points, which improves the reliability of fit
results especially for narrow bands. Second, with visible
excitation, zircon Raman bands are likely to be affected
by simultaneously excited laser-induced luminescence
emissions. In test measurements with He-Ne 632.8 nm
excitation it turned out that the (comparably weak) Raman
spectrum of zircon was fully obscured by Cr’* sidebands.
Note that in the emission spectrum of Cr** in corundum,
the main R, and R, lines (emissions of single Cr’* ions) are
accompanied by N; and N, lines (emissions of pairs of
closely neighbored Cr’t ions, at 704.1 and 700.9 nm;
Powell 1967) and extended sidebands (main emissions
modulated by vibrations which have strong intensity in the
range 645-740 nm; Rothamel et al. 1983). Even though
sidebands are much less intense than R lines, they are still
several orders of magnitude higher in intensity than Raman
bands. Test measurements with Ar™ excitation (488 and
514.5 nm) showed significant problems with luminescence
phenomena in the case of natural zircon samples. These
emissions are assigned to rare earth element (Gaft et al.
2000; Nasdala and Hanchar 2005) and unknown broad-
band emission centers in the zircon structure (Gaft et al.
2002).

It should be mentioned that hypothetical problems to
excite the red ruby luminescence with the NIR laser did
not occur. Direct (i.e., single-photon) excitation of the
R, emission (photon energy ~1.79 eV) was of course
impossible, because of the too low photon energy of
785 nm laser light (~1.46 eV). Nevertheless, the R lines
were excited, and obtained, with sufficient intensity. This
may possibly be assigned to a two-photon excitation
process.

Natural zircon shows in general comparably weak
luminescence in the NIR. However, in spite of the fact
that 785 nm excitation was used, the (low-intensity)
Raman spectra of all four natural samples were notably
affected by luminescence, especially in the range below
834 nm (corresponding to Raman shifts smaller than
750 cm™!; Fig. 1). Nevertheless, the two main Raman
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Fig. 1 Raman spectra (785 nm excitation) of zircon ORI from Sri
Lanka, obtained at different pressures. To demonstrate band decon-
volution, background-corrected spectrum (a), fit result (b), fitted
single bands (c), and difference plot (d) are shown below for the
example of the 5.1 GPa spectrum

bands of zircon at about 1,000 cm ™! could be obtained in

all cases. These bands are assigned to symmetric
stretching (v;; A, mode at ~974 cm™ ") and antisym-
metric stretching (v3; By, mode at ~1,008 em™!) of SiO,
tetrahedra in the zircon structure (Dawson et al. 1971;
Syme et al. 1977; Mazhenov et al. 1979). Reliable
background correction was possible in spite of the sig-
nificant background intensity, because of the nearly linear
(slightly concave) background shape in our spectra
(Fig. 1). In contrast, correction for background lumines-
cence consisting of a multitude of narrow emissions (as
for instance occurring when Art 514.5 nm excitation is
used; Nasdala and Hanchar 2005) would have introduced
clearly more uncertainty. In Fig. 1, background correction
and band fitting results are demonstrated for the example
of the 5.1 GPa spectrum of zircon ORI.
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Calculated difference graphs indicated that obtained
Raman bands were not affected by significant band
asymmetry. This observation is important insofar as it
supports quasi-hydrostatic conditions as expected for the
pressure medium (argon) used. In contrast, lattices affected
by strain due to deviatoric stress under non-hydrostatic
conditions typically yield notably asymmetric Raman
bands (heterogeneous band broadening; see for example
Figs. 1 and 3 in Sharma et al. 1985, Fig. 2b in Nasdala
et al. 2002a), which was not observed in the present study
over the whole range of experimentally achieved pressures.

Results are shown in Fig. 2. As expected, bands of SiO4
stretching modes were found to shift towards higher rela-
tive wavenumbers (i.e., higher Raman shifts) with
increasing pressure. Only for synthetic ZrSiO, Raman
bands in the spectral range below 750 cm™' could be
measured (see above). Here, we found that SiO, bending
and most external modes (including the translational E,
band at 225 cm™') are up-shifted with pressure, whereas
the E, band at 202 cm™' shows a marked down-shift (to
196 cm~! at 9.0 GPa). All band shifts seemed to occur
nearly linearly with pressure, i.e., there was no any clear
indication of a hypothetical phase transformation. For the
main v3(SiO,4) zircon band, pressure-induced upshifts (dv/
dP) of 5.4-5.9 cm™! GPa~! were calculated for the five
samples. These values are slightly higher than the vibra-
tional mode shift of 4.8 & 0.2 cm™' GPa™' determined by
Knittle and Williams (1993).

More importantly, we found that the FWHM of the
v3(Si0y4) zircon band does not change significantly with
pressure. There is an indication for slight FWHM increase
in the case of non- or mildly radiation-damaged zircon (i.e.,
synthetic ZrSiOy, perhaps also M144), whereas the FWHM
seems to decrease at elevated pressures in the case of
strongly radiation-damaged samples (G168, OR1). Note
that different trends for pressure increase and pressure
release were not observed; samples yielded the same Raman
parameters within analytical uncertainties before and after
having been subjected to high pressures. This is in apparent
contrast to the high-pressure study of Knittle and Williams
(1993), who detected notable band broadening of zircon
after their experiments. However, they applied much higher
pressures up to 37 GPa, which seem to have caused some
permanent structural damage. Further, our observations do
not seem to be consistent with results of a recent study of
Trachenko et al. (2007), who reported a final ~5% volume
reduction of radiation-amorphized zircon after being com-
pressed to 9 GPa and subsequent pressure release, and that a
phase transformation had occurred in the 4.5-9 GPa range.
The apparently different observations, however, may be due
to the different materials, as Trachenko et al. (2007) studied
fully amorphized ZrSiO4, whereas our samples showed
much lower levels of radiation damage.
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Fig. 2 Raman spectral changes of zircon as induced by pressure: a
Plot of the width of the v3(SiO4) Raman band against pressure, b Plot
of the spectral position of this band against width. Trends of changes
with pressure (dotted lines are visual guides) deviate significantly
from the trend of spectral changes as caused by the accumulation of
radiation damage (gray square symbols and dashed arrow)

The slight band broadening observed from synthetic
ZrSiO4 might perhaps be assigned to a potential effect of
quasi-hydrostaticity as originating from the solid argon
medium for pressures above 0.9 GPa. However, the reason
of the slight FWHM decrease of G168 and ORI still
remains unclear. One possible explanation might be given
by considering the different molar volumes and differential
compressibilities of the radiation-damaged domains in
comparison to the non-damaged host lattice. Assuming the
amorphous domains to exhibit a large molar volume and a
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smaller bulk modulus for volume compression, the volume
strain at the interface between radiation-damaged areas and
the host lattice must get reduced on increasing pressures
due to smaller volume differences at higher pressures.
Accordingly, the FWHM of any spectroscopic signal that
is sensitive to strain must get reduced. Increasing non-
hydrostaticity at quasi-hydrostatic conditions and this sort
of volume-strain reduction at increasing pressure appear
to be two competitive effects for the development of the
FWHMs related to the radiation damage in zircon. Any
consideration of pressure-induced recovery of the radiation
damage appears unlikely, in view of the fact that FWHMs
decreased non-permanently and recovered to initial values
after pressure release. Reliable interpretation of the
observed slight FWHM changes with pressure will require
further studies. Such studies should also attempt to address
the question as to which degree compressive strain acting
on included zircon grains (most likely up to a few GPa, or
below) might have affected their self-irradiation and, with
that, the long-term processes of damage generation and
recovery.

All FWHM changes of natural zircon samples, however,
are mainly within errors. This is also demonstrated in
Fig. 2b: accumulation of alpha-event damage results in
substantial FWHM increase, accompanied by rather mod-
erate down-shift of this band, whereas pressure increase
results in considerably different trends of spectral changes.
These observations suggest that the FWHM of the v3(SiO,4)
Raman band is indicative of the degree of self-irradiation
but insignificantly affected by pressure acting on the
zircon.

This result has important implications. It has been
speculated (Wang et al. 2006; Wanthanachaisaeng et al.
2006) as to which degree the radiation damage present in
zircon inclusions in high-pressure metamorphic minerals
can be evaluated based on FWHMs determined from in situ
Raman measurements, or whether elevated pressure acting
on inclusions needs to be considered as potential cause of
further FWHM changes. The latter suspicion was based on
the well-known fact that heterogeneous pressure release of
high-pressure host-inclusion couples upon sample uplift
may result in significant compressive strain (also referred
to as “fossilized pressure” or “overpressure”) acting on the
inclusion, which may be as high as 2-3 GPa (Parkinson
and Katayama 1999; Sobolev et al. 2000; Glinnemann et al.
2003). Our results suggest that such pressures have very
minor effect on the widths of internal SiO4 Raman modes.
This makes it possible to estimate the degree of radiation
damage from the FWHM of the v;(SiO,4) zircon band,
almost independent from whether or not analyzed inclu-
sions are affected by pressure. It is clear, however, that
such estimates of the radiation damage of zircon inclusions
will be affected with slightly higher uncertainty compared

to analogous estimates for unstressed bulk samples. The
only major restriction is that such estimates should not be
made if strongly asymmetric Raman bands, or even over-
lapping pairs of bands, are observed (see above). The latter
would be indicative for lattice strain due to strongly non-
hydrostatic stress conditions, perhaps along with some
strain gradient within the analyzed material volume, which
is likely to result in apparently too broad bands. In contrast,
broadened symmetric Raman bands are a reliable indicator
of accumulated radiation damage in zircon.

This result will, for instance, allow gemmologists to use
zircon inclusions in evaluating specimens with regard to
the common practice of heat treatment to enhance color
and clarity. It is well known that radiation damage in zircon
is annealed after heat-treatment at 1,000—1,200°C partly or
completely, depending on the degree of damage and the
duration of the treatment (Zhang et al. 2000; Nasdala et al.
2002b). The detection of radiation damage in zircon
inclusions, indicated by strong band broadening, therefore
allows one to exclude any heat treatment above this tem-
perature range.
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A granitic pegmatite associated with the Monte Bruffione granodiorite in the Tertiary Adamello Massif, Italy,
consists primarily of albite, potassium feldspar, muscovite, quartz, and spessartine (graphic intergrowths
with quartz). As accessory minerals, the pegmatite contains magnetite, pyrophanite, monazite-(Ce),

Keywords: uraninite, xenotime-(Y), zircon, and fergusonite-(Y). This yttrium niobate mineral contains inclusions of Th-
Fergusonite-(Y) rich uraninite, and is itself rich in UO, (average 7.1+ 1.1 wt%, n=34) and ThO, (average 3.5+ 1.0 wt.%).
X;?:;;gus Many fergusonite crystals display growth zoning, characterized by a general increase towards the rim in the
Pyrophanite contents of Y and rare earth elements at the expense of U and Th. Irregular or patchy zoning as well as sector
Uraninite zoning are also observed in some of the crystals. Due to the alpha-decay of the U and Th fergusonite is
Nanopores metamict, as documented by transmission electron microscopy (TEM) and micro-Raman spectroscopy.
Helium bubble Nevertheless, the mineral could be identified as fergusonite-(Y) on the basis of a canonical discriminant
Adamello analysis of its chemical composition and on the basis of the close similarity of its Raman spectrum with that

of a reference -fergusonite. The crystalline-to-metamict transformation was associated with macroscopic
swelling, as indicated by microfractures that are arranged radially around fergusonite inclusions in
pyrophanite. The TEM data revealed that the amorphous fergusonite contains U-rich nanocrystals (5-15 nm
across), which in most cases are distributed randomly and which probably nucleated after metamictization.
The TEM investigations further revealed the ubiquitous presence of nano-sized (typically 5-25 nm across),
nearly circular features, which exhibit a low diffraction contrast and which we interpret as nanopores. We
propose that these nanopores represent former bubbles of radiogenic helium. The data presented here
allowed us to determine that the critical amorphization dose of fergusonite is <0.97x 10'® alphas/mg, i.e.,
lower than that of other actinide-rich oxide minerals (e.g., pyrochlore). The presence of the U-rich
nanocrystals indicates that fergusonite is able to retain actinides even when it is entirely metamict and even
if it is surrounded by microfractures, which represent potential fluid pathways. This result suggests that
fergusonite could be a phase suitable to be included in ceramics designed for the immobilization of high-
level nuclear waste.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fergusonite, ideally YNbO,, was first reported by Haidinger (1826)
as a new mineral species, associated with quartz from Kikertaursak,
near Cape Farewell, South Greenland. The report is purely descriptive
and based on crystal morphology. A chemical analysis of this
material was given by Hartwell (1828), and with the assumption
that the ZrO, reported is from an included Zr-phase, the analysis
yields a stoichiometry of Y1 0sNbgo504, i.e., remarkably close to ideal
YNbO,. Fergusonite occurs as an accessory mineral in granitic

* Corresponding author. Tel.: +49 761 203 6409; fax: +49 761 203 6407.
E-mail address: giere@uni-freiburg.de (R. Gieré).

0009-2541/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemgeo.2008.05.017

pegmatites, mostly in rare earth element (REE)-enriched pegmatites
(Ervanne, 2004; Ercit, 2005), and often in combination with one or
more Y, Th, Nb, Ta, Ti oxide accessory minerals (Lumpkin, 1998).
Among other reported occurrences, fergusonite has also been
described as a hydrothermal mineral from the Pilansberg nepheline
syenite (Olivo and Williams-Jones, 1999). Recently, fergusonite has
been discovered in a porphyritic biotite granite of the Xihuashan
complex, Southern China, where it occurs as discrete crystals and as
inclusions in Y-bearing spessartine, in both cases associated with
uraninite (Wang et al., 2003).

Two structures have been reported for fergusonite: a scheelite-
type tetragonal fergusonite (a-fergusonite, I4;/a); and at high
temperatures, a monoclinic polymorph (B-fergusonite, 12/c) (see
recent review by Tomasic et al., 2006). Fergusonite can, however,
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Fig. 1. Tectonic map of the southern Adamello region, Italy. Modified after Zhang et al. (2001).

contain significant quantities of U and Th, and thus is commonly
metamict (Ervanne, 2004; Tomasi¢ et al., 2006; Ruschel et al.,
2007). Therefore, the structure is usually established only after
heating the metamict mineral, provided that sufficient material is
available. Structural characterization after annealing metamict
minerals, however, can lead to a mis-identification; for example,
in a systematic study of samarskite (Warner and Ewing, 1993), one
of the 19 samarskite samples annealed recrystallized with a

fergusonite structure. Additionally, for crystals less than 100 pm
in size, this procedure is not technically feasible and therefore,
identification requires to be founded on chemical composition. A
recent study by Ercit (2005), based on statistical analyses of
chemical compositions, provides the best opportunity to distin-
guish fergusonite from a range of (Y,REE,U,Th)-(Nb,Ta,Ti) oxide
accessory minerals commonly associated with REE-enriched grani-
tic pegmatites.

A

Fig. 2. Hand specimen and thin section images of the garnet-bearing granitic pegmatite from Val Caffaro, Adamello (Italy). (a) Polished slab of sample 269a. (b) Photomicrograph of
Adamello thin section AU18B (plane polarized light), showing two brown fergusonite-(Y) grains (crystals #1 and #3) together with pyrophanite (opaque), potassium feldspar, and
quartz. (c) BSE image of the area displayed in (b) revealing an additional fergusonite-(Y) grain (crystal #2) as well as many tiny fergusonite crystals (white blebs in left part of the
pyrophanite crystal) as inclusions in pyrophanite. (d) Detail of (c) showing radial cracks in pyrophanite around fergusonite crystal #2. The small bright spots are fergusonite-(Y)
inclusions in pyrophanite, whereas the fine-grained assemblage in the center of the image consists of rutile (darker than pyrophanite) and ilmenite (brighter than pyrophanite).
Numbers refer to crystal numbers. Abbreviations: Ksp = potassium feldspar; Pyro = pyrophanite; Qtz = quartz; Rt = rutile; Im = ilmenite.
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The aim of the present investigation is to report petrographic,
compositional, and structural data for an actinide-bearing yttrium
niobate accessory mineral in a spessartine-bearing granitic pegmatite
from Adamello, Italy. This mineral was originally observed during a
detailed investigation of garnet-quartz intergrowths in pegmatites
(Zhang et al., 2001), and was tentatively identified as yttrocolumbite-
(Y). Here, we reinvestigate this sample using a combination of
compositional and structural techniques. The small grain size
(typically less than 100 um) precluded the employment of traditional
bulk sample X-ray diffraction (XRD) techniques to determine
structure. Therefore, microbeam XRD, micro-Raman spectroscopy,
and transmission electron microscopy (TEM) were used to attempt
structural characterization. The results show the mineral to be
metamict, and it is identified as fergusonite-(Y) on the basis of its
Raman characteristics as well as its chemical composition when the
statistical approach of Ercit (2005) is used.

The compositional variations and the micro- and nano-textures
observed in this study provide information on changes to fluid and/or
melt composition during growth of fergusonite, and its response to
the effects of radioactive decay of the actinide elements present.
Additionally, observations from the TEM study provide new informa-
tion into the effects of metamictization.

2. Geologic setting

The Tertiary Adamello Massif is composed of several major
granitoid plutons and numerous subsidiary mafic intrusions (Bianchi
et al., 1970; Brack, 1984; Callegari, 1985). These plutons were intruded
into schists and gneisses of the Southern Alpine basement and their

Permian and Mesozoic sedimentary cover (Fig. 1). Del Moro et al.
(1985) documented a systematic progression of emplacement cooling
ages from the oldest plutons in the South (42 Ma) to the youngest
plutons in the North (29 Ma). The Adamello massif shows many of the
characteristic features of calc-alkaline Cordilleran intrusions, which
are dominated by hornblende-biotite-bearing metaluminous tonalites
and granodiorites (Brack, 1984, 1985; Ulmer et al., 1985; Kagami et al.,
1991). The southernmost and oldest pluton (Callegari and Dal Piaz,
1973; Hansmann and Oberli, 1991), the Re di Castello massif, forms
itself a composite intrusion of predominantly gabbroic, tonalitic, and
granodioritic rocks, and is bordered by small mafic and ultramafic
bodies (Blundy and Sparks, 1992; Ulmer et al., 1985). At the time of
emplacement of the southern Adamello batholith, the confining
pressure was 2-3 kbar (Riklin, 1985; and unpublished data from L.
Matile, pers. communication).

The data presented here were obtained from a sample (AU18) of a
garnet-bearing granitic pegmatite dike. This dike occurs in an outcrop
located approximately 250 m to the East of Casinetto di Blumone, Alta
Val Caffaro (Fig. 1; Italian coordinate grid: 614.630/5090.950,
corresponding to a longitude of 10°28’45” E and a latitude of 45°57’
43" N; 2340 m above sea level). At the locality sampled, the pegmatite
has a distinct appearance because of the presence of garnet-quartz
intergrowths, which form nodules several centimeters across and
which have been previously described (Zhang et al., 2001). The dike
originates in the Monte Bruffione granodiorite (Fig. 1), gradually
changes into a pegmatite containing quartz, alkali feldspar, albite and
some biotite, and finally becomes a biotite-free rock. This biotite-free
pegmatite crosscuts the Calcare di Angolo formation, a characteristic
sequence of metamorphosed, alternating limestones and marls of

Fig. 3. BSE images of fergusonite-(Y) crystals from sample AU18B. (a) Crystal #1 (see Fig. 2c), displaying sector and growth zoning, small holes (black), and two uraninite inclusions
(bright). (b) Crystal #3 (see Fig. 2c), displaying growth zoning with a bright core area surrounded by a lower-contrast rim. (c) Crystals #5 (left) and #6, both containing uraninite
inclusions and displaying characteristic round to elliptic holes. Note sector zoning in crystal #5. (d) Crystal #12, with uraninite inclusions and holes. Numbers (next to white dots)

refer to analysis numbers in Table 2.

18/83



336 R. Gieré et al. / Chemical Geology 261 (2009) 333-345

Middle Triassic age. The most recent age obtained for the Bruffione
granodiorite is 40.4 4 0.2 Ma (J. Hanchar, pers. communication), which
is in good agreement with earlier ages (Del Moro et al, 1985;
Hansmann and Oberli, 1991).

3. Analytical techniques

The fergusonite-(Y) crystals and associated minerals were first
characterized and imaged in back-scattered electron (BSE) mode with
a JEOL JSM-5900LV analytical scanning electron microscope at the
Natural History Museum, London. Quantitative electron probe micro-
analyses (EPMA) were done at the Department of Mineralogy of the
Natural History Museum, London using a CAMECA SX-50 equipped
with four wavelength-dispersive crystal spectrometers. Conditions
used were 20 kV accelerating voltage, with a beam current of 25 nA,
measured on a Faraday cup, and a beam diameter of approximately
1 pm. The thin section studied (AU18B) and standards were coated
with 20 nm of carbon. Standards used were a combination of synthetic
and natural materials. The counting time on the peak was typically
20 s for major elements, and 30 s for minor elements. Counting time
on the background positions on either side of the peak was typically
half of that on the corresponding peak. Where appropriate, only one
side of the background was counted and an experimentally deter-
mined slope was adopted to calculate the background on the other
side. Care was taken to ensure that the backgrounds were located in
positions free of spectral interferences, particularly for determination
of the REEs. The raw data were corrected using the PAP correction
procedure (Pouchou and Pichoir, 1984). Inter-element interferences
were corrected by applying experimentally determined correction
factors. The element distribution maps were obtained on a CAMECA
SX100 electron microprobe at the Department of Mineralogy of the
Natural History Museum, London. All maps were acquired at 15 kV and
60 nA.

The focused ion beam (FIB) technique was used to cut a foil suitable
for subsequent TEM investigations. The TEM foil was cut from
fergusonite crystal #1 by sputtering it with Ga ions accelerated to
30 kV under ultrahigh-vacuum conditions in an FEI FIB200 instrument
at GeoForschungsZentrum (GFZ), Potsdam (for details, see Wirth,
2004). The TEM foil was protected from abrasion by the Ga ion beam
via a 1 um thick Pt layer. The cuts were made perpendicular to the
surface of the carbon-coated thin section and yielded a TEM-ready foil
of ~15x10x0.15 um, which was then placed onto a lacy carbon Cu
grid.

The TEM investigations were carried out with the FEI Tecnai F20 X~
Twin instrument at GFZ Potsdam, operating at 200 kV. The instrument
is equipped with a high-angle annular dark-field (HAADF) detector,
which is used in the scanning transmission electron microscopy
(STEM) mode. This system enabled us to generate HAADF-STEM
images; in such an image, the contrast strongly correlates with
diffraction contrast and specimen thickness, and is proportional to the
square of the atomic number Z (see, e.g., Utsunomiya and Ewing,
2003). The microscope is also equipped with an energy-dispersive X-
ray (EDX) spectrometer, which allowed for the collection of EDX line-
scans and EDX-STEM element distribution maps. To minimize drift, a
drift-correction procedure was applied during the acquisition of EDX
line-scans and elemental maps.

Raman microprobe analysis was done using an edge filter-based
Renishaw RM 1000 spectroscopy system equipped with a Leica DMLM
series optical microscope, a grating with 1200 grooves per millimeter,
and a Si-based, Peltier-cooled charge-coupled device (CCD) detector.
Spectra were excited with the Ar* 488.0 nm line. The laser power was
8 mW (measured behind the objective), which was low enough to
avoid any local sample heating due to absorption of the laser light. A
Leica 50x objective (numerical aperture 0.75) was used. Quasi-
confocal measurements were carried out with an estimated lateral
resolution of 4-5 um. Spectra were obtained in the so-called

“continuous extended scan” data collection mode (Nasdala and
Massonne, 2000). The wavenumber accuracy was better than 1 cm™ 1

and the spectral resolution was ~2.5 cm™ L

4. Petrographic features

The granitic pegmatite contains as major phases plagioclase
(albite), potassium feldspar (microperthite), muscovite, garnet (spes-
sartine), and quartz (Zhang et al., 2001). Spessartine occurs as thin
lamellae, which are intergrown with quartz in a regular fashion
(Fig. 2a). Most of the individual garnet lamellae are compositionally
zoned, whereby the highest spessartine contents (up to 78 mol%) are
observed in the center. The garnet also contains relatively high
amounts of Y,03 (up to ~1.2 wt.%; average content 0.6+0.3 wt.%
Y,03), and the distribution of Y is similar to that of Mn with concentrations
decreasing from the center to the edges of the lamellae. Accessory
minerals include magnetite, pyrophanite, uraninite, monazite-(Ce),
xenotime-(Y), zircon, and the actinide-bearing yttrium niobate
mineral fergusonite-(Y). Both monazite and xenotime are rare.
Monazite-(Ce) occurs as sector-zoned crystals and is Th-rich
(~15 wt.% ThO,), whereas xenotime-(Y) is much poorer in Th and
was observed only as small (3-5 pm across) inclusions in zircon. Zircon is
present as subhedral crystals, which may be up to 50 um across.

Fergusonite-(Y) exhibits a brown absorption color in transmitted
light (Fig. 2b) and is isotropic when viewed with crossed polarizing
filters. Its size ranges typically between 40 and 150 um (Figs. 2, 3).
Most crystals are subhedral to euhedral, but some display corroded
grain boundaries (Fig. 3b, ¢). In many cases, the crystals are present as
inclusions in potassium feldspar. Fergusonite-(Y), however, may also
be in contact with, or enclosed by, pyrophanite. Within pyrophanite, it
occurs either as large euhedral crystals or as tiny (0.5-4 pm across)
rounded blebs (Fig. 2¢, d). Pyrophanite may also contain fine-grained
assemblages of ilmenite plus Nb-Fe-bearing rutile, in some places in
association with fergusonite (Fig. 2d).

BSE images document that fergusonite-(Y) is not chemically
homogeneous (Fig. 3). Many crystals display growth zoning, with a

Table 1
Average composition (EPMA data, n = 34) for fergusonite-(Y) in sample AU18B, standard
deviation (1 sigma), minimum and maximum values.

Mean SD Min. Max.
Sio, 0.1 0.1 <0.03 0.41
Cao 0.15 0.05 0.06 0.25
TiO, 25 0.5 173 3.61
MnO 0.12 0.05 0.02 0.31
FeO 0.1 0.2 <0.04 0.85
Y503 252 0.9 233 276
Nb,0s5 428 1 40.0 449
Ce,03 0.34 0.06 0.23 0.50
Nd,03 0.9 0.1 0.63 118
Sm,03 1.0 0.1 0.79 1.24
Gd,05 21 0.1 1.84 2.35
Tb,05 0.42 0.06 0.27 0.55
Dy,03 41 0.1 3.82 435
Ho,05 0.93 0.09 0.77 113
Er,05 3.0 0.1 281 3.41
Tm,05 0.36 0.06 0.24 0.52
Yb,05 3.0 0.5 2.54 493
Lu,05 0.4 0.1 0.28 0.82
Tay05 11 0.3 0.61 2.06
PbO 0.17 0.07 <012 0.24
ThO, 35 1.0 1.26 5.03
uo, 71 11 5.04 9.70
Total 99.5 97.8 101.6
Y>05 + REE,05 42.0 13 39.4 453
ThO, + UO, 10.6 19 6.5 14.2

Note: the following components were sought, but not found: Na,0<0.03, Mg0<0.02,
Al,05<0.02, Lay03<0.09 wt.%.
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core that is brighter than the rim, which itself may consist of two
separate zones (Fig. 3a, b). Irregular or patchy zoning as well as sector
zoning are also observed in some of the crystals (Fig. 3), whereby these
various types of zoning may be present in a single crystal (crystal #1,
Fig. 3a). In many cases, fergusonite-(Y) contains inclusions of Th-
bearing uraninite, which appear as bright grains in the BSE images and
whose longest dimension ranges from 1 to 10 um. The BSE images
further reveal the presence in fergusonite of small, round to elliptical
features (Fig. 3), which appear dark in the BSE images and which are
depressions on the polished surface of the crystals. The diameter of
these depressions ranges mostly between 0.4 and 1 um, but
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occasionally reaches nearly 3 pum. The depressions are characteristic
of the mineral in the sample studied.

5. Characterization by EPMA

EPMA data reveal that the mineral is composed predominantly of
Y503 (~25 wt.%), REE;03 (~17 wt.%), and Nb,Os (~43 wt.%), with
substantial amounts of TiO,, Ta,0s, UO,, and ThO, (Table 1). The
analytical total of 99.5 wt.% for the mean of 34 analyses from 10
separate grains might point to the presence of water at low
concentrations. A detailed assessment of the whole analytical dataset

Table 2

Selected EPMA data for fergusonite-(Y) crystals in sample AU18B.

Analysis # 1 2 4 5 28 32 34 9 10 14 15 16
Si0, 0.02 0.06 <0.03 <0.03 0.41 0.32 0.06 0.13 0.12 0.08 0.06 0.20
Ca0 0.22 0.24 0.11 0.17 0.20 0.16 0.06 0.18 0.17 0.16 0.13 0.19
TiO, 2.61 249 212 2.31 3.61 2.02 1.73 2.20 3.37 3.08 2.52 235
MnO 017 0.12 0.13 0.08 0.08 0.06 012 0.11 0.11 0.11 0.02 0.11
FeO 0.04 0.07 0.15 0.04 <0.04 <0.04 <0.04 <0.04 013 0.07 <0.04 0.05
Y505 243 244 26.3 25.0 23.5 26.0 25.7 25.6 233 245 253 244
Nb,0s 42.6 425 44.5 43.6 40.8 44.5 44.5 43.7 40.8 418 42.7 428
Ce,05 0.34 0.32 0.27 0.35 0.35 0.40 0.37 0.35 0.32 0.35 0.44 0.36
Nd,0; 1.05 1.01 0.70 0.92 0.83 0.96 114 1.02 1.01 1.07 111 1.05
Sm,05 1.05 1.03 093 0.96 0.98 124 115 1.10 1.05 1.00 1.08 1.07
Gd,05 2.20 2.31 2.28 2.16 1.90 2.14 1.95 2.29 2.10 217 2.21 2.26
Tb,05 0.47 0.55 043 0.35 048 0.38 043 0.40 043 0.34 0.51 0.48
Dy,03 433 435 433 433 3.82 3.95 3.89 420 412 425 421 416
Ho,05 0.94 0.96 0.89 111 0.83 0.82 0.96 0.86 0.88 113 0.97 0.94
Er,05 294 312 3.24 2.90 3.02 3.21 3.39 3.07 2.87 2.93 3.00 2.94
Tm,05 0.30 0.37 0.35 0.40 0.35 043 0.52 0.34 0.33 0.49 0.34 0.31
Yb,05 2.71 2.72 3.08 2.69 2.90 3.78 4.93 2.90 2.74 2.86 2.65 2.71
Lu03 0.28 042 0.54 0.35 0.39 044 0.82 0.39 0.41 045 0.44 0.32
Tay05 0.61 0.74 1.01 114 0.76 1.64 2.06 117 0.91 1.06 0.93 0.76
PbO <0.12 <0.12 <0.12 <0.12 <0.12 0.23 0.24 <0.12 <0.12 <0.12 <0.12 <0.12
ThO, 491 419 191 3.50 4.62 2.40 1.26 3.39 4.75 3.50 3.69 444
uo, 723 723 6.41 6.91 9.58 6.14 5.23 6.84 9.05 8.61 7.36 7.04
Total 99.3 99.2 99.7 99.4 99.6 101.2 100.6 1003 98.9 100.0 99.6 98.9
Y,05 + REE;05 40.88 41.57 43.33 41.57 39.38 43.74 45.30 42,53 39.54 41.51 42.25 40.98
ThO,+UO, 1213 11.42 8.33 10.41 14.20 8.54 6.49 10.24 13.80 1211 11.05 11.48
Number of cations normalized to 4 oxygens

Si 0.001 0.003 0.019 0.015 0.003 0.006 0.006 0.004 0.003 0.009
Ca 0.011 0.012 0.005 0.008 0.010 0.008 0.003 0.009 0.009 0.008 0.007 0.009
Ti 0.091 0.087 0.073 0.080 0.126 0.069 0.059 0.076 0.119 0.107 0.088 0.082
Mn 0.007 0.005 0.005 0.003 0.003 0.002 0.005 0.004 0.004 0.004 0.001 0.004
Fe 0.002 0.003 0.006 0.002 0.005 0.003 0.001 0.002
Y 0.602 0.606 0.639 0.616 0.582 0.625 0.626 0.625 0.583 0.604 0.624 0.605
Nb 0.897 0.896 0.920 0.912 0.858 0.908 0.919 0.906 0.867 0.876 0.894 0.901
Ce 0.006 0.005 0.004 0.006 0.006 0.007 0.006 0.006 0.005 0.006 0.007 0.006
Nd 0.017 0.017 0.011 0.015 0.014 0.016 0.019 0.017 0.017 0.018 0.018 0.018
Sm 0.017 0.017 0.015 0.015 0.016 0.019 0.018 0.017 0.017 0.016 0.017 0.017
Gd 0.034 0.036 0.034 0.033 0.029 0.032 0.029 0.035 0.033 0.033 0.034 0.035
Tb 0.007 0.008 0.007 0.005 0.007 0.006 0.006 0.006 0.007 0.005 0.008 0.007
Dy 0.065 0.065 0.064 0.065 0.057 0.058 0.057 0.062 0.062 0.064 0.063 0.063
Ho 0.014 0.014 0.013 0.016 0.012 0.012 0.014 0.012 0.013 0.017 0.014 0.014
Er 0.043 0.046 0.047 0.042 0.044 0.046 0.049 0.044 0.042 0.043 0.044 0.043
Tm 0.004 0.005 0.005 0.006 0.005 0.006 0.007 0.005 0.005 0.007 0.005 0.005
Yb 0.038 0.039 0.043 0.038 0.041 0.052 0.069 0.040 0.039 0.040 0.038 0.039
Lu 0.004 0.006 0.007 0.005 0.005 0.006 0.011 0.005 0.006 0.006 0.006 0.004
Ta 0.008 0.009 0.013 0.014 0.010 0.020 0.026 0.015 0.012 0.013 0.012 0.010
Pb 0.003 0.003

Th 0.052 0.045 0.020 0.037 0.049 0.025 0.013 0.035 0.051 0.037 0.039 0.047
U 0.075 0.075 0.065 0.071 0.099 0.062 0.053 0.070 0.095 0.089 0.076 0.073
Total cations 1.996 1.999 1.996 1.990 1.995 1.995 1.997 1.995 1.996 2.000 1.997 1.994
Y + REE 0.852 0.864 0.889 0.863 0.820 0.884 0913 0.875 0.829 0.858 0.878 0.855
Th+U 0.127 0.120 0.085 0.108 0.148 0.086 0.066 0.105 0.145 0.126 0.115 0.120
Total A-site 0.979 0.984 0.975 0.970 0.968 0.970 0.980 0.980 0.975 0.984 0.993 0.976
Other cations 1.017 1.015 1.021 1.020 1.027 1.025 1.018 1.015 1.021 1.016 1.004 1.018

All analyses are single-spots, and their locations are shown in Fig. 3.

Note: the following components were sought, but not found: Na,0<0.03, Mg0<0.02, Al,05<0.02, La;03<0.09 wt.%.
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Fig. 4. Plot of the composition of the Adamello fergusonite-(Y) in the classification
diagram of Ercit (2005). CV1 and CV2 are the canonical variables 1 and 2 of Ercit's three-
group model chemical discriminant analysis.

and corresponding analysis positions on each grain indicated a more
complex picture. No significant correlations were observed between
specific element concentrations and analytical totals, implying no
systematic analytical errors were present. However, there appears to
be a correlation between analytical total and textural appearance of
individual grains. Of the 10 grains analyzed, 3 had analytical totals
close to 100 wt.% (99.81 wt.%, 99.82 wt.% and 99.89 wt.%). In BSE
images, these grains appeared to be relatively unaltered, i.e., embay-
ment textures were minimal (Fig. 3a and c, upper grain). In contrast, 6
grains had analytical totals significantly less than 100 wt.% (averaging
99.06 +0.11), and these grains displayed more corroded grain bound-

(a)

Y+REE

(b) Ti

Nb Ta

Fig. 5. Ternary diagrams (in mol%) showing the compositional variation in the Adamello
fergusonite. (a) A-site composition. (b) B-site composition.

aries than those with higher analytical totals (Fig. 3b and c, lower
grain). These observations indicate that water may indeed be present,
and that its presence is a function of variable alteration. The tenth grain
had a high analytical total (100.41 wt.%, average of 3 analyses) but the
average values for FeO for this grain (0.19 wt.%) is significantly higher
than the mean of the other 31 analyses (0.09 wt.%). For this grain, these
data strongly suggest a sub-micrometer intergrowth between fergu-
sonite-(Y) and an Fe-bearing phase.

The calculated cation:oxygen molar ratios of all crystals analyzed
are close to 1:2 (Table 2). If Yand the REE are grouped with Th and U as
A-site cations, and Nb, Ta, Ti, and Si as B-site cations, the ratio of
group-A cations to group-B cations is nearly 1:1, consistent with an
ABO, stoichiometry. Using the statistical approach of Ercit (2005)
indicates that, based on its chemical composition, the mineral belongs
to the fergusonite group (Fig. 4).

The A-site is predominantly populated by Y + REE, with relatively
minor amounts of U and Th (Fig. 5a). The B-site composition also
forms a tight cluster, near the Nb corner in the Ti-Nb-Ta ternary
diagram (Fig. 5b). These figures illustrate that the compositional range
is fairly limited. Of the main components, TiO,, Ta,0s, ThO, and UO,
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Fig. 6. Variation diagrams for the Adamello fergusonite-(Y). (a) U + Thvs. Y+REE. (b) Ti
vs. Nb + Ta. Open symbols show analyses in the sectors appearing bright in BSE images
(numbers correspond to those listed in Table 2). These sectors are enriched in both U + Th
and Ti relative to the corresponding darker sectors (connected by tie-lines). The
analysis locations of the two sector pairs are shown in Fig. 3. Error bars are smaller than
symbols.
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show the largest variations (Table 1), but their ranges are <0.1 atoms
per formula unit (apfu).

The compositional variation correlates with the zoning observed in
BSE images and displays a systematic core-to-rim trend (Table 2). In
general, the core areas are richer in Ti and U + Th, and poorer in Nb + Ta
and Y + REE than the zones near the rims (Fig. 6). Similarly, the sectors
appearing bright in BSE images (Fig. 3) are richer in Ti and U + Th than
the corresponding darker sectors (Fig. 6, Table 2). These differences
between various zones are illustrated for two different crystals as
element distribution maps. Fig. 7 reveals that crystal #1 exhibits an U-
rich core and a complex distribution of Ta in the rim areas, where
Ta,0s concentrations reach their highest levels (~ 2 wt.%, Table 2).
Near the rim, Ta correlates antipathetically with Th and U, mimicking
in detail the Th- and U-poor embayments at the left edge of the crystal
as well as the Th- and U-poor outermost rim on the other sides of the
crystal. The Th and U maps further display two inclusions of Th-rich
uraninite, which is distinctly depleted in Y relative to the enclosing
fergusonite. Inclusions of Th-rich uraninite are also seen in Fig. 8,
which reveals that crystal #5 displays sector zoning. The sector
appearing brighter in the BSE image (Figs. 3c, 8a) is enriched in Ti and
U relative to the adjacent lower-Z sector, but there is little difference in
the Th content of the two sectors, as also documented by analyses 14
and 15 (Table 2, Fig. 6).

The REE pattern of fergusonite-(Y) is characterized by a distinct
HREE enrichment (Fig. 9), with HREE contents more than 100,000
times richer than those of chondrite values reported by Anders and
Grevesse (1989). Lanthanum has not been detected in any of the
analyses (Table 2). The shaded area in Fig. 9 represents o, — ; of the
mean of all 34 available fergusonite analyses. The analysis with the
lowest concentrations of Y,03 + REE;05 (analysis #28) is from the core
of crystal #1 and plots within the shaded range in Fig. 9, thus
representing a typical composition. In contrast, the analysis with the

highest contents of Y,03 + REE,;03 (analysis #34), a rim analysis in the
same crystal, is significantly enriched in all REE heavier than Er
relative to the core analysis. The two highlighted analyses are at the
same time those with the highest (core) and lowest (rim) contents of
UO, + ThO, found during this study.

6. Characterization using TEM

The TEM investigation revealed that the FIB-prepared slice of
fergusonite-(Y) crystal #1 is amorphous, as documented by the lack of
bright spots in selected area electron diffraction patterns (SAEDP).
Only the typical broad scattering intensity distribution of non-
crystalline material is observed (2-3 rings are visible). This result is
consistent with the Raman spectra (see below) as well as with the XRD
patterns, which were obtained from two crystals (using a Bede
microfocus source) and which lack peaks that could be assigned to
fergusonite. Because the FIB-prepared slice of fergusonite had a
thickness of ~ 150 nm, it was not possible to collect high-resolution
images. However, HAADF-STEM imaging revealed the presence of two
types of sub-micrometer-sized features, which are distinct in terms of
their HAADF-STEM contrast and which were observed in all areas of
the fergusonite foil that was studied.

6.1. Low-contrast spots

Most of these dark spots are sub-circular in shape and typically 5-
25 nm across. These spots were observed either isolated in the
fergusonite matrix or aligned along linear trends (Figs. 10a, 11). EDX
analyses did not reveal any compositional differences between the
dark spots and the matrix. Many trails of dark spots are parallel to each
other, thus indicating a preferred alignment. Some of these trails are
additionally characterized by a darker HAADF contrast than the

Fig. 7. X-ray maps showing the distribution of (a) Ta, (b) Y, (c) Th, and (d) U in crystal #1, which is displayed as BSE image in Fig. 3a. Quantitative EPMA data listed in Table 2.
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Fig. 8. BSE image (a) and X-ray maps showing the distribution of (b) Ti, (c) Th, and (d) U in crystal #5, which is also displayed as BSE image in Fig. 3c. Quantitative EPMA data listed in

Table 2.

surrounding fergusonite matrix (Figs. 10a, 11). Other trails, however,
are characterized by a HAADF contrast that is brighter than the
surrounding fergusonite (Fig. 11). Element mapping in STEM mode
revealed that the brighter areas around the dark spots are enriched in
U and Th, and slightly depleted in Y relative to the surrounding matrix
(Fig. 11).

In one area of the FIB section studied, numerous dark spots, some
with larger diameters (90-130 nm across), form a cluster with an
overall elliptical shape (Fig. 10a). This cluster measures approximately
1x15 um in size, and thus has dimensions that are very similar to
those of the depressions observed in BSE images (Fig. 3).

6.2. Bright-contrast nanoparticles

The HAADF-STEM images further document the presence of small,
typically rounded particles, which are characterized by a markedly
brighter contrast than the fergusonite matrix (Fig. 10b). These
particles thus consist of relatively heavier elements than fergusonite.
They are generally 5-15 nm across and distributed randomly
throughout the matrix. In several areas of the section studied,
however, these heavy-element nanoparticles occur accumulated
along trails (Figs. 10b, 11) that are typically parallel to each other,
and which in some cases intersect the trails of dark spots (Fig. 11).
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Fig. 9. Chondrite-normalized REE pattern for fergusonite-(Y) from Adamello, Italy.
Shaded area represents the standard deviation (o, — 1) of the average of all 34 analyses
(data from Table 1). Core analysis (#28) is virtually identical to the average of all
available EPMA data. Analyses #28 and #34 are both from crystal #1 (see Fig. 3a and
text). Lanthanum concentrations are below EPMA detection limit, which is shown as
triangle. Chondrite values are from Anders and Grevesse (1989).
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Fig. 10. HAADF-STEM images of fergusonite (FIB-prepared foil from crystal #1). a) Detail of area containing dark contrast spots, interpreted as nanopores. The nanopores are typically
aligned in trails. Also shown is a cluster of nanopores with an overall shape of an ellipse, whose size is similar to the depressions seen in the BSE images (Figs. 2, 3). b) typical image
showing the statistically distributed bright nanoparticles as well as one trail of nanoparticles (see also bright-field and dark-field TEM images in Fig. 13).

Because these trails consist of individual, very bright nanoparticles, they
form prominent features in the HAADF-STEM images, that are different
in appearance compared to the more diffuse, bright areas surrounding
some of the trails of dark spots (Fig. 11). The individual nanoparticles are
relatively enriched in U, but more depleted in O and Y than the
surrounding matrix. These compositional differences are statistically
significant, as documented by the EDX line-scans across the largest
bright particle found (Fig. 12). Fig. 12 further shows that the nanoparticle
is slightly enriched in Th and depleted in Ti relative to the matrix.

The nanoparticle trail seen in Fig. 10b is displayed as a bright-field
TEM image in Fig. 13a, where it appears dark relative to the
surrounding matrix. The bright-field image further shows the
presence of some of the isolated U-rich nanoparticles in the vicinity
of the trail. These isolated particles also appear darker than the matrix.
The SAEDP obtained from this area shows a distinctive diffuse ring as
well as two bright symmetric positioned spots. The presence of a
diffuse ring (d=3.06 A) and of the two diffraction spots (d = 1.98 A)
indicates that the U-rich nanoparticles are crystalline. The diffraction
pattern, however, did not allow us to identify the phase. An attempt to
identify the U-rich nanocrystals using the Raman microprobe was also
unsuccessful. The dark-field image shown in Fig. 13b was generated
with a diffraction spot in the SAEDP (inset in Fig. 13a) and reveals the
location of both the nanoparticle trail and the isolated particles in the
matrix.

7. Characterization using micro-Raman spectroscopy

The Raman spectra of the Y-Nb oxide crystals from Adamello are
very similar to reference spectra of a metamict fergusonite sample
from Madagascar (Fig. 14). The same reference material from
Madagascar yielded, after recrystallization through dry annealing at
1300 °C for 100 h, the XRD pattern of B-fergusonite (Ruschel et al.,
2007). All spectra obtained for the Adamello fergusonite display a
broad spectral pattern that is typical of highly damaged, nearly
amorphized materials (for zircon shown by Nasdala et al., 2001), and
they do not show remnants of Raman bands of crystalline fergusonite.
From the striking similarity between the Raman spectra of the
Adamello niobate and of the metamict fergusonite from Madagascar
we conclude that the Adamello mineral is a strongly radiation-
damaged, very probably “X-ray amorphous” fergusonite, consistent
with the results obtained following the chemical characterization
procedure of Ercit (2005).

8. Discussion

This study demonstrates that fergusonite, along with spessartine,
is an important Y repository in the granitic pegmatite that was
investigated. Fergusonite is more abundant that xenotime, and is
present as relatively large crystals. Fergusonite has not been observed

Fig. 11. The HAADF-STEM image on the left shows a typical view of fergusonite (crystal #1) with trails of nanoparticles and trails of nanopores as well as isolated nanopores. White
box in HAADF-STEM image delineates area mapped by EDX; the maps reveal an enrichment in Th and U in the brighter areas surrounding the nanopores in HAADF-STEM image.

Mapped area is 160 x 160 nm.
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Fig.12. HAADF-STEM image showing a detail of an area rich in dark spots (interpreted as nanopores) and bright spots. Black line (with arrow) across white nanoparticle shows profile
trace for the line-scans, which show that the nanoparticle is enriched in U and, to a lesser extent, in Th, but depleted in O and Y relative to the surrounding fergusonite matrix.

within the garnet-quartz intergrowths nor as inclusions within
garnet, and thus most likely started to crystallize later than
spessartine. This conclusion is consistent with the decrease observed
in the Y content from center to rim of individual garnet lamellae
(Zhang et al., 2001). Spessartine also exhibits a pronounced decrease
in the Mn concentration from the center to the rim of individual
lamellae (Zhang et al., 2001). This decrease in Mn content probably
reflects competition for Mn by the growth of pyrophanite. The
occurrence of fergusonite as inclusions in pyrophanite (Fig. 2) suggests
that fergusonite crystallization must have started before that of

pyrophanite. We thus conclude that fergusonite crystallization took
place between those of spessartine and pyrophanite.

The chemical zoning observed in fergusonite documents a general
increase in Y+-REE and a decrease in U 4+ Th content towards the rim
(Fig. 6). At the same time, the rim analysis in crystal #1 is significantly
enriched in all REE heavier than Er relative to the core analysis,
documenting fractionation towards heavier REE during crystal growth
(Fig. 9).

Radioactive decay of the actinides and their daughter products is
responsible for atomic-scale structural damage, which can transform a

Fig. 13. High-magnification TEM images of the nanoparticle trail and the surrounding matrix shown in Fig. 10b. a) bright-field TEM image with selected area electron diffraction
pattern (inset), b) dark-field TEM image, generated with the bright spot in upper right of the SAEDP inset in (a).
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Fig. 14. Representative Raman spectrum of highly radiation-damaged fergusonite from
Adamello (bottom; solid line) compared to a metamict reference fergusonite from
Madagascar (dotted line) and the same reference material after annealing (dashed line).

mineral such as fergusonite from its crystalline to an amorphous, or
metamict, state (Ewing et al., 1987; Ewing et al., 2000). This radiation-
induced amorphization of crystalline compounds results from two
simultaneous processes associated with the alpha-decay event (Ewing
etal.,, 1988; Ewing et al., 1995): the ejected alpha-particles (He nuclei)
dissipate most of their energy by ionization along their paths (range
10-20 pm), but near the end of their tracks they displace several
hundred atoms, creating Frenkel defect pairs. The remaining alpha-
recoil atom travels in the opposite direction and causes, along its track
of 10-20 nm, collision cascades consisting of several thousand atomic
displacements. These collision cascades, produced through the alpha-
recoil nuclei, are the main cause of radiation-induced amorphization
(Ewing et al., 2000). The transition from the crystalline to the
metamict state is associated with changes in physical and chemical
properties. Macroscopic swelling, for example, has been observed for
various oxides and silicates, with volume increases of up to ~ 18%
(Weber et al., 1998).

Fig. 2d shows that the fergusonite crystal is the point of origin of
several distinct, radially arranged cracks in the enclosing pyrophanite.
Such cracks are typically found around minerals that have undergone
an increase in volume as a result of polymorphic transitions (e.g.,
coesite—quartz transition due to decompression, see Perrillat et al.,
2003) or as a result of radiation-induced amorphization (e.g.,
Lumpkin, 2001; Lumpkin et al., 2004; Rajesh et al., 2006). As
fergusonite contains substantial amounts of actinides (Tables 1, 2),
we conclude that the radial cracks are the result of a volume increase
associated with its transition from the crystalline to the metamict
state. The TEM investigations clearly reveal that the fergusonite crystal
#1 is entirely amorphous, as no electron diffraction spots were visible.
Similarly, the Raman spectra of two separate crystals display the
characteristics of amorphous materials (one shown in Fig. 14).

The alpha-decay dose of fergusonite can be calculated, assuming a
closed system with respect to the daughter nuclides, from the Th and
U contents determined by EPMA using the equation

D = 6Nysp (€% — 1) + 8Nygg (€' — 1) + TNyss (€ — 1) (1)

where D is the dose in alphas/mg; t is the geologic age; N3,, Na3g and
Na3s are the present number of atoms per milligram of 2>2Th, 238U and
235U (using the present U composition of 99.275% 238U and 0.72%
2350); and Aa32, Aosg and Agss are the respective decay constants

(Murakami et al., 1991). Assuming an age of 40.4 Ma for the pegma-
tite formation, i.e., the same age as the Bruffione granodiorite (J.
Hanchar, pers. communication), the calculation yields a cumulative
dose of 0.92 x 10'° alphas/mg for the average fergusonite composition
(Table 1). For analysis #28 (core of crystal #1), Eq. (1) yields a dose
of 1.24x10'® alphas/mg, whereas for the analysis with the lowest
content of UO, + ThO, (analysis #34), it yields a dose of 0.64 x
10" alphas/mg. The FIB-prepared slice of fergusonite investigated by
us corresponds to an area whose composition is represented by
analysis #1 (Table 2). For this area, Eq. (1) yields a cumulative dose of
0.97x10'® alphas/mg. As our TEM observations for this area have
shown it to be amorphous (see above), this result indicates that the
critical amorphization dose for fergusonite, i.e., the alpha-dose above
which the mineral is entirely amorphous, must be <0.97 x 10'® alphas/
mg. This dose compares with the critical dose of other actinide-bearing
minerals (Lumpkin et al., 1994a, 1998; Lumpkin, 2001): the value
for fergusonite may be higher than the critical amorphization dose
for zircon (~0.4x 10 alphas/mg) and similar to that of zirconolite
(~0.9x10' alphas/mg), but it is lower than that of pyrochlore
(~1.4x10'° alphas/mg).

The amount of radiogenic PbO calculated from the average U and Th
contents (Table 1) and the age of fergusonite is only 0.04 wt.%. This result
documents that most of the average PbO content determined by EPMA
(0.17 wt.%) is common Pb and thus was incorporated during crystal growth.

The EDX analyses did not reveal any compositional differences
between the dark, predominantly round spots and the metamict
fergusonite matrix in the HAADF-STEM images and therefore, we
conclude that the spots are nanopores (ignoring the possible presence
of a light element that is not detectable using EDX). We propose
further that these rounded nanopores represent bubbles, which
nucleated and grew as a result of the accumulation of radiogenic He.
In a mineral that undergoes metamictization, capture of two electrons
by the alpha-particles will result in the formation of He atoms. Helium
will either be released at the surface of the mineral or it will
accumulate in the mineral itself. In the latter case, He will be
accommodated interstitially, trapped at internal defects, or aggregate
to form bubbles (Ewing et al., 1995; Weber et al., 1998). Because He has
a limited solubility in most minerals, at elevated concentrations it may
form bubbles, which can cause swelling and affect many of the
physical properties of the host phase (Weber et al., 1998). Helium
concentrations of ~0.5 wt.% have been reported for natural uraninite
and thorianite (Weber et al.,, 1998). In fergusonite, the presence of He
has already been noted by Ramsay (1896) and Ramsay and Travers
(1898), who also observed that He was released from the mineral
upon heating. Assuming conversion of all alpha-particles into He, the
average alpha-dose calculated for the Adamello fergusonite corre-
sponds to ~0.006 wt.% He, with a range from 0.004 to 0.008 wt.% He.
This He content is considerably lower than the 0.03 wt.% He measured
by Ramsay and Travers (1898) for a Norwegian fergusonite that
contains similar amounts of UO,, but that sample is much older.

Even though we do not have direct chemical evidence for the near-
spherical dark spots in the HAADF-STEM images being He bubbles, we
suspect that they contain, or did contain at one time, radiogenic He. The
presence of near-spherical microvoids, or bubbles, with diameters ranging
from 100 to 400 nm has been observed in highly damaged natural
zirconolite, where nucleation and growth of the bubbles have been
attributed to the accumulation of He from the alpha-decay of U and Th
after the mineral had become metamict (Ewing and Headley, 1983;
Lumpkin et al,, 1986). Bubbles assumed to contain He have also been
reported for other metamict minerals (Lumpkin et al., 2000), including
Nb-oxides like euxenite (Headley et al., 1981). Chkuaseli and Matzke
(1993, 1995) concluded from their studies of irradiated uraninite that the
evolution of fission gas bubbles comprises three stages, namely nuclea-
tion, growth, and mobility. They described that in uraninite the volatile
fission products are transported to the grain boundaries, where the
bubbles coalesce, eventually forming a network of interconnected
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bubbles, from which the fission gases vent. A similar mechanism could be
invoked for the formation of the trails of nanopores observed in the
metamict fergusonite (Fig. 11). These trails, therefore, might represent
former subgrain boundaries or defect-rich areas within the original
fergusonite crystal. Coalescence of bubbles may also be the cause of the
elliptical cluster of nanopores shown in Fig. 10a. Consequently, we
conclude that the depressions visible in BSE images of all fergusonite
crystals (Fig. 3) represent such clusters of nanopores, which formed
through coalescence of He bubbles.

The U-rich nanocrystals (uraninite?) observed are for the most part
distributed randomly within the metamict fergusonite matrix, but in
several places occur aligned in trails (Figs. 10b, 11). We interpret these
nanocrystals as having formed through spontaneous nucleation
within the metamict fergusonite after its radiation-induced amorphi-
zation. These nanocrystals may have nucleated more easily along
former subgrain boundaries or areas with high defect density and
therefore occur as strings in some places. The diffuse U-rich areas
around some of the nanopores (see maps in Fig. 11) may represent
precursors to the nanocrystals. Occurrence of small inclusions of
crystalline UO, (5-100 nm across) has been described previously in
metamict brannerite (Lumpkin et al., 2000; Lumpkin, 2001). Crystal-
lization of new minerals within metamict hosts has also been reported
for other natural phases. Uranium-rich microlite from Alto Ligonha,
Mozambique, for example, reacted with a low-temperature fluid
during tropical weathering, leading to localized redistribution of
radiogenic Pb and formation of plumbomicrolite near microcracks
(Gieré et al., 2000, 2001). Similarly, altered areas of metamict
zirconolite from Phalaborwa, South Africa, contain galena microcrystals,
which must have been formed during interaction between the
radiogenic Pb in the metamict host and a S-bearing fluid introduced
along microcracks (Gieré et al., 1994; Lumpkin et al., 1994b). In the
fergusonite studied, however, a fluid does not need to be invoked,
since the U-rich nanocrystals appear to consist only of components
that were originally present in fergusonite.

Interaction of the metamict fergusonite with a fluid, however,
cannot be excluded. The radial cracks around fergusonite enclosed by
pyrophanite (Fig. 2d) represent potential pathways for a fluid, which
may have reacted with the metamict mineral. Even though the
fergusonite from Adamello does not show signs of severe alteration in
the BSE images (Fig. 3), there are three lines of evidence indicating
that a fluid might have interacted with the metamict mineral:

1) The EPMA data include analytical totals that are in many cases
lower than 100 wt.%, with an average of 99.5 wt.% (Table 1). This
observation perhaps indicates that small amounts of water might
be present. If water were indeed present, it appears that its
concentration may be a function of the degree of alteration, as
suggested by embayed grain boundaries of some crystals (Fig. 3).
Metamict fergusonite can contain substantial amounts of water
(Tomasi¢ et al., 2006), as also known from other metamict
minerals, especially when they have been altered (Lumpkin and
Ewing, 1992, 1995, 1996; Lumpkin et al., 1999; Gieré et al., 2000,
2001; Lumpkin, 2001; Lumpkin et al., 2004).

2) Lead has not been detected in many of the EPMA analyses (Table 2),
suggesting that Pb may have left the mineral in some areas of the
metamict fergusonite. It should be noted, however, that the maximum
PbO content observed (0.24 wt.%) is only two times the detection
limit, suggesting that there are large uncertainties in the PbO values at
these concentration levels.

3) Some of the nanopore trails are associated with a darker
contrast in the HAADF-STEM images (Fig. 11), thus pointing to a
possible removal of a heavy element, possibly Pb. These trails of
nanopores could represent preferential fluid pathways through the
metamict fergusonite.

Fergusonite appears to retain actinides even when it is entirely
metamict, as indicated by the presence of the U-rich nanocrystals. This
result suggests that fergusonite might be a phase suitable to be included
in ceramics designed for the immobilization of high-level nuclear waste.
To be a potential actinide host in nuclear waste ceramics, however, a phase
should have additional characteristics: it should also (1) exhibit crystal
chemical flexibility allowing to accommodate variations in waste
composition; (2) be able to incorporate reasonably high waste loadings;
(3) be highly durable in aqueous fluids; (4) possess acceptable physical
and mechanical properties (e.g., radiation damage-induced swelling and
cracking, thermal behavior, hardness); and (5) be producible using
reliable and cost effective technology (Lumpkin et al., 2004). It is the
overall balance of these characteristics that determines the suitability of a
phase as candidate waste form. In the case of fergusonite, only a few of
these five points can be addressed so far. We note that the phase can
accommodate a wide variety of elements, including Gd (an important
neutron absorber in waste forms). On the other hand, natural fergusonite
accommodates relatively low amounts UO, and ThO, compared to other
waste form phases (pyrochlore and zirconolite, see e.g., Lumpkin et al.,
2004). Moreover, some alteration by late-stage fluids has been reported
for fergusonite crystals occurring the Rutherford #2 granitic pegmatite,
Virginia (Lumpkin, 1998). Therefore, additional experimental and natural
analogue studies are needed to test the potential of fergusonite as a
candidate nuclear waste form phase.

9. Conclusions

From the results obtained during this study we conclude that the
Y-Nb-oxide in the Adamello pegmatite is metamict fergusonite-(Y). It
started to crystallize from a granitic melt after spessartine, but before
pyrophanite. Due to alpha-decay of the actinides present in the
original fergusonite, the mineral has been transformed into an
amorphous material. This crystalline-to-metamict transformation
was associated with a considerable volume increase, as documented
by microfractures that are arranged radially around fergusonite
inclusions in pyrophanite. TEM data show that the amorphous
fergusonite contains abundant inclusions of U-rich nanocrystals,
which we interpret as products of nucleation after metamictization.
We conclude further that the abundant, nearly circular dark features
observed in HAADF-STEM images represent nanopores, which
resulted from the accumulation of radiogenic He as bubbles.
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Abstract: A fergusonite sample from the Berere region in Madagascar was studied in detail with a wide range of analytical methods,
including optical and scanning electron microscopy, transmission electron microscopy techniques, electron probe microanalysis and
mapping, powder X-ray diffraction, and Raman, photoluminescence and infrared spectroscopy. The specimen contains high
concentrations of actinide elements (U up to 6.9 wt%, Th up to 3.0 wt% as oxides) and, as a consequence, it is highly radiation-
damaged. The sample has experienced intense, low-7 chemical alteration through fluid-driven replacement reactions. The altered
areas have sharp boundaries to their neighbouring host and are mainly located adjacent to large fractures. High-resolution element
distribution maps show the complexity of the compositional changes. Altered areas are generally enriched in Si and Ca, and depleted
in Y; however, most elements show variable trends and heterogeneous distribution patterns pointing to a non-uniform, presumably
multi-step alteration history. Most remarkably, the actinides U and Th were comparably immobile; their concentrations having
remained almost constant, being only mildly affected by the alteration reaction. This appears to support the potential suitability of the

fergusonite-group minerals as host phases for the long-term immobilisation of nuclear waste.

Key-words: fergusonite-(Y), radiation damage, chemical alteration, element mapping.

1. Introduction

Similar to other (Y,REE,U,Th)—(Nb,Ta,Ti) oxides, ferguso-
nite (ideal formula: YNbQO,), occurs typically as an acces-
sory component in granites (Poitrasson et al., 1998; Wang
et al., 2003) and granitic pegmatites (Ercit, 2005; Gieré
et al., 2009). Due to its actinide content of several weight
percent, fergusonite is commonly found in a highly radia-
tion-damaged state (Ervanne, 2004; Janeczek, 2004; Gieré
et al., 2009), which is accompanied by major changes of
physical properties and generally lowered chemical resis-
tance. Correspondingly, fergusonite and other Nb—-Ta-Ti
oxide minerals are often affected by post-growth chemical
alteration (Ewing, 1975; Ercit, 2005). Alteration processes
are commonly subdivided into primary and secondary (Van
Wambeke, 1970; Ewing, 1975; Lumpkin & Ewing, 1992).
Primary alteration may take place shortly after crystal
growth (and hence prior to significant accumulation of
radiation damage), for instance during subsequent cooling
in a late magmatic, pegmatitic, or hydrothermal environ-
ment (Gieré et al., 2001). In contrast, secondary alteration
occurs in the post-growth history (i.e., normally after the
accumulation of radiation damage) at low temperatures due

DOI: 10.1127/0935-1221/2010/0022-2031

to hydrothermal overprinting or near-surface weathering
processes. Primary alteration is mostly dominated by intra-
crystalline diffusion, while secondary alteration is con-
trolled by fluid transport through cracks and voids
(Lumpkin & Ewing, 1995).

Most studies addressing the alteration of (Y,REE,U,Th)—
(Nb,Ta,Ti) oxides have dealt with the more common
pyrochlore-group minerals (Lumpkin & Ewing, 1992,
1995, 1996; Lumpkin et al., 2001, 2004). In contrast, altera-
tion of fergusonite has rarely been described (e.g., Lumpkin,
1998; Ervanne, 2004; Janeczek, 2004). Ercit (2005) provided
a summary of alteration trends of (Y,REE,U,Th)—(Nb,Ta,Ti)
oxide minerals based on their chemical composition and
distinguished six compositional effects of alteration, includ-
ing (i) hydration, (ii) gain of high field strength elements
(HFSE), (iii) gain of large ion lithophile elements (LILE),
(iv) addition of Ca, (v) exchange of heavy rare earth elements
(HREE) and Y for light rare earth elements (LREE) other
than Y, and (vi) loss of A-cations. Studies of alteration
processes in fergusonite are of petrological interest because
complex Nb-Ta-Ti—-REE oxide minerals can act as monitors
for the evolution of their host rocks and in particular of low-T
geochemical processes in them (TomasSi¢ et al., 2004).

0935-1221/10/0022-2031 $ 4.05
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Additionally, knowledge of the chemical alteration beha-
viour of actinide-bearing minerals is crucial to predict
their suitability and performance as ceramic host material
for the long-term immobilisation of radioactive waste.
Gieré et al. (2009) discussed fergusonite as a potential
phase to be included in ceramics for the immobilisation of
nuclear waste, however, they noticed that more reliable
information on the alteration characteristics of this
mineral is needed. In the present case study, we have
investigated in detail a metamict fergusonite sample
from Madagascar that suffered intense chemical and phy-
sical alteration.

2. Sample and experimental details

The sample studied is a large (i.e., >1 cm size) fergusonite
specimen from the Berere region, Madagascar. Note, how-
ever, that the chemical composition of some of the heavily
altered areas does not correspond to that of fergusonite
anymore; nevertheless the terms ‘‘fergusonite’” and
““altered fergusonite’ will be used throughout the paper.
The sample’s precise origin is unknown. In spite of this, it
appears likely that it was derived from one of the ca. 550
Ma old (Miicke & Strunz, 1978) pegmatites in the Berere
region. The specimen is for the most part dark brownish in
colour. Its alteration is obvious already in the unprepared
stage: The surface is cross-cut by several cracks filled with
a yellowish material.

The sample was cut, and a fraction was, after homogene-
ity checks under the binocular microscope, subjected to a
total of twelve heating experiments. For this, chips (sizes
~0.3—1.0 mm) were individually placed in a platinum cru-
cible and annealed in air at temperatures between 300 °C and
1400 °C (heating rate 10 °C/min) for four days.

Doubly polished thin sections (thicknesses of ~30 pum)
attached to glass slides were produced from the untreated
sample as well as from annealed chips. These sections were
used for electron probe microanalyser (EPMA), Raman,
and photoluminescence (PL) spectroscopy measurements.
Prior to EPMA analysis, thin sections were coated with
carbon. For infrared (IR) absorption spectroscopy, a dou-
bly polished platelet (100 um thickness) of the untreated
material was prepared. For X-ray diffraction analysis,
about 8 mg of untreated and annealed sample material
were ground in an agate mortar and fixed with grease on
low-background silicon sample carriers (front loading).
For transmission electron microscope (TEM) studies, elec-
tron-transparent foils (typical dimensions of ~10 x 15 um
and ~0.15 um thickness) were cut out of a thin section of
an untreated chip, by the focused ion beam (FIB) technique
using a FEI FIB200 (see Wirth, 2004 for details).

The thin sections were first examined under an optical
microscope. Subsequently back-scattered electron (BSE)
and secondary electron (SE) images were obtained using a
JEOL JSM-6400 scanning electron microscope (SEM) at
an accelerating voltage of 20 kV.

K. Ruschel et al.

Powder X-ray diffraction data were collected on a
Bruker AXS D8 Advance system with 0—0 geometry (r =
250 mm), using Cu K radiation at 40 kV and 40 mA. The
diffractometer was equipped with a sample spinner and an
energy-dispersive Sol-X detector. A receiving slit of 0.1
mm (0.033° 20), two 2.3° (0.04 rad) soller slits on each side
of the sample stage and the variable mode for divergence
and antiscatter slits (§ mm) were used. The measurements
were performed at 28 °C and 1 bar over a range of 15 to 95°
20 (-60° 20 displayed) with a step interval of 0.01° 20. The
counting time was set to 9 s per step, and the spinner speed
was 0.33 rps.

Raman and laser-induced PL spectra were obtained in
quasi back-scattering geometry using an edge-filter based
Renishaw RM1000 system equipped with a Leica DMLM
optical microscope (50x objective, numerical aperture
0.75) and Peltier-cooled, Si-based charge-coupled device
(CCD) detector. Spectra were excited with the 488 nm
emission line of an Ar™ laser (17 mW). The lateral resolu-
tion was ~4—5 um. Band positions were calibrated using
the Rayleigh line and neon lamp emission lines; the result-
ing wavenumber accuracy was better than 1 cm™'. The
spectral resolution was ~5—6 cm ™' (which corresponds to
<<0.2 nm). Infrared absorption spectroscopy was done with
a Bruker Tensor 27 Fourier-transform infrared (FTIR)
system equipped with a Hyperion IR microscope. Spectra
were recorded in transmission mode in the range 500 to
7500 cm ™~ '. The spectral resolution was 4 cm .

Electron microprobe analysis and high-resolution ele-
ment mapping, along with additional BSE imaging, was
performed by means of a JEOL JXA-8500F thermal field
emission-type EPMA. Point analyses were obtained using
a focused electron beam (diameter <1 um), an acceleration
voltage of 15 kV, and a beam current of 30—40 nA. The
following natural and synthetic reference materials were
used (respective element and peak counting time listed in
parentheses): wollastonite (Si and Ca; 20 s), rutile (Ti; 20
s), Fe,O5 (Fe; 20 s), Ta,05 (Ta; 30 s), Al,O3 (Al; 20 s),
ZrSi04 (Zr; 50 s), Th-metal (Th; 100 s), U-metal (U; 100
s), vanadinite (Pb; 100 s), MnNb,Os (Mn and Nb; 20 s),
and rare earth element phosphates (REE and P; 50 s). The
background counting times were always set to one half of
the respective peak counting times. The CITZAF routine in
the JEOL software, which is based on the ®(pZ) method
(Armstrong, 1995), was used for data processing. Where
applicable, the results were corrected for REE peak over-
laps. The element distribution maps were obtained in
wavelength-dispersive X-ray spectroscopy (WDS) mode
with an acceleration voltage of 15 kV, a probe current of
15-20 nA, and a dwell time of 0.25—0.60 s per step (stage
step intervals 0.4—0.5 um).

Transmission electron microscope investigations were
performed with a FEI Tecnai G2 F20 X-Twin system oper-
ated ata voltage of 200 kV. Images in the scanning transmis-
sion electron microscopy (STEM) mode were generated
with a high-angle annular dark field (HAADF) detector
(Fishione Model 3000). Element line scans were obtained
with an energy-dispersive X-ray (EDX) spectrometer.
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3. Results and discussion
3.1. General sample description

Images of the fergusonite sample visualising its internal
texture are presented in Fig. 1. The sample reveals two
textural types. The first type covers approximately 80 % of
the thin section area. In plane-polarised light it can be seen
as various shades of brown, with a rather ‘‘turbulent”
appearance (Fig. 1a). In the BSE images this textural type
appears bright and shows weak zoning, which resembles
primary growth zoning in some areas (see arrows in Fig.
3c) whereas it has a rather patchy appearance in other
areas. Interestingly, there is an apparent contradiction
between details seen in the transmitted light and BSE
images. The ‘‘turbulent’” appearance is not seen in the
BSE whereas the weak primary zoning cannot be recog-
nised in the transmitted light (compare Fig. la, b). It
remains questionable (especially because of the ‘‘turbu-
lent”” textures observed in transmitted light) whether this
material is unaltered. These doubts seem to be further
supported by numerous dark spots with sizes up to several
um in the BSE images. Nevertheless, we will refer to the
first textural type as the (apparently unaltered) host phase
in the following. The second textural type, covering
approximately 20 % of the thin section area, appears con-
siderably less intensely coloured in the plane-polarised
transmitted light (Fig. 1a). It is mostly located along large
fractures or cracks and often has a finger-like appearance
(Fig. 1b). This second type, which consists of distinct
altered patches, is characterised by much lower BSE inten-
sities when compared to the host material.

The boundary between the two textural types is always
sharp. Both of them may occasionally contain scattered
mineral inclusions of a few um or smaller size, which are
characterised by a much higher BSE intensity than the host
fergusonite. Energy-dispersive X-ray scans in the SEM (not
shown) revealed the presence of high concentrations of U

)
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and Th in these inclusions. This is consistent with the obser-
vations of Ewing & Ehlmann (1973), Janeczek (2004), and
Gier¢ et al. (2009) who found uraninite and other U-bearing
phases as common inclusions in fergusonite.

3.2. Structural characterisation

The sample does not show notable interference colours in
cross-polarised light. This indicates a high level of struc-
tural radiation damage. The X-ray diffraction pattern as
well as Raman and PL spectra of the sample (Fig. 2)
confirm its metamict state, as they display only the typical
““amorphous hump”’ (X-ray), the absence of well-defined
vibrational bands (Raman), and REE emissions without
notable fine structure (PL), respectively.

Hence the structural characterisation of the material was
only possible after recrystallisation through thermal
annealing. However, it should be noted that heat-treatment
of a radiation-amorphised sample does not necessarily
result in the recovery of its original structural state. The
formation of another crystalline phase or decomposition
into several (crystalline and/or amorphous) phases is also
possible (Nasdala ef al., 2002; Vaczi et al., 2009). This
uncertainty increases if, due to chemical alteration, the
chemical composition of the material to be annealed differs
from its primary composition (Ewing, 1975; Ewing &
Ehlmann, 1975; Tomasic¢ et al., 2008). The X-ray diffrac-
tion patterns of the annealed samples (only one of them is
presented in Fig. 2a) indicate recrystallisation of tetragonal
o-fergusonite at about 600 °C and its transition to mono-
clinic f-fergusonite between 800 and 1000 °C. This o«—f
transition has been described in more detail by Tomasic¢
et al. (2006) who, however, reported the recrystallisation to
start at about 400 °C. Raman and PL analyses of the
annealed samples further verified the annealing process.
The Raman spectrum taken after annealing at 1400 °C

200 pm

Fig. 1. Images of the fergusonite sample from Madagascar. (a) Photomicrograph, plane-polarised transmitted light. (b) BSE image. The two
textural types are easily distinguished: The host fergusonite is brown and has a “‘turbulent’” appearance in the transmitted light, and it shows
high intensity in the BSE image. Altered areas, which are often located close to large fractures, are nearly colourless in transmitted light and

show low BSE intensity.
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Fig. 2. Comparison of analytical results obtained from the amorphous
fergusonite sample and its crystalline analogue produced by dry
annealing at 1400 °C: (a) X-ray diffraction patterns (Cu Ko radia-
tion), (b) Raman spectra (488 nm excitation), and (c) PL spectra (488
nm excitation). Diffraction patterns and spectra, respectively, are
shown with a vertical offset for more clarity. Note that the heat-
treatment resulted in the formation of monoclinic -fergusonite.

(Fig. 2b) corresponds reasonably well to a spectrum of a
synthetic, fergusonite-type YNbO, phase (Yashima et al.,
1997). In the PL spectrum of the annealed sample (Fig. 2¢),
all REE emission bands (Ruschel ef al., 2007) have notable
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fine structures which are assigned to crystal-field effects in
the recrystallised fergusonite.

3.3. Chemical composition

Results of electron microprobe analyses are presented in
Table 1. Note that all values reported are means of multiple
point analyses. The chemical composition of the host mate-
rial corresponds to fergusonite [classified according to the
statistical method of Ercit (2005) for the identification of
(Y,REE,U,Th)—(Nb,Ta,Ti) oxide minerals based on their
chemical composition]. The host material consists mainly
of ~29 wt% Y,03, ~35-36 wt% Nb,Os and ~14-15 wt%
Ta,0s. In addition, a relatively wide range of other elements
(including Ti, Gd, Dy, Er, Yb, Th, and U) are present at
variable concentrations and with individual oxides up to the
wt% range (Table 1). Calcium, REE other than Y, Th, and
U, are likely to substitute for Y (the A-site in the fergusonite
structure) whereas Si, Ti, and Ta are assumed to substitute
for Nb (B-site; Tomasic¢ et al., 2004; Gieré et al., 2009).
Based on this structural assignment, the A:B ratio as
obtained in our analyses is approximately 1:1, which agrees
very well with the ABO, stoichiometry of fergusonite. The
simplified chemical formula, normalised to 4 oxygen atoms
per formula unit, was calculated as (Y(7Dyo.1Mo2)
(Nbg gTag,) O4 (with M = Ca, Nd, Sm, Gd, Ho, Er, Yb,
Th and U in the range 0.005-0.05). Our observation that a
large number of non-formula elements are present in notable
quantity (Table 1) is consistent with previous studies on
fergusonite, in which extensive chemical variability has
been reported for this mineral (e.g., Ervanne, 2004;
Janeczek, 2004; Gieré et al., 2009).

As expected, the chemical compositions of the altered
areas were found to be heterogeneous and to deviate appre-
ciably from the composition of the host material, as dis-
cussed in more detail below. All altered areas yield
deficient analytical totals (down to mean values of ~93
wt%), which is a typical feature of minerals that have
undergone fluid-driven alteration (Smith et al., 1991;
Forster, 1998; Mathieu et al., 2001). Possible causes of
low analytical totals include the presence of hydrous or
other elemental species that are not detected in the EPMA,
and in particular X-ray intensity losses at grain boundaries
or sub-micrometre pores of the altered material (see
Nasdala et al., 2009, and references therein).

To check for the hypothetical incorporation of hydrous
species, IR spectroscopy was used. All IR spectra (not
shown) are characterised by a broad and strongly asym-
metric band in the range 2600-3600 cm ™' (maximum near
3400 cm_l); its intensity is notably higher in altered areas,
compared to the host fergusonite. This band indicates
strongly the presence of a hydrous species, as it resembles
the O—H signal of other highly metamict minerals such as
zircon (Caruba et al., 1985; Nasdala et al., 2001, 2009). An
unambiguous assignment to hydroxyl groups and/or water
molecules, however, cannot be given. Also, we do not
attempt to calculate concentrations of the hydrous species
from the O-H band integrals, because the calculation
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Table 1. Results of EPMA chemical analyses (all concentrations in wt%).

Areas marked in the BSE image in Fig. 3a:
Areas marked in the BSE image in Fig. 3c:
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procedures (see Libowitzky & Rossman, 1996, 1997) were
found to be uncertain for metamict samples. For instance,
Nasdala et al. (2001; see Fig. 8 in that paper) reported
systematic deviations of hydrous contents calculated
from O-H band integrals from the actual contents that
exceeded one order of magnitude. Nevertheless, IR spectra
indicate that hydrous species are present, and that their
content is notably enhanced in altered areas.

0.02

0.19 0.02 0.01

3.4. Study and discussion of alteration textures

To obtain more precise information about the element dis-
tribution patterns, EPMA element mapping was applied.
A selection of results is presented in Fig. 3. The altered
areas are much more heterogeneous in composition than
the host phase. Occasionally, element distribution maps
correlate with the internal ““primary”” zoning of the host
material as seen in BSE images (e.g., compare BSE image
and Y map in Fig. 3¢). However, within the altered material,
there are notable lateral variations in the degree of chemical
heterogeneity. For instance, the finger-like alteration areas
that protrude into the host material show a rather moderate
zoning of their chemical composition (Fig. 3c), whereas
altered areas close to large fractures (Fig. 3a) may be extre-
mely heterogeneous, in some cases on a micrometre-scale.

The alteration-induced chemical changes in the fergu-
sonite sample studied appear to correspond well with gen-
eral observations discussed by Janeczek (2004). However,
only a few elements show a clear trend in their alteration
behaviour: Silicon is generally enriched, Y is significantly
depleted, and other REEs are moderately depleted in the
altered areas. Most elements, however, appear to be dis-
tributed less systematically. The Ca content is in general
enriched in the altered patches, but it can be also depleted
locally (see Fig. 3a). Niobium tends to be somewhat
depleted in areas several tens of um away from large
fractures, whereas it is notably enriched in close proximity
to these fractures (Fig. 3a). The distribution patterns of Ta,
Pb, Th, and U in the altered patches are rather irregular and
can vary from map to map. These elements tend to be
slightly depleted in the finger-like alteration areas, whereas
in areas close to large fractures they may either be depleted
and/or enriched locally (Fig. 3a, b). The large fractures,
which have clearly served as pathways for the alteration
fluids, are often filled with secondary phases that differ
appreciably in composition from the neighbouring altered
material. The fracture fillings consist mainly of phases rich
in Pand Y and, to a lesser extent, Si (Fig. 3a, b). In contrast,
most major elements of the fergusonite show insignificant
concentrations in the secondary fracture fillings (Table 1).
Our observations correspond very well to recent findings
of Nasdala et al. (2010) who applied EPMA element map-
ping to study fluid-driven alteration in heavily radiation-
damaged zircon. These authors also observed a strong Ca
enrichment and Y depletion in altered patches whereas
fracture fillings showed particularly high Y contents
(which, however, were not combined with detectable P
contents).

022 0.11

0.05 0.09 0.03 0.07 0.06 0.07 0.04 0.13 0.10 0.15

gle analyses per interior region.
Average detection limit (wt% oxide, 2 ¢ error by counting statistics of the background signal).

bdl = not detected, or average below detection limit.

“Number of sin:

Average detection limit ® 0.03
b
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EPMA count intensity

Fig. 3. Three series of images documenting results of the EPMA element mapping. (a) Area within an altered zone adjacent to a large, secondary
filled fracture (from left to right: BSE image; and five element distribution patterns obtained with a current of 1.5 x 10~% A and a dwell time of 0.3
s). Colour-coded intensity ranges (given in counts) are 19—692 (Si), 51—1401 (Ca),4—171 (Nb), 65—170 (U), and 20— 1126 (Y). (b) Another area
within an altered zone near a large fracture (four element distribution patterns, 2.0 x 10~% A, dwell time 0.6 s). Colour-coded intensity ranges are
19—412 (Pb), 35—179 (Th), 66—165 (U), and 65—2256 (Y). (c) Area consisting of the host phase and two finger-like, altered zones (from left to
right: plane-polarised transmitted light micrograph; BSE image; and two element distribution patterns, 1.5 x 10~ A, dwell time 0.25 s). Colour-
coded intensity ranges are 18—152 (Ca) and 327—677 (Y). Black arrows point toward weak primary zoning. Numbered spots 1—8 in the two BSE
images correspond to the chemical analyses listed in Table 1. Analysis 1 was placed in the host phase (located slightly outside the rectangular area
shown in the upper row).
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Transmission electron microscopy was applied to study
the interface between altered patches and the neighbouring
host phase on a sub-micrometre scale. High-angle annular
dark field images and EDX line scans verified the sharp-
ness of the compositional interface. In the HAADF image
presented in Fig. 4, the slightly darker band marked “‘A”’
represents the boundary of the chemical alteration where
element line scans (in particular Ca and Y) indicated sharp
compositional gradients. This sharpness suggests that the
contribution of volume diffusion was insignificant. The
reason for the significant HAADF brightness change
along a vertical line (marked ‘““B’’ in Fig. 4) that has a
clear lateral offset relative to the chemical boundary
(marked ““A”’ in Fig. 4) remains unclear. Possible causes
of the brightness variation include density variations or
minor differences in concentrations of heavy elements
that can not be quantified, but might strongly influence
the contrast. Note, however, that line “‘B’’ does not corre-
spond to any element distribution observed.

The HAADF image shows the occurrence of numerous
dark, circular features with sizes of < 200 nm in the host
fergusonite (Fig. 4). Energy-dispersive X-ray analyses did
not reveal systematic differences in chemical composition
between the dark features and the surrounding unaltered
material (a moderate drop in total X-ray counts was how-
ever noticed for measurements placed inside the dark cir-
cles). The dark contrast of the circular areas might be due
to lower density or smaller total thickness of the material.
In the TEM bright field images (not shown) they appear
bright. This observation is complementary to the HAADF

Fig. 4. High-angle annular dark field image showing the boundary
between a finger-like alteration patch (left) and the adjacent host
fergusonite (centre and right). The amorphous host fergusonite
shows numerous dark features (circular pores?) whereas the altered
area appears homogeneously dense and does not show this peculiar-
ity. The slightly darker band on the left side, marked ““A’’, represents
the boundary of the chemical alteration (as detected by elemental
line scans in the TEM). In contrast, the clear brightness change along
the vertical line marked ‘B’ does not correspond to any element
distribution pattern observed.
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image because lower density and/or reduced sample thick-
ness reduces electron absorption resulting in brighter con-
trast. Correspondingly, the features might be assigned to
areas with lower average atomic number; most likely
holes.

The altered areas, in contrast, appear homogeneously
dense and do not show this peculiarity. Gieré et al.
(2009) attempted to interpret similar features as remnants
of bubbles resulting from the accumulation of radiogenic
helium. This hypothesis, however, does not seem to be
supported by our observations as there are no such bubbles
or holes, at least not on the observed scale, in the altered
zones of our sample, even though these zones have under-
gone strong metamictisation and should therefore have
accumulated high amounts of radiogenic helium. Of course
there exists the possibility that the altered phase is much
younger than the host material and therefore contains con-
siderably less helium. Also, it cannot be excluded that the
circular features may have formed in an earlier alteration
process and were locally healed during a younger altera-
tion. Nevertheless, the virtual absence of pores in the
altered patches of the fergusonite sample is a most puzzling
observation.

Micrometre-range porosity is a common phenomenon of
minerals, or areas within minerals, that have experienced a
fluid-driven alteration reaction, which typically has a
somewhat negative mass balance (Putnis, 2002).
Alteration-induced porosity is, in general, particularly
extensive in cases where a radiation-damaged, and hence
volume-expanded, mineral is replaced by its crystalline
(non-expanded) analogue (Pointer et al., 1988; Nasdala
et al.,2009). This was probably also the case in the sample
studied, provided the alteration has not occurred immedi-
ately after primary fergusonite growth (i.e., before signifi-
cant accumulation of radiation damage). There exists the
possibility that in our case, pores in the altered areas are too
small to be seen in the HAADF images. Also, they may
have been filled by some kind of re-sealing process (as for
instance discussed by Putnis, 2002; Geisler et al., 2005). In
summary however, both the assignment of the circular
features in the host phase and the absence of pores in the
altered phase remain unclear at the present state.

In spite of the puzzling observations above, the TEM
images and line scans confirmed that the boundaries
between altered areas and their neighbouring host are
always sharp. This is strong evidence for an alteration
reaction along a moving, fluid-driven reaction front. Such
a process, where stoichiometric dissolution is coupled with
the simultaneous growth of a thermodynamically more
stable product phase, is often referred to as a dissolution-
reprecipitation (Putnis, 2002, 2009) process. Solid-state
diffusion is another alteration mechanism that can occur
during interaction of a fluid with a solid host; however, this
process is expected to result in gradual transitions of ele-
mental compositions, which is not observed in our case.
Nevertheless it appears likely that both, volume diffusion
and fluid-driven alteration, have contributed at different
stages, and to different degrees, to the complex alteration
observed. The heterogeneous, partly zoned and partly
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patchy, distributions of elements point to a non-uniform,
most likely multi-stage alteration process, with dramatic
variations of the fluid composition. For instance, the Ca
distribution in Fig. 3a suggests that this element was
enriched in early steps of the alteration but later leached-
out. The fracture fillings are assumed to represent the
youngest step of alteration.

Given the major chemical changes caused by the altera-
tion reaction, it is remarkable that host and altered material
show comparably small variations in the concentrations of
the actinides U and Th (Table 1; Fig. 3a, b). The alteration
has not resulted in preferential chemical leaching of U and
Th. Gieré et al. (2001) discussed that U®™ tends to be much
more mobile than U*" and U". Correspondingly, Ervanne
(2004) postulated that if uranium was present as U®" in
fergusonite, hydrothermal alteration should result in its
chemical removal. The clearly higher mobility and leach-
ability of U°* on the one hand, and the absence of notable
U leaching on the other hand, suggest that the alteration of
our sample cannot have occurred in a strongly oxidising
environment. The comparably low mobility of U during a
fluid-driven alteration in the strongly radiation-damaged
fergusonite from Madagascar supports previous sugges-
tions to consider fergusonite-type materials for the immo-
bilisation of nuclear waste (Gier€ et al., 2009).

4. Conclusions

The fergusonite specimen from Madagascar investigated
in the present study was found to be highly radiation-
damaged, which corresponds to its high actinide (U and
Th) concentrations. To the best of our knowledge, this is
the first study that addresses in detail elemental changes
in natural fergusonite that was affected by low-T hydro-
thermal overprint. However, several of our observations
seem to contradict each other or are difficult to interpret:
the mismatch of textures of the host material observed in
the optical microscope (a fibrous-knotty appearance) and
the BSE images (mostly straight zones, less often patchy),
the porosity of the apparently “‘primary’’ host material
(seen in the BSE and the HAADF images), and the virtual
absence of pores in the altered areas. Therefore, further
investigation of a larger number of hydrothermally
altered samples of ABO,-type minerals in the future is
important, particularly in view of the uncertainty that
only one specimen with a complicated alteration texture
was analysed in the present study. Nevertheless, the
results obtained here add to our knowledge on the beha-
viour of radiation-damaged fergusonite in a low-T7, “‘wet”’
environment. The fluid-driven alteration was apparently
controlled by the accessibility of micro-areas to the
alteration fluid through large fractures, which seem to
have served as ‘‘fast migration pathways’’. One of the
most important observations is that relative changes in the
U and Th contents are much less extensive than those of
some other major or minor elements, such as Si, Ca, and
most REEs. This suggests that the radionuclides are not
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necessarily leached-out preferentially in a fluid-driven
replacement reaction affecting radiation-damaged
fergusonite.
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Phase Decomposition upon Alteration of
Radiation-Damaged Monazite—(Ce) from
Moss, Ostfold, Norway

Lutz Nasdala*?, Katja Ruschel?, Dieter Rhede®, Richard Wirth®, Ljuba Kerschhofer-Wallnere,
Allen K. Kennedy?, Peter D. Kinnye, Friedrich Fingerf, and Nora Groschopf?

Abstract: The internal textures of crystals of moderately radiation-damaged monazite-(Ce) from Moss, Norway,
indicate heavy, secondary chemical alteration. In fact, the cm-sized specimens are no longer mono-mineral
monazite but rather a composite consisting of monazite—(Ce) and apatite pervaded by several generations of
fractures filled with sulphides and a phase rich in Th, Y, and Si. This composite is virtually a ‘pseudomorph’ after
primary euhedral monazite crystals whose faces are still well preserved. The chemical alteration has resulted in
major reworking and decomposition of the primary crystals, with potentially uncontrolled elemental changes,
including extensive release of Th from the primary monazite and local redeposition of radionuclides in fracture
fillings. This seems to question the general alteration-resistance of orthophosphate phases in a low-temperature,
‘wet’ environment, and hence their suitability as potential host ceramics for the long-term immobilisation of ra-

dioactive waste.

Keywords: Chemical alteration - Monazite—(Ce) - Radiation damage - Thorium silicate

1. Introduction

The accumulation of structural damage
generated by the corpuscular self-irra-
diation of minerals containing actinide
elements has been studied widely in the
last decades. The bulk radiation damage
is caused mainly by alpha-decay events:
Recoil of the heavy daughter nuclei upon
emission of a “He core generate nm-sized
damage clusters, whose overlapping in-
ter-connection at high densities may lead
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eventually to the formation of a non-crys-
talline form.!"-2) Such normally crystalline,
irradiation-amorphised minerals are com-
monly described by the term ‘metamict’.3]
The metamictisation process is controlled
strongly by the proportion of the rates of
damage accumulation and damage anneal-
ing; the latter being strongly temperature-
dependent.!*5] Whether or not a certain
mineral becomes metamict is consequent-
ly not only controlled by the mineral phase
itself and the amount of radioactivity it ex-
perienced since the time of its growth, but
also by its thermal history.

The metamictisation of minerals re-
sults in dramatic changes of their physi-
cal properties, including volume swell-
ing and potentially subsequent frac-
turing,l®) a general decrease in elastic
properties and hardness,[”l and a change
in optical propertiesi8! (i.e. refraction
and birefringence). Further, the chemi-
cal resistance of metamictised minerals
is generally decreased, i.e. such materi-
als show enhanced solubility for instance
under conditions of near-surface weath-
ering,! and enhanced susceptibility to
secondary loss of radiogenic isotopes.!0]
Knowledge of the self-irradiation behav-
iour of minerals and their associated prop-
erty changes are hence of enormous rele-
vance for the Earth sciences (e.g. petro-ge-
ochemistry and U-Pb geochronology) and
the materials sciences (e.g. mineral-based
matrices for conditioning radionuclides in
radioactive waste repositories).!'!l In view
of the latter, key problems to be studied
include i) the susceptibility of materials

40/83

to undergo chemical alteration, and its in-
crease with cumulative radiation damage,
ii) how exactly chemical alteration proc-
esses take place, and iii) as to which de-
gree these materials (i.e. unaltered and/or
altered specimens) can resist the release of
radionuclides. The investigation of chemi-
cally altered, radiation-damaged minerals
is, therefore, motivated strongly by the
question, how such materials perform in
a low-temperature, ‘wet’ geological envi-
ronment over extended periods of time.

2. Material and Methods

2.1 Sample and Preparation

‘We have investigated monazite crystals
from a granite pegmatite located at the is-
land of Dillinggya (lake Vannsjg), just east
of the city of Moss, @stfold district, south-
eastern Norway.!'2l The area of origin be-
longs to the Riphean!!3 (which, according
to recent timescales of the International
Commission of Stratigraphy, corresponds
to the Meso- to Neoproterozoic). The mon-
azite crystals are 2-2.5 cm large. They are
medium to dark brownish, of thick-tabular
habit, and have well-shaped faces with
slightly rounded edges.

The monazite crystals were cut through
the middle, along their longest dimension,
and polished thin sections (~30 pum thick-
ness) attached to a glass slide were pre-
pared. These sections were used for optical
microscopy, electron probe micro-analyser
(EPMA) investigation, and micro-Raman
spectroscopy. Sections were coated with



706

CHIMIA 2010, 64, No. 10

MINERALOGY

carbon prior to EPMA imaging and analy-
sis. For Sensitive High mass-Resolution
Ion MicroProbe (SHRIMP) analysis, small
chips of the sample were, together with the
SHRIMP reference MAD-1, embedded in
araldite epoxy, and flat polished sample
mounts were prepared and coated with
gold. For transmission electron microsco-
py (TEM), electron-transparent foils were
prepared by conventional hand-polishing
and Ar ion milling at 5 kV. The TEM foils
were then coated with carbon.

2.2 Experimental Details

The thin sections were first examined
and imaged under an optical binocular, in
plane-polarised and cross-polarised trans-
mitted light. Raman spectra were obtained
in quasi-backscatter geometry using an
edge filter-based Renishaw RM 1000 sys-
tem equipped with Leica DMLM optical
microscope (50 objective, numerical ap-
erture 0.75) and Peltier-cooled, Si-based
charge-coupled device (CCD) detector.
Spectra were excited with the 632.8 nm
emission of a He-Ne laser. The laser
power at the sample surface was ~8 mW,
which is well below the threshold for any
local sample changes due to intense light
absorption. The system was operated in
the quasi-confocal mode, resulting in a
lateral resolution of ~4—5 pm. Band posi-
tions were calibrated using the Rayleigh
line and neon lamp emission lines. The
wavenumber accuracy was better than 1
cm™, and the spectral resolution was ~3—
4cm™.

The chemical composition was deter-
mined by means of wavelength-dispersive

X-ray spectroscopy (WDS) analysis in a
JEOL JXA 8900 RL EPMA. The accel-
erating voltage was 15 kV and the beam
current was 50 nA. The focal spot area
of the electron beam had a diameter of
<1 um. Calibration standards used were
well-characterized natural and synthetic
materials, including YAG (Al, Y), wol-
lastonite (Si), monazite (P), Fe,O, (Fe),
CeAl, (Ce), REE silicate glasses (lantha-
nides except Ce), crocoite (Pb), Th metals
(Th), and UO, (U). The CITZAF routine
in the JEOL software, which is based on
the ®(pZ) method,!'*] was used for data
processing. The results were corrected for
rare-earth element (REE) peak overlaps.
Back-scattered electron (BSE) imaging,
and high-resolution element mapping,
were done using a JEOL JXA-8500F ther-
mal field emission-type EPMA. The ele-
ment distribution maps!!3! were obtained in
WDS mode with an acceleration voltage of
6 kV, a probe current of 40-50 nA, and a
dwell time of 0.25-0.40 s per step (stage
step intervals 0.1-0.3 um).

Transmission electron  microscopy
— including electron diffraction, bright
field (BF) and dark field (DF) imaging,
and high-resolution electron microscopy
(HREM) imaging — was done using a JEOL
3010 system equipped with LaB6 cathode,
and a PHILIPS CM200 system equipped
with EDAX X-ray analyser and GATAN
imaging filter. The systems were operated
at a voltage of 300 kV (JEOL) and 200 kV
(PHILIPS), respectively.

Analyses of the U-Th—Pb isotopic
composition were done using a SHRIMP
II at the Department of Applied Physics,

Curtin University of Technology, Perth.[16]
The monazite surface was sputtered with
a primary, mass-filtered (O,)” beam with
~1 nA current, focused to a ~7-10 pm
spot. The SHRIMP was operated with a
mass resolution (M/AM) better than 5000.
The sensitivity for Pb isotopes was about
20 counts per second per ppm, per nA. A
single analysis consisted of seven scans.
Data for each spot were collected in sets
of seven scans through the mass range
of *?LaPO,, **CePO,, **Pb, background
near 2%Pb, _206Pb’ 207ph, 208Ph, 22T, 238U,
*$ThO,, and *°UQ,. The total analytical
time was ca. 16 min per spot. Results were
calibrated against MAD-1, a 514 Ma old
reference monazite. The 2**Pb method was
employed for the correction for non-radio-
genic Pb.l17-18]

3. Results and Discussion

3.1 Alteration Textures and
Chemical Composition

Transmitted light and BSE images re-
veal that the monazite crystals have a re-
markably heterogeneous internal texture
(Fig. 1). In contrast to the macroscopic ap-
pearance of a single-crystal, the material
consists of several phases. The specimens
are apparent ‘pseudomorphs’ after prima-
ry monazite crystals whose macroscopic
crystal shapes are still well-preserved (Fig.
la), even though they are actually a very
heterogeneous composite of phases. The
dominant monazite (transparent with pale
brownish colour, medium BSE intensity) is
inter-grown closely with patches of apatite

Fig. 1. (a) Photomicrograph of one of the monazite—(Ce) samples (30 LLm thin section, transmitted plane-polarised light), revealing its secondary,
multi-phase texture. The material is virtually a ‘pseudomorph’ of a multi-phase composite after a monazite crystal. Note the myriad of fractures
emanating from ‘nests’ consisting of a Th- and Fe-rich material (dark reddish-brown). (b) BSE image, showing one of the ‘nests’ (centre, bright)
that is surrounded by Ca apatite (black; the monazite appears medium gray). (c) Photomicrograph (transmitted cross-polarised light) of the patchy
intergrowth of monazite—(Ce) (green interference colour) with apatite (grey interference colour).
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Fig. 2. Raman spectrum of the monazite—(Ce)
compared to that of synthetic CePO,.

(colourless, low BSE intensity; Fig. la),
and a few scattered ‘nest’-like patches of
a heterogeneous, Th- and Fe-rich material
(predominantly hematite; reddish brown,
high BSE intensity; Fig. 1b). The phos-
phate—iron oxide assemblage is pervaded
by a network of numerous cracks and frac-
tures up to several tens of pm in thickness,
with heterogeneous fracture fillings. The
fractures have mostly random orienta-
tion but may show a radial pattern around
the ‘nests’, pointing to volume expansion
of the Th- and Fe-rich material. In some
cases, crystals show a narrow apatite rim
(Fig. 1a).

Table 1. Chemical composition of the monazite—
(Ce). All values are quoted in wt%.

Oxide Mean Range
AlLO, 0.0 0.0-0.2
Sio2 1.0 0.7-1.5
P,0, 28.8 28.2-29.4
Ca0 1.1 0.8-1.7
FeO 0.2 0.0-1.2
Y,0, 0.7 0.5-1.0
La,0, 8.7 7.6-9.4
Ce,O, 25.3 22.4-27.3
Pr,0, 3.4 2.9-3.8
Nd,0, 12.7 11.2-13.8
Sm,0, 6.9 6.3-7.4
Gd,0, 3.2 2.8-34
Dy,O, 0.5 0.2-0.6
Ho,O, 0.0 0.0-0.1
PbO 0.4 0.2-1.1
ThO2 6.1 3.7-10.8
uo, 0.1 0.0-0.3

% 99.1 98.3-100.4

In cross-polarised light, the monazite
shows high 2nd order to low 3rd order
interference colours (Fig. 1c), which cor-
responds to birefringence in the range
0.028-0.045. The notable but still mod-
erate birefringence depletion, compared
to well-crystallised monazite, suggests

moderate levels of accumulated radiation
damage. The extinction behaviour of the
monazite is uniform over large area ranges
on the order of millimetres; the same is true
for the apatite (cf. Fig. 1c). This suggests
an oriented (i.e. topotaxial) inter-growth of
the two phosphate phases.

The mineral phases were identified
from their patterns of Raman-active bands.
As expected, the vibrational bands of the
monazite Raman spectrum correspond to
monoclinic REE[PO,] (cf. Fig. 2); however,
they show general but still moderate broad-
ening. For instance, the v (PO,) band near
974 cm™ has a full width at half maximum
(FWHM) of ~13—-14 cm™', which indicates
a mildly to moderately radiation-damaged
structure.!9] Further mineral phases identi-
fied from Raman spectra include fluorapa-
tite [Ca(PO,),F], hematite (Fe,O,), pyrite
(FeS,), galena (PbS), xenotime (YPO,),
and huttonite (ThSiO,).

The main monazite phase shows a
relatively heterogeneous composition (cf.
ranges quoted in Table 1; ¢f. also BSE im-
age and Fe and Th maps in Fig. 3). The
average composition corresponds to the
formula (REE ., Th . Ca . Fe ) (P
SiO.U4) 04 (Wlth REEO.SS = Ce(].37 Nd0.18 a'0.13
Sm0409 PrOOS GdO‘OA YO.OI DyO.Ol)' Due to the
dominance of Ce at the medium-sized cat-
ion position, this mineral is to be called
monazite—(Ce). The apatite is relatively
homogeneous, pure Ca-phosphate with-
out any non-formula elements in the wt%
range. In contrast, the fillings of fractures

0.97

EPMA
counts

min.

Fig. 3. BSE image, and series of five colour-coded EPMA element distribution maps (6 kV; 4 x 108 A; dwell time 0.4 s; step width 0.3 lLm) obtained
from the same area. In the BSE image, large areas of monazite—(Ce) (Mnz) and apatite (Ap) appear medium gray and nearly black, respectively.
These two phosphate phases are inter-grown with veins consisting of Fe sulphide (Fe-S; dark grey), Pb-sulphide (Pb-S; nearly white), and Th-silicate
(Th-Si; medium grey). Colour-coded EPMA intensity ranges (given in counts) are 8-339 (Ca), 1-16 (Ce), 12-516 (P), 63-1919 (Fe), 4-142 (Th).
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Fig. 5. TEM results for the bulk monazite. (a) Dark field image (diffracting vector g = 311) showing
mottled contrast. (b) Electron diffraction pattern obtained along [011]. (c) HREM lattice fringe
image (viewed along [010]). (d) Fourier-filtered version of the same image. Note the absence of
aperiodic regions.
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Fig. 4. BSE image showing a close-up of veins
cross-cutting the two bulk phosphates, and
corresponding series of eight colour-coded
element distribution maps (6 kV; 5 x 108 A;
dwell time 0.4 s; step width 0.1 um). Colour-
coded EPMA intensity ranges (given in counts)
are 10-465 (P), 3—-199 (Si), 5-168 (Th), 2-59 (U),
15-243 (Y), 13-592 (Pb), 83-1758 (Fe), 16-542
(S).

pervading the two bulk phosphates are
most heterogeneous in composition (Fig.
3). Apparently there are several ‘genera-
tions’ of veinlets. The central fillings are
dominated typically by Fe-sulphide (i.e.
pyrite) whereas towards the rims of frac-
tures there is Pb-sulphide (i.e. galena;
bright BSE) associated with a Th-rich
phase (c¢f. Fe and Th distribution maps in
Fig. 3).

The distribution patterns of several
elements discussed are shown at higher
resolution in Fig. 4. In fractures there are
large pyrite (red in the Fe and S maps) and
galena grains (red in the Pb and pale blue
in the S map). The Th-rich phase, which
seems to be the youngest, may occupy
much smaller fractures. Phosphorous
and the REEs are depleted appreciably in
these Th-rich veinlets, compared to the
bulk monazite—(Ce) (Fig. 3). Apart from
a clear enrichment in Th (which may ex-
ceed 50 wt% in single spots) and Si, there
is also an enrichment in Fe, Y, and U.
However, element ratios are non-uniform
(note the clear differences between the
Th map on the one hand and the U and Y
maps on the other hand in Fig. 4). Obvi-
ously the Th-rich veinlets do not represent
one mineral phase but consist of a hetero-
geneous assemblage of several phases
with different compositions.

3.2 Transmission Electron
Microscopy

Dark-field images of the monazite
show mottled contrast (Fig. 5a), which is
assigned to a mosaic-like domain texture
(i.e. volume regions with slightly varying
orientation) resulting from self-irradiation
damage.[19201 The degree of misorienta-
tion and the volume fraction of distorted
regions in our sample are not extensive, be-
cause sharp maxima were observed in the
electron diffraction patterns (Fig. 5b). The
domain texture is also recognised in high-
resolution lattice-fringe images (Figs.
Sc—d) showing well-ordered, periodic lat-
tice regions up to a few tens of nanome-
tres in size, bracketed by slightly confused
boundary regions. These observations sug-
gest that the monazite represents a moder-
ate degree of accumulated self-irradiation
damage,[?!l which also corresponds well
with the still high interference colours
(Fig. 1c) and the moderate broadening of
Raman bands (Fig. 2).
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Fig. 6. TEM results (continued). (a) Electron diffraction pattern of a Th-rich veinlet, indicating the polycrystalline nature of the material. (b) HREM
image of the Th-silicate phase. Two of the nanometre-sized ‘crystalline islands’ having different orientation are marked with white circles. The
corresponding FFT electron-diffraction pattern (inset) shows strongly broadened maxima. (c) Bright-field image of the apatite in close proximity to a
Th-silicate vein (located on the left, just outside the image area). The positions of the four insets correspond roughly to the locations where the FFT
electron-diffraction patterns were obtained. Note the gradual loss of apatite crystallinity toward the Th-silicate.

The Th-rich phase, occurring as outer
fracture filling in the veinlets (c¢f. BSE im-
age and Th map in Fig. 3), shows a more
diverse appearance in the TEM. Electron
diffraction patterns obtained from sample
volumes of more than a few nanometres
in size are characterized by coarse rings
of broadened diffraction maxima, which
are overlaid by an always notable, dif-
fuse ‘amorphous ring’ (Fig. 6a). This sug-
gests that the Th-rich material is partially
amorphous and partially crystalline, hence
probably containing several phases. The
crystalline volume fraction must be poly-
crystalline, consisting of a multitude of
tiny crystals (or better, ordered volume re-
gions) with slightly different orientations.
The rotation of the crystalline volume re-
gions can be observed in high-resolution
lattice-fringe images (Fig. 6b); this phe-
nomenon is due to local strain as induced
by the amorphisation.2!

In high-resolution electron-diffraction
patterns of the Th-rich material, gener-
ated through fast Fourier-transformation
(FFT) of HREM images, diffraction
maxima show in some cases clear broad-
ening (for instance, cf. inset in Fig. 6b).
The d-spacings calculated from FFT
electron-diffraction patterns point to a
decidedly heterogeneous material. A set
of d-values of ~0.47 and ~0.36 nm may
be assigned to the (101) and (200) of
zircon-structured ThSiO, (i.e. thorite),
whereas ~0.42, ~0.33, ~0.31, and ~0.29
nm correspond to the (111), (200), (120),
and (012) of monazite-structured ThSiO,
(i.e. huttonite). A set of d-values of ~0.33
and ~0.28 nm may perhaps even indicate
the additional presence of cubic ThO,
(i.e. thoriantite), as they correspond rea-
sonably well with the (111) and (200) of
this mineral; there is, however, some po-

tential overlap with huttonite (cf. above).
These observations suggest a moderate to
high level of accumulated radiation dam-
age in the Th-silicate veinlets, which has,
however, remained well below the level
of complete amorphisation. The notably
heterogeneous phase composition of the
Th-rich veinlets seems to agree well with
their chemical heterogeneity discussed
above and may point to a non-homogene-
ous (i.e. multi-step) formation process of
the veinlet material.

An interesting observation was made
for the Ca apatite. The bulk of this phase
is in the crystalline state, without mott-
led contrast in BF images or any other
indication of low levels of radiation dam-
age. The situation is different, however, in
the case of apatite that is located in close
proximity to Th-rich veinlets (i.e. up to
~150 nm away from the veinlet-apatite
boundary). Toward the Th-rich veinlets,
the apatite is increasingly damaged, up
to complete amorphisation (Fig. 6¢). The
damaged/amorphised zone is interpreted
as alpha-recoil halo,[?223] j.e. the damage
in the apatite was generated mainly by
recoils of heavy nuclei originating from
the high Th content in the neighbouring
veinlet material.

3.3 Geo-Chronological
Considerations

An attempt was made to determine the
age of the monazite—(Ce) formation and/
or the time of its alteration using SHRIMP
U-Th-Pb measurements. However, the
material turned out to be virtually ‘un-
datable’: Even though all measurements
were placed carefully in apparently crack-
free material, the isotope ratios obtained
show extensive scatter and are tainted with
huge uncertainties, resulting in calculated
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27Pp/2%Pb ages for single measurements
with 20 errors as high as several hundred
Ma (average 10274221 Ma; Table 2). This
may first be due to the hypothetical pres-
ence of scattered, sub-micrometre sized
Pb-rich domains in radiation-damaged
monazite.24] Most importantly, our mona-
zite—(Ce) sample contains varying but gen-
erally very high concentrations of common
Pb (cf. £ 206 values in Table 2), resulting in
very large *Pb corrections to the isotopic
ratios and hence increased uncertainties. In
addition to the introduction of common Pb,
the U-Th-Pb isotopic system also seems
to be affected by secondary loss of the ra-
diogenic Pb. This is indicated by signifi-
cantly discordant isotope ratios (Table 2).

Following the method of Montel et
al.,|»5) we attempted also to calculate mon-
azite U-Th-Pb ages from EPMA results.
Measurements in carefully selected, appar-
ently unaltered areas of the monazite—(Ce)
yielded an average ‘age’ of 788134 Ma
(20).

Both of the above two age values are
uncertain, and none of them is consid-
ered to be a realistic age, because of the
isotopic ratios being biased notably by
the disturbance of the U-Th-Pb system
(in particular Pb loss and Pb gain) during
the alteration. The high fraction of com-
mon Pb indicates that significant amounts
of Pb were incorporated during the altera-
tion. This conclusion agrees very well with
elevated concentrations of Pb (partly oc-
curring as PbS) in the secondary fracture
fillings (cf. Pb and S maps in Fig. 4), which
has been observed similarly by Poitrasson
et al.1?%1 Even in view of the uncertainties,
the U-Th-Pb elemental and isotopic ratios
obtained point to a Proterozoic (i.e. Meso-
to Neoproterozoic) age. It could either be
assigned to the primary pegmatitic growth
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Table 2. SHRIMP data for the monazite-(Ce) from Moss, Norway. All errors represent 2 uncertainties

(a) Measured isotope ratios (not corrected for common Pb):

Spot  2%Pb/?Pb 207Pb/2%°Pb 208Pp/206Ph 205Pp/23%8Y 207Pp/2%U

1 0.00691+0.00080 0.172+0.004 106.0+1.1 0.175+0.053 4.17+1.28

2 0.00429+0.00031 0.125+0.001 71.3+0.4 0.0827+0.0013  1.419+0.029

3 0.0176+0.0007 0.328+0.006 44.6+0.6 1.076+0.034 48.7+1.9

4 0.00250+0.00017 0.114+0.001 23.9+0.1 0.192+0.003 3.00+0.05

(b) Data corrected for common Pb (***Pb method):

Spot 2062  20%Pb/>%U 206Pb/235 age Bzl 207Pb/2%U age AR e R o) 207Pb/2%Pb age Disc.?

[%] [Ma] [Ma] [Ma] [%]

1 11.0 0.156+0.047 934+262 1.61+0.61 973+243 0.075+0.015 1065404 12

2 6.8 0.0770+0.0012 478+7 0.667+0.059 519+36 0.0629+0.0053 704+180 32

3 28.2 0.773+0.027 3691+99 8.48+1.95 2282+212 0.080+0.018 1187+453 =211

4 4.0 0.184+0.003 1088+14 1.98+0.09 1108+29 0.0782+0.0030 115177 5)

af 206 = common 2%Pb / total 2°Pb, from the observed 2**Pb
®U-Pb discordance; ratio of the 2Pb-corrected 2°°Pb/2*U and 2°’Pb/2*Pb ages

of the monazite—(Ce) [this interpretation
is supported by the monazite’s chemical
composition (relatively high concentra-
tions of intermediate REEs) and EPMA
totals of close to 100 wt% (Table 1)[27]] or
be interpreted as a metasomatic overprint
age (supported by the high common Pb).

Assuming a ~1000 myr damage ac-
cumulation period for the host monazite—
(Ce), and based on its Th and U concentra-
tions (Table 1), an average time-integrated
alpha fluencel>28] of ~4.5 x 10" g is
calculated. Even in view of the strong un-
certainty of the age that was used to cal-
culate this fluence, the value calculated
surpasses appreciably the alpha dose of <1
x 10" o/g™! that is needed for the complete
amorphisation of solids.[?! Consequently, if
all of the alpha-event damage experienced
over a ~1000 myr time period was stored,
our sample should be amorphous. By con-
trast, the bulk monazite—(Ce) is found to
be only mildly to moderately radiation-
damaged, hence obviously representing
a comparably low degree of damage ac-
cumulation. This observation indicates
extensive thermal annealing experienced
by the Moss monazite (which in turn is
completely consistent with the general ob-
servation that natural monazite, which un-
dergoes thermal annealing at comparably
low temperatures, virtually never becomes
fully metamict(19-24]).

4. Concluding Remarks

The partial replacement of mona-
zite by secondary apatite is commonly
observed, 21 however, the opposite situ-
ation, i.e. secondary monazite occur-
ring within apatite, is also a well-known
phenomenon.3%311 A rather special case
was reported by Seydoux-Guillaume et

al.132 and Hetherington and Harlov!33l
who found Th-rich monazite to have de-
composed into Th-poor monazite and
Th-silicate, without the presence of any
apatite, however with alteration textures
largely similar to those observed in this
present study. It has been observed more
often that a secondary Th-Si phase (or,
more correctly, a heterogeneous phase
assemblage rich in Th and Si) is formed
upon decomposition of monazite to form
apatite.[2534.35] [n such cases, the second-
ary apatite occurs mostly as microscopic,
fine-grained overgrowth rim or interspace
filling, with the Th-rich phase being locat-
ed in close proximity. Our sample seems
to be analogous, however, with an unusu-
ally high degree of phase separation: The
apatite is crystallographically homoge-
neous on a comparably large scale (Fig.
1c), indicating a close topotactic relation-
shipl30-30] with monazite, and it occurs
relatively well separated from the Th-Si
phase, which is located in fractures. The
occurrence of a significant volume frac-
tion of apatite within the monazite—(Ce)
suggests that the alteration fluid was rich
in F.

As early as one century ago, it has been
discussed that a notable portion of the radi-
oactivity in monazite from Moss, Norway,
may arise from included Th-silicate.37!
However, it was also found that the excess
Th cannot, at least not solely, be present
in the form of ThSiO,, because of vari-
able, and mostly too low, Si/Th ratios.[38!
Our observations support the presence of
a heterogeneous secondary phase rich in
Th and Si, and characterise the ‘monazite
crystals’ from Moss as poly-phase ‘pseu-
domorphs’ with a complex chemical and
thermal post-growth alteration history.
In view of sharp boundaries and the ex-
tremely low volume diffusion of Th in
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monazite,3%! the alteration is assigned to
a fluid-driven dissolution and ‘pseudo-
morphisation’ process!“?l which released
the Th into the alteration fluid. This was
followed by re-deposition in the form of
Th-rich phases (however, these phases
grew obviously only after the formation
of Fe- and Pb-sulphides in the fractures).
The clear textural separation of Th-free
Ca-apatite and Th-rich fracture fillings
observed may indicate a multi-step al-
teration involving secondary Th deple-
tion and tertiary Th enrichment (the latter
being connected with the incorporation of
common Pb).

Our observations reconfirm that un-
der conditions of fluid-driven alteration
and/or low-grade metamorphism, mona-
zite may undergo very complex chemi-
cal alteration. The susceptibility to such
alteration (and hence the probability for
the release of radionuclides) does not only
depend on the alteration fluid!>3! but may
be enhanced potentially by the accumu-
lation of self-irradiation damage. It has
been discussed by Read et al.135] that this
may have important implications for the
chemically similar Pu*, questioning the
suitability of monazite-structured ortho-
phosphates as ceramics for the long-term
immobilisation of radionuclides under the
potentially ‘wet’, low-temperature condi-
tions of waste repositories.
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Abstract  This study addresses whether Raman
spectra can be used to estimate the degree of
accumulated radiation damage in monazite-(Ce)
samples whose chemical composition was previously
determined. Our results indicate that the degree of
disotder in monazite—(Ce), as obsetved from
increasing Raman band broadening, generally
depends on both the structural state (i.e., radiation
damage) and the chemical composition (ie.,
incorporation of non-formula elements). The
chemical effects were studied on synthetic
orthophosphates grown using the Li-Mo flux
method, and non radiation-damaged analogues of the
naturally radiation-damaged monazite—(Ce) samples,
produced by dry annealing. We found that the
“chemical” Raman-band broadening of natural
monazite—(Ce) can be predicted by the empirical
formula,

FWHM [em-1] =3.95+26.66x (Th+U-+Ca+Pb)[apfu]

where, FWHM = full width at half maximum of the
main Raman band of monazite—(Ce) (e, the

symmetric POy stretching near 970 cm!), and
(Th+U+Ca+Pb) = sum of the four elements in apfu
(atoms per formula unit). Provided the chemical
composition of a natural monazite—(Ce) is known,
this “chemical band broadening” can be used to
estimate the degree of structural radiation damage
from the observed FWHM of the vi(POy4) band of
that particular sample using Raman spectroscopy.
Our annealing studies on a wide range of
international monazite—(Ce) reference materials and
other monazite—(Ce) samples confirmed that this
mineral virtually never becomes highly radiation
damaged. Potential advantages and the practical use
of the proposed method in the Earth sciences are
discussed.

Introduction

Monazite—(Ce) is a monazite-group orthophosphate
mineral with the formula A[POy] [where A = Ce, and
other light rare earth elements (LREE) substituting
for Ce]. These orthophosphate minerals crystallise in
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the monoclinic system (space group P2,/n, Z = 4)
and consist of chains of alternating AOy polyhedrons
and distorted POy tetrahedrons parallel to the ¢ axis.
The polyhedrons share edges with each other to
form chains parallel to the « axis, and corners and
edges with seven neighbouring POy tetrahedrons
respectively (Ni et al. 1995; Finch and Hanchar
2003).

Monazite—(Ce) has an extremely broad range of
chemical compositions, reflecting its formation in a
wide variety of rock types under variable conditions
(Williams et al. 2007). Extensive substitution of Ce
by other LREEs (especially La, Nd, and Sm) is
possible, resulting in solid solutions with other
minerals of the monazite group. In addition to the
more limited incorporation of heavy REEs,
significant amounts of the actinide elements Th and
U, and to a much lesser extent Pb, may also be
present. The ThO, content in monazite—(Ce)
normally ranges from 4 and 12 wt.% (Watt 1995;
Forster 1998), but contents up to 30 wt.% ThO,
have also been reported (Overstreet 1967; Bowles et
al. 1980) . The incorporation of non-REE ions in the
wt.% range is commonly explained by the two
coupled substitutions: 1) 2REE?* «» Ca?* + Th*;
and 2) P>* + REE*" « Si** + Th*, which are
referred to as the cheralite [CaTh(POg)2] and
huttonite (ThSiOy) substitutions, respectively (Bea
1996; Williams et al. 2007; Linthout et al. 2007). In
both of these substitution mechanisms, U can be
incorporated in addition to Th. However, U is in
general in lower abundance in monazite—(Ce),
compared to Th; the Th/U ratio averages =10
(Forster 1998). Commonly the UO; content does not
exceed 1 wt.% (Parrish 1990; Meldrum et al. 1996;
van Emden et al. 1997). Only in rare cases, higher
values for UO; have been reported (e.g., Forster
1998); Gramaccioli and Segalstad (1978) reported up
to 16 wt.% UOs. In the case of very high actinide
contents, however, it needs to be verified whether
Th and U are incorporated in the monazite—(Ce)
structure or are an analytical artefact due to the
presence of actinide-rich inclusions (e.g., thorite,
huttonite,  uraninite)  that  were  analysed
simultaneously. In the cheralite substitution, divalent
cations other than Ca may also be incorporated
(Williams et al. 2007). As a result of the radioactive
decay of the actinides, high amounts of radiogenic
Pb (up to 5 element wt.%, but often much lower)
have been reported in monazite—(Ce) (Montel et al.
1996). Additional substitution mechanisms involving
other elements (e.g.,, S, As, F, V) have also been
reported (Ondrejka et al. 2007; Williams et al. 2007).

Through the radioactive decay of the
incorporated actinides and their unstable daughter
nuclei, and the resulting self-irradiation, structural
damage is created in minerals. The accumulation of
radiation damage may eventually lead to complete
destruction of the crystal structure; a process called
metamictisation (Ewing 1994). Whether or not the
damage is retained in the mineral structure depends

on the thermal history of the host mineral, i.e., post-
crystallisation thermal annealing (Meldrum et al.
1998; Nasdala et al. 2001) and the physical properties
of the mineral. Thermal annealing threshold
temperatures depend on the structure type as well as
on the chemical composition and are therefore
mineral-specific (e.g., Meldrum et al. 2000). To the
best of our knowledge, natural monazite—(Ce) has
never been found in the fully metamict state, even
after having experienced extensive self-irradiation
(Chakoumakos et al. 1990; Popa et al. 2007). The
generally low level of accumulated radiation damage
in the monazite structure can be explained by the
phenomena that monazite—(Ce) is able to restore its
crystalline structure at relatively low temperatures
over geologic time (Boatner and Sales 1988;
Meldrum et al. 1998). Irradiation effects (i.e., electron
beams or alpha particles) have also been reported to
cause recovery of the structural damage (Meldrum et
al. 1996; Ouchani et al. 1997; Harrison et al. 2002).
The investigation of the structural state of
monazite—(Ce) is of crucial importance for Earth
sciences and materials sciences. Radiation-damaged
minerals are characterised typically by reduced
physical stability and increased chemical reactivity
(Lumpkin 2001; Horie et al. 2006; Nasdala et al.
2010b; Lenting et al. 2010). A radiation-damaged
crystal structure has, for example, been proposed to
enhance susceptibility to chemical alteration and
hence the loss of radiogenic isotopes. In particular,
Pb volume and/or grain boundary diffusion will
disturb the U-Th-Pb isotope systematics and bias
dating results (Goncalves et al. 2005; Kuiper 2005).
Furthermore, monazite—(Ce) plays an important role
in thermobarometry, geochemistry, and petrology

(Williams et al. 2007), and the degree of
accumulation of radiation damage may yield
important  information in reconstructing the

geological history of a sample. Since monazite-based
ceramics are considered as potential host matrices
for the immobilisation of radionuclides (Ewing 1999;
Terra et al. 2003), several studies have been done to
assess the performance of monazite structure
orthophosphates in the long-term storage of
radioactive waste (Trocellier 2000; Oeclkers and
Poitrasson 2002; Burakov et al. 2008; Montel 2011).

Nasdala et al. (1995) introduced Raman
spectroscopy as a method to quantify the degree of
radiation damage in zircon. Compared to powder X-
ray diffraction, Raman spectroscopy has the
advantage to be a non-destructive technique that
allows the material to be studied on a micrometre
scale with minimum sample preparation. Also, the
interpretation is relatively straightforward because
the Raman spectrum of zircon is controlled mainly
by the structural state, whereas chemical effects are
mostly insignificant (except for Hf, zircon rarely
incorporates non-formula eclements (e.g., P, REEs,
U, Th) in the wt.% range).

In contrast, the assignments of Raman spectral
changes in monazite—(Ce) are more complex and
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thus challenging due to its extensive chemical
diversity and hence potentially strong chemical
effects on the Raman spectrum. Monazite—(Ce)
Raman spectra are thought to be affected by both
the structural state and the chemical composition
(i.e., its compositional deviation from pure CePOy).
The main objective of this present study is to
quantify the “chemical” effects, in order to develop
an empirical Raman-based in situ assessment of the
degree of damage in monazite—(Ce) samples of
known chemical composition.

Background information on Raman
spectroscopy of monazite—(Ce)

The Raman spectrum of a well-crystallised, undoped,
synthetic CePOy crystal is presented in Fig. 1. The
specttum shows distinct vibrational bands in the
ranges 970-1075 cm! and below 620 cm™'. The
former are assigned to the internal POy stretching
vibrations, whereas the latter are due to the POy
bending and  external  vibrations involving
movements of the Ce3 ions and the [PO4]*- units
(Begun et al. 1981; Hobart et al. 1983; Silva et al.
2006). The most intense band near 970 cm™!, an A,
mode, is assigned to the symmetric stretching of the
POy tetrahedrons. Silva et al. (2006) discussed that
this band may also involve a small contribution of a
B, mode.

The interpretation of the Raman spectrum of
monazite—(Ce), that is, the assignhment of individual
Raman bands to specific vibrational modes, is still
somewhat controversial (Begun et al. 1981; Hobart et
al. 1983; Silva et al. 2006). To support these
assignments, we have performed ab initio
calculations of the theoretical Raman spectrum of
monoclinic CePO; at I'-point using 3D-petiodic
density functional theory and Gaussian basis sets,
employing the program CRYSTAL 09 (Dovesi et al.
2009; Pascale et al. 2004). A description of the
calculation procedure and the results are presented in
the online resource S1. For more details on the
theoretical background of the ab initio calculations,
the reader is referred to TObbens and Kahlenberg
(2011). Symmetry representation analysis gives the
species of the optical modes for monazite—(Ce) as I"
=18 A, + 17 Ay + 18 B,+ 16 By, thus a total of 36
Raman-active modes (A, + By). Calculated Raman
shifts are represented as tick-marks in Fig. 1. The
maximum deviation between calculated and observed
Raman shifts is £13 cm™!, with a standard deviation
6 cm!. Within this limit of accuracy, the assignment
is in full agreement with the experimental mode
symmetries (Begun et al. 1981; Silva et al. 20006), and
complete and unequivocal assignment is possible for
nearly all bands (see online resource S1 for full table).

The calculated mode in best agreement with the
observed v; vibration is the Ay mode at 957 cm,
which agrees with previous assignments. The
corresponding B, mode is calculated with slightly

lower wavenumber of 951 cm!. Apart from the
symmetry the atomic displacements of the two
modes are very similar. The vibration has been
correctly assigned as symmetric P—O stretching
mode. However, the displacement of the O2 atom
was found to be especially pronounced. This oxygen
atom is the one with increased O—Ce distances and a
decreased P-O—-Ce angle compared to the other
three oxygen atoms in the POy tetrahedron (Beall et
al. 1981).

The Raman spectrum of the radiation-damaged
natural monazite—(Ce) corresponds in general to that
of its annealed and hence well-crystallised analogue;
however, bands show some variations in their Raman
shifts  (typically toward lower wavenumbers),
extensive increases of their widths (commonly
expressed as FWHMs), intensity losses, and the
increasing development of band asymmetries. These
spectral changes reflect the interaction of phonons
with defects, the irregularity of the structure and
strain  (Falkovsky 2001; Nasdala et al. 2010a).
Possible additional effects, such as the splitting of
Raman bands or the appearance of additional bands
have to the best of our knowledge, not been
described thus far for radiation-damaged monazite—
(Ce).

It needs to be pointed out, however, that the
spectral changes mentioned above (i.c., band shifts,
FWHM increases, intensity losses, and sometimes
band asymmetries) are typical of a decrease in short-
range order. Therefore they may indicate, but do not
necessarily verify, the accumulation of radiation
damage in the mineral structure. The same or similar
spectral changes may alternatively be caused by
shock-compression (Gucsik et al. 2004), mechanical
stress (Pacevski et al. 2008), and in particular by the
extensive incorporation of non-formula elements in
the host structure, as shown for other minerals
(Hoskin and Rodgers 1996; Bergman et al. 1997;
Gasanly 2003; Geisler et al. 2005; Sahoo et al. 2009).

Samples investigated and sample preparation

Both natural (i.e., hence potentially radiation
damaged) and synthetic (ie, well crystallised)
monazite—(Ce) samples were investigated in this
study. In the case of natural samples, chemically
homogeneous specimens were preferred because of
reduced uncertainties in the comparability of un-
annealed and annealed parts of grains. A few
heterogeneous samples, showing relatively large
interior regions, were also included. An overview of
the natural monazite—(Ce) samples analysed in this
study, including their origins and ages, is given in
Table 1.

Of each natural monazite—(Ce) sample either
fractions of one crystal or several crystals were
subjected to dry annealing experiments. For this,
chips or crystals of several hundred micrometres up
to several millimetres in size were placed individually
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in a platinum crucible and annealed in air at a
temperature of 1200 °C for four days. These
annealing conditions (i.c., temperature and especially
duration) are known from previous studies to ensure
nearly complete annealing of the radiation damage in
monazite—(Ce) (e.g., Seydoux-Guillaume et al. 2002).
Samples were heated at a rate of 10 °C/min. After
the 96 hours annealing run, the furnace switched off;
samples were taken out after another 24 hours, after
which they had cooled down slowly to near room
temperature.

Single crystals of monazite-structure APOy4
orthophosphates were synthesised using a Li-Mo
flux-type method (Hanchar et al. 2001) at Memorial
University of Newfoundland. The flux consisted of
10 mol% LizMoO4 and 84 mol% MoO; An
additional 3 mol% NH4H,PO, was added to each
run as the phosphorous source. The raw materials
for the various cations were added in the individual
syntheses as shown in Table S2 in the online
resource S2. The starting materials were mechanically
mixed in an agate mortar and pestle and then
transferred to a clean platinum crucible with a tightly
fitted Pt lid. The crucible was lowered into the “hot
spot” of a preheated (1250°C) Deltech MoSi, vertical
tube furnace for eight hours, and then cooled over
138 hours to 1030 °C at a cooling rate of 1.6 °C pet
hour. Using a type S control thermocouple, the
temperature in the hot spot was measured to within
15°C. When saturation was reached, the monazite—
(Ce) crystals began to grow in the residual flux.

Afterwards the crucible was removed and after
cooling to room temperature the crystals were
extracted from the residual flux (if any existed) by
placing the crucible in concentrated NH4OH for 12
hours, followed by rinsing in distilled H>O. This was
followed by a rinse in concentrated HNOj3 for half
an hour, and then a final rinse in distilled H,O.
Further information on the method, including a
discussion on the redox conditions in the flux, is
given in Hanchar et al. (2001).

Chips of the untreated and the annealed natural
specimens, as well as the synthetic samples, were
prepared as doubly polished thin sections attached to
a glass slide (thicknesses ~30 pm) with random
crystallographic ~ orientations. For back-scattered
electron (BSE) imaging and electron microprobe
analysis, the sections were coated with carbon.

Experimental details

The internal structures of samples were characterized
with BSE imaging using a JEOL JSM-6400 scanning
electron microscope (SEM) at the University of
Vienna and a JEOL JXA-8900 RL electron probe
microanalyser (EPMA) at the Georg-August-
University of Goéttingen, both operated at an
accelerating voltage of 20 kV and a beam current of
20 nA. The BSE images were used to check for

potential internal heterogeneity, and to select the
interior regions to be studied.

In situ chemical analyses were done using a
JEOL JXA-8900 RL (Géttingen) and a Cameca SX
100 EPMA at the Masaryk University of Brno. All
results reported are means of multiple analyses. An
average of eight point analyses were done on
homogeneous grains, whereas heterogeneous grains
were probed by three to five single analyses per
interior region.

Analyses on the JEOL JXA-8900 (Gottingen)
were done with an acceleration voltage of 20 kV, a
beam current of 20 nA and a beam diameter of ~7
pm. The following reference standards were used
(respective element and peak counting time listed in
brackets):  REE-CAS  glasses  (from  P&H
Developments) (for REEs; 30-60s), synthetic
ThSiOy4 (for Th; 60s), synthetic UO; (for U; 60s),
natural cerussite (for Pb; 15s), natural wollastonite
(for Si and Ca; 15 and 30s), and synthetic YPOy (for
P and Y; 30s). The background counting times were
always set at half the respective peak counting time.
Data processing was done with the CITZAF routine
in the JEOL software, which is based on the ®(pZ)
correction method (Armstrong 1991, 1995). Average
detection limits (20 error by counting statistics of the
background signal) given in oxide wt.% are: for REE
(0.08-0.10), for Si (0.07), for Th (0.03), for Ca (0.02),
for Pb (0.11), and for U (0.03). Relative errors (2o
error) are estimated to be <2% at the >10 wt.%
level, <5% at the 1-10 wt.% level and >5% at the
<1 wt.% level.

Additional point analyses were done using a
Cameca SX 100 EPMA (Brno) with an accelerating
voltage of 15 kV, a beam current of 20 nA and a
beam diameter of 2 um. The following reference
standards were used: individual synthetic REEPOy
compounds (for the REEs); synthetic LaPO, (for P);
synthetic CaTh(POy)2 (for Ca and Th); U (for U);
synthetic PbS (for Pb); and YAG (for Y), and natural
spessartine (for Si). The counting times were set as
20s for major elements and 40s to 60s for minor and
trace elements. Background counting times were set
at half the respective peak counting times and data
were reduced using the PAP routine (Pouchou and
Pichoir 1985). Average detection limits (20 error by
counting statistics of the background signal) given in
oxide wt.% are: for REE (0.11-0.46), for Si (0.07),
for Th (0.14), for Ca (0.07), for Pb (0.10), and for U
(0.19). Relative errors (2o error) are estimated to be
<5% at the >10 wt.% level, <15% at the 1-10 wt.%
level and >15% at the <1 wt.% level.

Room-temperature Raman microprobe
measurements used a Horiba Jobin Yvon LabRam-
HR (high resolution) system at the University of
Vienna equipped with Olympus BX41 optical
microscope, a grating with 1800 grooves per
millimetre, and Si-based, Peltier thermo-electrically
cooled charge-coupled device (CCD) detector.
Spectra were excited using the He—Ne 632.8 nm
emission line (8 mW measured behind the
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microscope  objective).  This red excitation
wavelength was chosen because, in contrast to blue
or green laser excitations, it involves the least
number  of  problems  with  laser-induced
photoluminescence that may obscute the Raman
signal. With the system operated in confocal mode
and an Olympus 100x objective (numerical aperture
= 0.9), the lateral resolution was better than 1.5 pm,
and the depth resolution (with the beam focused at
the sample surface) was approximately 2-3 um. The
spectral resolution was determined to be 0.8 cm'.
Eight  replicate = measurements  per  sample
[homogeneous monazite—(Ce)] or four replicate
measurements petr interior region [heterogeneous
monazite—(Ce)] were done, respectively. Raman
bands were fitted after appropriate background
correction assuming Lorentzian—Gaussian band
shapes. The actual FWHMs of the most intense
monazite—(Ce) Raman band at ~970 cm™!
(symmetric stretching of the POj tetrahedrons) were
calculated by correcting the measured FWHM values
for the apparatus function of the Raman instrument
(see Dijkman and van der Maas 1976; Nasdala et al.
2001). Wavenumber calibration was done using the
Rayleigh line and Ne lamp emissions; the
wavenumber accuracy was bettet than 0.5 cm!. The
errors of FWHMs determined from single spectra
are assessed to be between 0.4 cm™' for narrow
Raman bands (FWHM <6.5 cm™) and #1.5 cm™! for
strongly broadened Raman bands (FWHM >20 cm~
). For broader Raman bands fitted, uncertainties are
higher, especially for slightly asymmetric bands (cf.
discussion below). Raman microprobe measurements
were generally carried out prior to EPMA analysis, to
exclude possible effects of the focused electron beam
on the accumulated radiation damage (Meldrum et al.
1996; Nasdala et al. 2003).

Results and Discussion
Preliminary notes on the Raman evaluation

The dominant vi(POy) symmetric stretching band
near 970 cm! (cf. Fig. 1) proved to be most suitable
for studying the short-range order of monazite—(Ce).
The high intensity of the v (PO band is
advantageous insofar as the band remains well
detectable even in radiation-damaged samples, which
commonly show lowered band intensities.
Furthermore, the relevant spectral parameters of this
band (i.e., Raman shift and FWHM) do not show
significant ~ orientation  dependence, which is
advantageous for the application of analysing non-
oriented unknown monazite-(Ce) grains in thin
section. The v1(POy) vibration was already shown to
be sensitive to disorder by Seydoux-Guillaume et al.
(2002). According to Gouadec and Colomban
(2007), Raman stretching modes are especially
sensitive  to the disorder of their nearest
neighbouring structure atoms.

Our observations suggests that the FWHM of the
vi(PO,) Raman band as the most suitable spectral
parameter to estimate the degree of short-range
order of monazite—(Ce). In Raman spectroscopy,
disorder is commonly characterised by band
broadening and the FWHM value is used often as a
parameter to study and quantify disorder in crystal
structures (Mohanan et al. 1993; Nasdala et al. 1998,
2003; Gouadec and Colomban 2007).

It should be noted that the structure of partially
radiation-damaged minerals can be described as a
three-dimensional, nanometre-scale network
consisting of amorphous (recoil-) damage clusters
and crystalline remnants which are characterised by
increasing defect density and increasing stress (e.g.,
Weber et al. 1994; Salje et al. 1999; Seydoux-
Guillaume et al. 2004). By evaluating the spectral
parameters of the vi(PO4) band discussed above,
only the degree of disorder of the remnant crystalline
volume-fraction of the radiation-damaged monazite—
(Ce) is studied. The Raman signal of the amorphous
volume-fraction has not been observed, perhaps due
to its relative intensity being too low (as shown for
zircon by Nasdala et al. 2003).

Synthetic monazites

Single crystals of APOy4 orthophosphates ~1 mm up
to 5 mm in length were produced in all of the
syntheses. In the synthesis done to produce Y-
bearing monazite—(Ce), a small amount of Ce-
bearing xenotime—(Y) was also co-crystallised as a
distinct phase.

The crystals grown are generally ecuhedral
shaped. Most syntheses produced chemically
homogeneous samples. Average formulae were
calculated from EPMA analyses based on 4 oxygen
atoms per formula unit and that all REE are
incorporated in the trivalent state (see Table 2;
detailed results of EPMA analyses are shown in
Table S3 in the online resource S2). Only the
syntheses containing Th, Y, and Gd produced
relatively heterogeneous crystals. For those samples,
values for two interior regions each are reported in
Table 2 (respectively Table S3). In the syntheses
involving Ca?* and Th**, no charge-compensating
species (e.g., tetravalent Si) were intentionally added
to the flux. It remains therefore unclear how charge
balance is maintained. However, the incorporation of
small amounts of divalent and tetravalent elements
without any coupled substitution has been reported
to occur in natural and synthetic monazite—(Ce); it
was explained by the formation of vacancies (Clavier
et al. 2011). Another explanation might be the
occurrence of tetravalent Ce, which according to
Hanchar et al. (2001) might exist in small amounts.
The dominant form, however, of Ce is 3+ under the
Oz and temperature conditions for the flux used [see
Appendix in Hanchar et al. (2001)]. Nevertheless, Ce
is thought to be incorporated predominantly in the
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trivalent state under the syntheses conditions used
(Bregiroux et al. 2007; Popa et al. 2007).

Raman band shifts and FWHMs of the synthesis
run products are reported in Table 2. The Raman
shift of the PO, symmetric stretching band increases
with the decrease of the average ionic radius of the
A-site cation(s) [calculated based on the radii from
Shannon (1976)]. This is shown in Fig. 2A, in
comparison with corresponding data for some pure
lanthanide orthophosphates (REEPOy) from Silva et
al. (2006). The systematic shift of the v{(POy4) band
toward higher Raman shift values, with decreasing
radius of the A-site cation (or its increasing atomic
number), has previously been described for pure
orthophosphates and was controversially interpreted
by several authors (cf. below). On the one hand,
shorter P-O distances and higher vibrational
frequencies of the P-O bonds in the phosphate
groups are thought to occur as a consequence of a
closer packing (compression) of the POy groups
(Begun et al. 1981; Hobart et al. 1983; Paschoal et al.
2002). On the other hand, the increase of the Raman
band shift was attributed to the reduction of the
REE-O bond length in the unit-cell and a
contraction of the cation site (Podor 1995; Santos et
al. 2007).

Changes observed in FWHM values are
moderate among the types of REEs and for variable
REE concentrations (see Table 2 and Fig. 2B). Slight
band-shape asymmetry is observed for some
samples. Only samples including Th reveal strongly
increased FWHMs when compared to pure CePOs.
This indicates a strong effect of Th substitution on
band broadening. However, the contribution of
other potential causes, such as vacancies or pores,
need to be considered in discussing the Raman band
broadening of Th-containing syntheses; note that
crystals produced in these syntheses revealed
deficient analytical totals (in some cases down to 97
wt.%). A significant effect of the Th content on the
FWHNMs is supported by the results of Podor (1995)
who demonstrated that the vi(PO4) Raman band of
(Lai-2UCay) PO, and (Lai_2ThCa,)PO4 compounds
showed systematic band broadening with inctreasing
actinide content. Those authors explained their
observation with the random cation-site population
around the POy tetrahedrons. Raison et al. (2008)
stated that the cheralitic substitution of REE*" by
Th* and Ca?" in the monazite structure has
significant effects on Raman spectra. These authors
found that the PO4 tetrahedrons in synthetic
cheralite [CaTh(POy)z] exhibit significant distortions
compared to structural values of CePOy and assigned
this to the different oxidation states and ionic radii of
the cations. According to Raison et al. (2008) the
sttong broadening of the vi(PO;) Raman band
indicates that the P-O distances in CaTh(POy), ate
less well defined than in CePOs. They concluded that
(Ca,Th) substitution causes similar distortion in the
monazite structure as radiation damage, and hence
leads to almost identical spectra. This is supported by

a spectrum obtained from synthetic CePOy irradiated
with 8.8 MeV “*He?* ions (fluences of 1 x 1016
ions/cm?) (Fig. 2B). For details concetning the
irradiation experiments see Nasdala et al. (2011).

Natural monazite—(Ce)

Results of selected in situ chemical and Raman
analyses of natural monazite—(Ce) samples are shown
in Table 3. In the upper part of that table, results for
un-annealed homogeneous monazite—(Ce) specimens
and their annealed counterparts are reported,
whereas in the lower part of the table, analyses
placed in interior regions of annealed heterogeneous
samples are quoted. Note that the chemical data
reported for the homogeneous samples are means of
chemical analyses done on both un-annealed and
annealed chips of the same sample; this was done to
get better representative mean values. Note also that
chemical analyses revealed no systematic changes in
the samples’ chemical composition resulting from
the thermal annealing. All analysed samples proved
to be monazite—(Ce). They show a broad variation in
actinide contents, with ThO; ranging from 1.3 wt.%
to 19.6 wt.% and UO; from below the detection
limit up 4.9 wt%. Some of the analyses yielded
deficient totals down to 97 wt.%. This may first be
due to non-formula elements that were not analysed
(however, element scans did not indicate the
presence of such constituents). Second, deficient
totals may potentially indicate a porous texture on
the sub-micrometre range, as it typically results from
secondary alteration processes (Nasdala et al. 2009).

Homogeneous samples show only minor
changes of their vi(PO4) Raman band position upon
annealing; slight shifts to higher wavenumbers (up to
+2.9 ecm!; Table 3) were observed. The moderately
lower wavenumbers of radiation-damaged monazite—
(Ce) indicate expansion of the P-O bonds, due to
the increasing distortion and tilting of POy
tetrahedrons, as well as dilative strain (Nasdala et al.
2010a). Changes in bandwidths are more significant;
the FWHMs of the vi(PO4) band were found to
decrease through annealing up to as much as minus
12.8 cm-!. The likely major causes of the broadened
bands of the un-annealed (and hence somewhat
radiation-damaged) = monazite—(Ce)  are  the
accumulation of point defects and the increasing
irregularity of the POy tetrahedrons (Nasdala et al.
2010a).

A BSE image of the un-annealed heterogeneous
sample P1 and two corresponding spectra showing
the vi(PO4) Raman band are presented in Fig. 3A,B.
The spectra are affected by radiation damage and the
chemical composition. The BSE image and spectra
for an annealed grain of sample P1 are shown in
Figs. 3C and D. In that example, chemical
heterogeneity is solely responsible for the differences
in the spectra, and in particular, the different
FWHMs. Some oxides (e.g., CeO; was identified by
Raman spectroscopy) occur at the surface of the

53/83



Ruschel et al./submitted to Mineralogy and Petrology

annealed grain (Fig. 3C). These artefacts result
probably from slight surficial decomposition upon
annealing (Vaczi et al. 2009). The vi(PO4) Raman
bands (Figs. 3B and D) are characterised by slight
asymmetry on the low-wavenumber side. The
occurrence of asymmetric (and broadened and
down-shifted) Raman bands has often been assigned
to phonon confinement effects (Spanier et al. 2001;
Sahoo et al. 2009). Phonon confinement is, however,
expected for particle or domain sizes on the
nanometre length scale (Kanemitsu et al. 1993). For
radiation-damaged  zircon, notable confinement
effects on Raman spectra are therefore expected to
occur only at elevated stages of the metamictisation
process, where nanometre-sized crystalline and
amorphous domain sizes exist (Geisler et al. 2001;
Geisler and Pidgeon 2002; Nasdala et al. 2002).
However, in the case of the rather moderately
radiation-damaged monazite—(Ce), and in particular
in the case of the annealed material, phonon
confinement is less likely. The cause of the observed
slight asymmetries therefore remains unclear.

Our results suggest that the broadening of the
vi(PO4) Raman band in the annealed monazite—(Ce)
samples are strongly correlated with the Th content.
For the example of the annealed sample P1 (Figs. 3C
and D), a Th-rich interior region (0.15 apfu Th)
yielded a FWHM of the v 1(PO4) Raman band of 10.2
cm. In contrast, in a low-Th region (0.02 apfu Th)
of the same sample, a notably lower FWHM value of
4.9 cm™' was obtained. The striking dependence of
the FWHM on the Th content is consistent with
results from our studies on synthetic monazite—(Ce)
samples. For all other elements, no such obvious
chemical effect on the Raman spectrum was
observed. However, possible chemical effects of
similar strength as caused by other elements
incorporated may either have been overlooked
because of too low concentrations, or they might be
obscured by the strong effect of Th, which is always
present in the wt.% oxide range.

Using an empirical approach we found a close
correlation of the FWHM of the v {(PO4) Raman
band with the sum of the four elements Th, U, Ca
and Pb (contents in apfu; Fig. 4). Other elements, in
contrast, in particular Si and REEs other than Ce,
seem to have only minor or insignificant effects on
the FWHM. An empirical linear regression was
determined using

FWHM [cm-1] =3.95+26.66x (Th+U+Ca+Pb)apfu] (1)

whete 3.95 and 26.66 are coefficients from the linear
regression fitting. This interpretation, however, is not
straightforward. The PO, vibrations in monazite—
(Ce) are influenced by numerous factors (especially
the ionic radii, valences, and masses of the nearest
neighbouring cations, bond forces among atoms,
etc.), which lead to complex interactions especially in
the case of monazite—(Ce) containing high amounts
of non-formula elements. However, the four

elements Th, U, Ca, and Pb differ more significantly
from Ce, when compared to REEs other than Ce.
They are hence expected to have stronger
disordering effects on their nearest neighbouring
PO, groups, and consequently induce stronger
broadening of POy vibrational modes, compared to
the presence of REE?* other than Ce. The apparent
absence of a clear FWHM-broadening effect of the
Si** present might be explained by the consideration
that Si is substituted at the 4-coordinated
phosphorus site. It is hence located much further
away from other POy groups, compared to the larger
A-site cations, which accounts for smaller or even
negligible effects on the POy vibrations. However,
our samples showed relatively minor Si contents. It
appears worthwhile to study potential spectroscopic
effects of the silicon substitution in more detail by
investigating  particularly = Si-rich monazites or
synthetic samples.

The regression and subsequent considerations
given above imply that the actinides Th and U
(which are similar in ionic radius and valence) may
have similarly strong effects on the Raman spectrum
of monazite—(Ce). This hypothesis is supported in
general by the results of Podor (1995) and Bregiroux
et al. (2007; that study did not reveal significant
differences between the Raman spectra of
Cao_sTh0_5PO4 and Cao‘5U0_5PO4) and the current
study. Note that the correlation above is still
inconclusive as it is based on a sample set limited in
terms of both chemical compositions and ages (and
hence possible radiation damage). For odd chemical
compositions (e.g., high amounts of Mg, As, V, etc.)
the applicability of the formula given above requires
further investigation.

The correlation of FWHMs of the v 1(PO4) band
versus the sums of Th, U, Ca and Pb for pairs of un-
annealed monazite—(Ce) and their annealed
analogues are shown in Fig. 5. The respective
difference between FWHMun-anncaled and
FWHDM.nnealed (Arwan; indicated by the lengths of
dotted lines in Fig. 5), is taken as a measure of the
degree of the radiation damage in the natural (i.e.,
un-annealed) sample. As Apwmy is a result of both
self-irradiation and thermal annealing over geologic
periods of time, it does not correlate with the
calculated alpha doses (which only quantify the
theoretically maximum self-irradiation; see Table 3).
To give an example, sample Elk Mountain (alpha
dose 10.8 X 10"/g; Apwny values of 8.9 cm) has
experienced much more alpha induced self-
irradiation but obviously stored only about the same
amount structural damage, compared to sample
Namon (alpha dose 3.8 X 10'/g; Apwnm values of
9.2 cm™). This indicates that sample Elk Mountain
has experienced a higher degree of partial annealing.

The alpha doses calculated for the monazite—
(Ce) samples studied (between 1.2 X 10'/g and 10.8
X 10'°/g) are high compared to the alpha dose value
of ~10' alpha events per gram calculated for nearly
amorphous Stri Lankan zircon (Weber et al. 1994,
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Nasdala et al. 2004). If view of this, it is remarkable:
1) that all samples yielded well-detectable Raman
bands of crystalline CePOy; and 2) that these bands
showed rather moderate damage-induced
broadening. The first observation verifies that none
of the samples have become fully metamict, which
indicates decidedly incomplete storage of the
radiation damage experienced by samples, and
notable to strong partial reconstitution due to
thermal annealing. The second observation is
supported by the fact that all calculated Arwrn values
lie between 6.6 cm™ and 12.8 cm™! (Table 3). The
maximum of 12.8 cm! is comparably moderate,
considering analogous data for strongly radiation-
damaged zircon for which the radiation-induced
band broadening of the v3(SiO4) mode FWHMs may
exceed 30 cm! (Nasdala et al. 2001). This suggests
that all samples investigated in the present study
represent moderate degrees of radiation damage.

It should also be pointed out that it is not
completely unexpected to see differences in the
response to self-irradiation in a monazite—(Ce), a
monoclinic orthophosphate, and zitcon, a tetragonal
orthosilicate, given that these materials are quite
different in their chemical and physical properties.
Meldrum et al. (2000), showed for a range of ABOy-
type phosphates and silicates that the different
materials responded quite differently to similar doses
of implanted ions and that orthophosphates are
much more efficient at thermal annealing than are
orthosilicates.

The detection of “crystalline” Raman spectra,
and the calculation of moderate Aryn values, for all
16 homogeneous monazite—(Ce) samples studied
reconfirms that monazite—(Ce) never becomes
strongly radiation damaged or even fully metamict
(Nasdala et al. 1999). Only a small fraction of the
radiation damage experienced has been stored by the
samples whereas the majority of the damage is lost
through thermal annealing. The high extent of the
damage annealing, connected with the preservation
of the crystalline state (and hence the physical and
chemical resistance of the material), accounts for the
potential suitability of monazite—(Ce) and other
orthophosphates as  host materials for the
immobilisation of radioactive waste (see Montel,
2011 and references therein). Nevertheless it is
important to note that the resistance of the material
largely depends on the environmental conditions.
Monazite—(Ce) is more quickly dissolved in an
undersaturated aqueous fluid than in a dry
environment (Rapp und Watson 1986; Nasdala et al.
2010c). This behaviour somewhat questions the
suitability of monazite—(Ce) for the long-term
storage of radionuclides. Also, it is worthy of note
that none of 16 samples from localities worldwide
were found to be only mildly or even undamaged. In
other words, the relatively limited range of Apwnm
values calculated (Table 3) indicates relatively similar
degrees of (low to moderate) radiation damage in all
samples studied. This may be explained by the

consideration that the thermal annealing rate of
monazite—(Ce) increases strongly with increasing
damage accumulation; damage is stored relatively
easily by the pristine material whereas the annealing
rate is much higher as soon as moderate levels of
structural damage are reached. A similar conclusion
was drawn from the observation that the thermal
stability of fission tracks lowers appreciably with
increasing accumulation of structural radiation
damage (Garver et al. 2005; Weise et al. 2009).

Conclusions

Equation (1) allows for the prediction of the effect(s)
of chemically-induced disorder in monazite—(Ce) on
the FWHM of its v {(PO4) Raman band. The
difference between band broadening that is
estimated from the chemical composition and the
observed band broadening, can then be used as a
proxy of the “structural” Raman-band broadening
due to accumulated radiation damage. A potential
application is a relatively simple pre-selection of less
radiation damaged crystals or interior regions within
crystals prior to U-Th-Pb, U-He, or fission track
dating. This would allow to avoid biased results
caused by analysis of structurally “weakened”
material that is potentially more susceptible to
chemical alteration and/or the loss of radiogenic
isotopes. Another application is the study of the
thermal history of monazite—(Ce) grains and their
host rocks, also possible within thin section. Grains
whose observed FWHMunannecaed do not  deviate
significantly from the value predicted using equation
(1) cannot have accumulated notable amounts of
radiation damage. This would point either to a very
young sample or a young annealing event in the host
rock’s thermal history.

Raman spectroscopy has been demonstrated to
be a convenient method for analysing accessory
minerals (minor preparation requirements, volume-
resolution on the micrometre scale, non-destructive
analysis), with the special advantage of its sensitivity
to detect the short-range order in natural minerals,
including monazite—(Ce).

Our observations suggest that all monazite—(Ce)
samples studied are characterised by moderate
degrees of radiation damage. This assessment,
however, must remain “semi-quantitative” at the
present stage. To provide a reliable Raman-based
estimation of the structural radiation damage in
monazite—(Ce), a calibration of irradiation effects on
Raman spectral parameters needs to be compiled.
Ton-irradiation experiments on various synthetic and
natural monazite—(Ce) samples are needed to achieve
this and are planned for future work.
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Table 1 Natural monazite—(Ce) samples: Summary of origins and ages

Sample name  Location Age (Ma) Techniquer  Age reference

Arendal Arendal, Norway 930 £17  EPMA Seydoux-Guillaume et al. 2007
Burnet Burnet County, TX, U.S.A. 1096 £ 8 EPMA M.]J. Jercinovic, pers. comm.
D. Bory Dolni Bory, Czech Republic 337+2 TIMS Novik et al. 1998

ECAG Central Australia 369 +1 TIMS A. Méller, unpublished data
Elk Mountain ~ San Miguel County, NM, U.S.A. 1391 £1 TIMS Alagna et al. 2008

Fo6 Managoutry pass, Madagascar 560 £ 2 TIMS A. Moller, unpublished data
FF Madagascar 502 + 15 EPMA F. Finger, unpublished data
GM2 Ttambé, Brazil 493+ 6 TIMS A. Méller, unpublished data
GM3 Ttambé¢, Brazil 484t 3 TIMS A. Méller, unpublished data
JuP Juniper Flats, Riverside, CA, U.S.A. 101 £ 02  TIMS A. Moller, unpublished data
Madmon Madagascar 496 £ 10 SHRIMP Schulz et al. 2007

Moacyr Ttambé, Brazil 506 1 TIMS Dumond et al. 2008

Moacir Itambé, Brazil 474 +1 TIMS Seydoux-Guillaume et al. 2002
MOM3 Ataleia, Brazil 450 £ 10 (U-Th)/He  Boyce et al. 2006

Namon Braban Farm, Namibia 485+ 4 SHRIMP A. Kennedy, pers. comm.
Noe Konigsalm, Austria 334 + 14 EPMA Ertl et al., submitted

P1 Uluguru Mountains, Tanzania 655+ 2 TIMS Moller et al. 2000

SIV Sivamalai, India 507 £ 1 TIMS A. Moller, unpublished data
SL. Sti Lanka 491 +5 EPMA A.-M. Seydoux-Guillaume, pers. comm.
VK-1 Madagascar 488 £ 1 SHRIMP Fletcher et al. 2010

2 Age determination techniques: EPMA = electron probe micro-analyser, TIMS = thermal ionization mass spectrometry, SHRIMP

= sensitive high-resolution ion microprobe

Table 2 Chemical composition and Raman data for synthetic monazite-structure APOy4 samples

A-site cation(s) Chemical formula? Raman datab

Shift (cm™) FWHMEe (cm™)

Homogeneous samples

Ce Ce1.01P0.9904 970.4 2.3
Ce, Ca Cen9sCa0.02P0.9904 970.6 3.6
Ce, La Cen52L.a0.49P0.9904 968.9 24
Ce, Pr Pro51Ce0.50P0.9904 972.0 2.4
Ce, Nd Ce51Ndos50P099O4 973.5 2.4
Ce, Sm Cen52Smo0.49P0.9904 976.3 3.1
Sm SmPO;4 981.3 2.6
Ce, Eu Ceo.51Eu050P0.9904 980.3 3.8
Ce, La, Nd Cen74l.20.14Nd0.14P0.99O4 970.7 2.4
Interior regions inside heterogeneous samples

Ce, Y Cens1Y020P0.9904 976.1 4.5
Ce, Y Ce070Y0.51PO4 978.6 5.0
Ce, Gd Gdos2Ce0.49P099O4 979.5 3.8
Ce, Gd Gdos9Ce0.41PO4 980.7 4.0
Ce, Th Cen96Tho.03Po99O4 971.1 5.6
Ce, Th Ce0.94Tho.05P0.99O04 971.5 7.5
Ce, La, Nd, Th Ceo.61.a014Ndo.13Tho0sPo99O4 972.1 8.2
Ce, La, Nd, Th Cen2 Ndo.isLao.12ThoosPO4 973.0 10.5

* Calculated based on 4 oxygen atoms
b Raman data of the vi(POj4) band of monazite
¢ Corrected for the apparatus function (Dijkman and van der Maas 1976)
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Table 3 Results of EPMA and Raman analyses, and calculated alpha doses for natural monazite—(Ce) samples

Sample name  EPMA chemical analyses (wt.%) (apfu) Raman data® o dose!
— spot Si0, P,0s CaO Y,0;  PbO La,0; Ce03 Pr,O; Nd,O; SmyO; Gd,0; Dy,0O; ThO, UO, Total Y Th,U,  Shift (cm™) FWHM" (cm™) (x 10"/g)
Ca, Pb un-ann.  ann. un-ann.  ann. A°
Homogeneous monazite—(Ce)*
Burnet 1.77 26.7 0.63 0.47 0.44 10.3 31.8 3.76 9.54 3.01 1.21 0.75 8.26 0.22 98.8 0.11 971.8 973.8 17.3 6.9 10.4 7.1
D. Bory 0.15 29.9 1.27 3.40 0.26 9.58 24.9 3.07 11.5 3.87 2.48 1.53 1.33 4.85 98.8 0.11 974.6 976.7 16.6 6.5 10.1 5.1
ECA6 0.59 28.8 0.94 2.17 bdl 11.1 25.7 3.32 14.2 3.26 2.41 0.88 5.35 0.32 99.0 0.09 973.1 975.8 143 6.5 7.8 1.7
Elk Mountain ~ 2.11 26.4 0.84 0.65 0.66 10.3 24.5 3.05 11.1 4.25 2.80 1.79 9.76 0.28 98.3 0.14 973.3 975.5 16.9 8.0 89 108
F6 2.28 26.0 0.89 0.22 0.32 14.0 28.5 3.01 10.0 1.2 0.46 0.18 11.3 0.13 98.6 0.15 971.4 973.4 18.1 7.9 10.2 4.5
GM2 0.47 29.7 1.18 2.14 0.18 10.5 27.1 323 10.5 3.35 222 1.14 6.57 0.68 100.1 0.12 973.0 975.5 14.1 6.9 7.2 32
GM3 0.56 29.7 1.50 1.93 0.43 11.7 279 2.98 9.82 2.43 1.78 0.63 7.76 0.55 100.1 0.14 9733 976.2 153 7.5 7.8 3.6
Jup 1.48 28.5 1.69 4.02 bdl 10.3 21.0 2.40 9.45 2.64 2.51 1.31 132 1.17 100.5 0.20 974.0 976.6 16.2 9.6 6.6 12
Madmon 3.13 24.7 0.16 1.18 0.34 6.90 23.8 3.81 153 4.96 2.31 0.40 114 0.43 98.9 0.12 972.8 975.1 18.8 7.7 11.1 4.5
Moacyr 1.30 27.6 0.48 1.39 0.16 14.7 29.7 3.28 11.2 1.97 0.81 0.28 6.19 0.08 99.1 0.08 971.2 973.7 14.3 6.3 8.0 2.3
Moacir 1.43 274 0.41 0.73 0.19 14.3 29.9 3.40 11.2 2.36 0.96 0.31 6.51 0.11 99.2 0.08 9713 973.5 14.1 6.2 79 2.3
MOM3 1.46 27.3 0.42 1.51 0.14 10.7 28.0 3.63 13.1 3.63 2.00 na. 6.47 0.11 98.6 0.08 972.2 974.9 13.7 6.4 7.3 2.1
Namon 1.59 28.0 0.85 1.93 0.23 10.3 25.5 3.04 10.8 3.68 2.54 1.18 10.1 0.29 100.4 0.13 973.2 975.7 16.9 7.6 9.2 3.8
SIV 1.15 27.8 0.09 2.30 0.11 5.38 243 4.12 15.5 8.98 5.14 n.a. 423 0.24 99.3 0.05 973.9 976.7 12.7 5.4 7.3 1.8
SL 5.20 21.5 0.46 0.68 0.46 12.1 23.4 2.41 8.44 1.20 0.65 0.39 19.6 0.46 96.9 0.22 971.6 974.0 227 9.9 12.8 7.7
VK-1 1.71 279 1.73 2.63 0.36 11.1 24.0 2.48 7.87 2.21 1.59 1.08 14.2 0.82 100.2 0.21 973.4 976.1 19.6 9.7 9.9 5.9
Interior regions inside heterogeneous samples (only annealed samples were analysed)/
Arendal — a 1.14 28.3 0.92 2.72 bdl 12.0 26.6 3.34 11.7 2.72 1.52 0.81 6.15 0.61 99.0 0.10 - 975.2 - 7.0 5.8
Arendal —b 1.72 27.0 0.86 2.13 0.43 12.0 25.8 3.07 11.4 2.45 1.38 0.74 8.82 0.42 98.4 0.13 - 975.0 - 7.9 6.9
FF-a 0.48 28.4 0.05 0.62 bdl 8.04 28.1 4.52 18.0 6.36 3.15 0.26 1.69 0.04 99.9 0.02 - 974.2 - 4.1 0.6
FF-b 0.57 28.0 0.16 0.49 bdl 8.00 27.8 4.52 17.9 6.13 2.88 0.20 2.75 bdl 99.5 0.03 - 974.4 - 5.0 0.9
FF-c 2.17 26.0 0.16 1.59 0.22 7.05 24.4 4.03 15.8 5.60 2.7 0.44 7.82 0.40 98.6 0.09 - 975.5 - 6.7 33
Noe 0.15 29.8 1.63 3.13 0.11 11.6 25.9 3.03 11.2 2.45 1.65 0.99 6.59 0.46 98.9 0.13 - 975.8 - 7.3 1.9
Pl-a 0.12 29.7 0.52 1.24 bdl 16.8 30.6 3.47 12.2 1.74 1.15 n.a. 2.19 0.17 100.0 0.04 - 9733 - 49 1.3
P1-b 0.28 29.5 1.07 0.75 0.18 14.8 29.0 3.26 12.6 2.18 1.27 n.a. 4.45 0.36 99.9 0.09 - 973.9 - 5.9 2.7
Pl-c¢ 0.57 28.9 2.30 0.16 0.30 11.9 25.7 3.08 12.5 2.00 0.92 na. 10.3 0.37 98.9 0.20 - 975.0 - 8.7 5.4
P1-d 2.41 259 2.09 0.10 0.47 10.5 23.8 3.04 11.5 1.47 0.41 n.a. 16.0 0.44 98.1 0.25 - 974.9 - 10.2 8.1

Note: Analytical data for Eu,0;, Tb,O3, Ho,05 and Er,O; were below the detection limit or partly not available and are therefore not listed

bdl = not detected or below average detection limit

n.a. = not analysed

un-ann. = un-annealed; ann. = annealed

? Raman data of the v;(PO,) band of monazite—(Ce)

® Corrected for the apparatus function (Dijkman and van der Maas 1976)
¢ Difference between FWHM . anneated a0d FWHMnpeated

4 Calculated according to Murakami et al. (1991) from actinide concentrations and age (cf. Table 1)

¢ Means of > 8 individual analyses, made on several crystals
fSingle point analyses
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Fig. 1 Raman spectrum of synthetic monazite—(Ce). The spectrum is dominated by the intense vi(PO4) band
(symmetric stretching). Tick-marks represent the calculated vibrational modes
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Fig. 2 (A) Correlation of the Raman shift of the vi(POy) band of synthetic monazite-structure APOy4 samples
and their A-site ionic radius. For the syntheses produced in this study (circles), the A-site ionic radius plotted
is an average for all A-site cations incorporated. Raman shift values for pure APO4 end members (squares)
were extracted from Silva et al. (2006). (B) Raman spectra (stacked) showing the POy stretching region of
synthetic (un-irradiated) CePOy, Cep5SmosPO4 and SmPO, (solid), and irradiated CePOy (dashed). Note the
strong chemical shift of the symmetric POy stretching band and the influence of radiation damage on the
band FWHM
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Fig. 3 Back-scattered electron images and Raman spectra of grains of the heterogeneous monazite—(Ce) P1
(Tanzania). (A) Un-annealed grain, BSE image. (B) Two corresponding Raman spectra (see arrows in A).
Variations in spectra represent the combined effects of chemical composition and structural state. (C)
Annealed grain, BSE image. (D) Two corresponding Raman spectra (see arrows in C). Note that variations in
Figs. C-D are attributed solely to chemical heterogeneity. Contrast and brightness of the BSE images were
adjusted individually
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Fig. 4 Correlation of corrected FWHMs of the vi(PO4) Raman band with the sum of Th, U, Ca, and Pb
(apfu) for natural annealed monazite—(Ce) samples
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Fig. 5 Plot of corrected FWHMs of the vi(PO4) Raman band versus the sum of Th, U, Ca, and Pb (apfu). Pairs
of un-annealed monazite—(Ce) and their annealed analogues are shown. The FWHM difference within each
data pair (dotted lines as visual guides) represents the degree of radiation damage (i.e., the structurally induced
disturbance of the short-range order)
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Supplementary material S1 for
A Raman spectroscopic study on the structural disorder of monazite—(Ce)
Katja Ruschel * Lutz Nasdala * Andreas Kronz * John M. Hanchar * Daniel M. Tébbens ¢

Radek Skoda * Friedrich Finger ¢ Andreas Moller

Table S1 Experimentally determined and calculated (DFT-calculations) Raman shift values of synthetic
CePOy

Raman shift ~ Mode symmetry Raman shift ~ Mode symmetry Raman shift ~ Typec
experimental  experimentals calculated calculated Ab
(cm™) (cm-T) (cm™)
87 Ag
88 B, 92 B, -4
102 Ag 101 Ae 1
120 Ag/Bg 122 Ag -2
131 By 134 B, -3
140 139 B, 1
151 Ag 157 A 6
155 B, 154 By 1
163 Ag
172 By 179 B, -7
177 Ag 189 A 12
220 B, 212 By 8
218 Ag
227 By 221 B, 6
248 250 B, 2
258 Ag 254 Ag 4
271 B,
273 Ay 277 Ay -4
397 B, 386 B, 11
414 Ag 405 Ag 9
467 Ag 472 Ag -5 v2, b(O1-P-02), b(O3-P-04), symmetric
515 510 B,
536 Ag 534 Ag 2
559 558 By 1
572 Ay 570 Ag 2
581 By 584 B, -3
620 Ag/Bg 628 A 8 v4, b(O1-P-02), b(O3-P-0O4), asymmetric
628 By
951 B,
970 Ag 957 Ag 13 vi, s(P=02), symmetric
992 Ag 986 Ag 6
1015 Ag
1026 B, 1023 B, 3
1056 Ag 1058 Ag -2 v3, s(P=O1), s(P-O4), asymmetric
1068 1066 By 2
1073 B, 1071 By 2

2 From Begun et al. (1981) and Silva et al. (2006); the more specific declaration is quoted
b A= difference between experimentally determined and calculated Raman shift

¢ Atom numbers according to Beall et al. (1981)
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Ab initio calculation procedure of the theoretical Raman spectrum of synthetic CePOg4: The
calculation was done at I'-point using 3D-periodic density functional theory and Gaussian basis sets,
employing the program CRYSTAL 09 (Dovesi et al. 2009; Pascale et al. 2004). The level of numerical
accuracy was set as described in T6bbens and Kahlenberg (2011), and a Pack-Monkhorst k net with 4x4x4
points in the Brillouin zone was used. The B3LYP functional (Becke 1993) was used, which in this case was
found to perform slightly better than more modern functionals (Demichelis et al. 2010; Tébbens and
Kahlenberg 2011). All-electron basis sets of the atoms were selected as follows: 1) for oxygen a 8-411G(11)
contraction based on a 8-411G contraction (Towler et al. 1994); 2) for phosphorus a 85-211G(11) contraction
based on a 85-21G(1) contraction (Zicovich-Wilson et al. 2002); and 3) for cerium the Stuttgart-Dresden
ECP47MWB (Dolg et al. 1989, 1993) was modified into a ECP47-3s3p-11G(31) contraction. For these basis
sets the exponents of the two most diffuse sp and d shells have been optimized to the following values: sp(O)
= 0.458, 0.159, d(O) = 0.82, 0.167; sp(P) = 0.549, 0.255, d(P) = 2.68, 0.613 and sp(Ce) = 0.589, 0.254, d(Ce)
=0.13.

Note that some uncertainty remains for the assignments of 1) the calculated A, and By modes at 628 cm™!
(the associated observed band at 620 cm~! was experimentally determined to be either an Ay mode, a By mode
or both modes); 2) the calculated B, modes at 1066 cm and 1071 cm! to the observed Raman bands at
1068 cm! and 1973 cm!; and 3) the calculated B, modes at 134 cm! and 139 cm! to the observed Raman
bands at 131 cm! and 140 cm'. In the latter two cases the observed Raman bands are too close to each
other to allow a distinct assignment of the modes. Hence the correct assignments might in these cases be
converse to the ones proposed in Table S1.
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Table S2 Reagents for the A-site cations in the syntheses experiments

A-site cation(s) Reagent(s)

Ce 3.0 mol% CeO2

Sm 1.5 mol% Sm2O3

Ce, REE? 2.0 mol% CeOz + 1.0 mol% REE2O5

Ce, Pr 2.0 mol% CeO: + 0.3 mol% PrsO11

Ce, Ca 2.0 mol% CeOz + 2.0 mol% CaCOs3

Ce, Th 2.0 mol% CeO: + 2.0 mol% ThO2

Ce, La, Nd 2.9 mol% CeO> + 0.3 mol% Lax0s + 0.3 mol% Nd.O3

Ce, La, Nd, Th 1.4 mol% CeO: + 0.2 mol% LaO3 + 0.2 mol% Nd203 + 2.0 mol% ThO»

aREE = La, Nd, Sm, Eu, Gd or Y

Table S3 Results of EPMA analyses for synthetic monazite-structure APOy4 samples

A-site cation(s)

EPMA chemical analyses (wt.%0)

SiO2 P20s CaO Y203 La05  Ce203 P03 Nd2O  SmaOs;  EwOs;  Gd2O  ThO,  UOz Total
Homageneous samples
Ce bdl 29.7 bdl bdl 0.20 69.7 bdl bdl 0.11 bdl bdl bdl bdl 100.0
Ce, Ca bdl 30.2 0.37 bdl bdl 68.5 bdl bdl 0.14 bdl bdl 0.27>  bdl 99.7
Ce, La bdl 29.8 bdl bdl 34.0 36.0 bdl bdl 0.10 bdl bdl bdl bdl 100.0
Ce, Pr bdl 29.5 bdl bdl bdl 34.7 35.0 bdl bdl bdl bdl bdl bdl 99.2
Ce, Nd bdl 29.3 bdl bdl bdl 35.1 bdl 35.5 bdl bdl bdl bdl bdl 100.1
Ce, Sm bdl 29.1 bdl bdl bdl 354 bdl bdl 35.4 bdl bdl bdl bdl 100.0
Sm bdl 28.8 bdl bdl bdl 0.02 bdl bdl 71.4 bdl bdl bdl bdl 100.3
Ce, Eu bdl 29.1 bdl bdl bdl 343 bdl bdl bdl 36.5 bdl bdl bdl 100.0
Ce, La, Nd bdl 29.5 bdl bdl 9.34 29.5 bdl 9.70 bdl bdl bdl bdl bdl 99.7
Interior regions inside heterogeneons samples:
Ce,Y bdl 31.0 bdl 9.98 bdl 58.3 bdl bdl bdl bdl bdl bdl bdl 99.5
Ce,Y bdl 32.6 bdl 15.9 bdl 52.8 bdl bdl 0.12 bdl bdl bdl bdl 101.5
Ce, Gd bdl 28.7 bdl bdl bdl 28.7 bdl bdl bdl bdl 38.0 bdl bdl 99.5
Ce, Gd bdl 28.4 bdl bdl bdl 28.4 bdl bdl bdl bdl 42.6 bdl bdl 98.3
Ce, Th 0.11 29.2 0.03 bdl bdl 65.5 bdl bdl bdl bdl bdl 3.52 bdl 98.5
Ce, Th 0.11 29.1 0.03 0.15 bdl 64.1 bdl bdl bdl bdl bdl 5.01 bdl 98.6
Ce, La, Nd, Th bdl 28.7 bdl bdl 9.50 44.4 bdl 9.11 bdl bdl bdl 5.72 bdl 97.6
Ce, La, Nd, Th bdl 28.8 bdl bdl 8.10 41.3 bdl 10.4 bdl bdl bdl 8.64 bdl 97.1

bdl = not detected or below average detection limit

2 Means of = 8 individual analyses, made on several crystals

b Thorium was added unintentionally (probably slight contamination of the crucible)

Pe Single point analyses
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2.6 Annealing behaviour of radiation-damaged minerals

This subchapter presents data that have not been published in refereed journals thus far. Some of

the results have been included in poster presentations (Ruschel et al. 2007a, 2007b, 2008).

Introduction

The behaviour of radiation-damaged minerals upon thermal annealing was studied by means of
Raman spectroscopy and laser-induced photoluminescence (PL). During annealing of radiation-
damaged minerals typical changes are commonly observed in the Raman spectra, including
variations in their Raman shifts (typically shifts toward higher wavenumbers), extensive decreases of
their widths, and intensity gains. These changes reveal the increasing short-range order during heat
treatment [see e.g., Nasdala et al. (1995) and subchapter 2.5 of this present thesis].
Photoluminescence spectra obtained from well-crystallised samples (e.g., produced upon
annealing) commonly show sharper emission bands and higher emission intensities, when
compared to spectra obtained from their radiation-damaged analogues. This is due to increased
crystal field effects and indicates recovery of the short-range order during annealing [see e.g.,

luminescence studies in Nasdala et al. (2002) and Seydoux-Guillaume et al. (2002)].

Samples and experimental methods

The following minerals (end member formula in parentheses) were investigated: monazite—(Ce)
(CePOBy), fergusonite—(Y) (YNbOy) and baddeleyite (ZrOz). Two of the samples are already well
characterised, namely monazite—(Ce) from Brazil (equates to “Moacir” from subchapter 2.5) and
fergusonite—(Y) from Madagascar (equates to the sample studied in subchapter 2.3). In contrast, no
additional information (e.g., concerning the chemical composition) is available for the studied
baddeleyite sample from the Phalaborwa complex in South Africa.

For the annealing experiments either fractions of one crystal or several crystals of each
sample were subjected to dry annealing experiments. The chips or grains (several hundred
micrometres up to several millimetres in length) were placed individually in a platinum crucible and
annealed in air for 96 hours. Annealing experiments (with 100°C steps) wete done in the range
300-1400°C for monazite—(Ce) and fergusonite—(Y), whereas baddeleyite was annealed at 1100°C
only. Samples were heated at a rate of 10°C/min. After an annealing run, the furnace switched off
and samples were removed after the furnaces had cooled to room temperature. Chips of the
untreated and the annealed natural specimens were prepared as doubly polished thin sections
attached to a glass slide (thicknesses ~30 um) with random crystallographic orientations.

Raman and laser-induced PL spectra were obtained in quasi back-scattering geometry using
an edge-filter based Renishaw RM1000 system equipped with a Leica DMLM optical microscope
(50x objective, numerical aperture 0.75) and Peltier-cooled, Si-based charge-coupled device (CCD)

detector. The lateral resolution was ~4-5 um. Photoluminescence spectra of all studied minerals

67/83



Annealing behaviour of radiation-damaged minerals

and Raman spectra of fergusonite—(Y) were excited with the 488 nm emission line of an Ar* laser
(17 mW). The spectral resolution was ~5-6 cm~! (which corresponds to 0.2 nm). Raman spectra of
monazite—(Ce) and baddeleyite were excited with the 632.8 nm emission of a He—Ne laser (~8
mW). The spectral resolution was ~2.2 cm~!. Band positions were calibrated using the Rayleigh line
and neon lamp emission lines; the resulting wavenumber accuracy was better than 1 cm-.

Note that the observed Raman and emission bands depend on the sample orientation with
respect to the polarisation plane of the laser light. As spectra were obtained from samples with
random orientation, the relative intensities of the bands may show significant variations. Hence no

quantitative comparison of intensities of individual bands in the various spectra is possible.

Results and discussion

For monazite—(Ce) and fergusonite—(Y) only a selection of the Raman and PL spectra obtained
from the annealing products as well as the untreated material is shown in the Figs. 1A and B,
respectively Figs. 2A and B. The Raman and PL spectra of the untreated monazite—(Ce) sample
reveal distinct bands. This indicates that the material is not in a metamict state. Upon increase of
the annealing temperature Raman and PL spectra of monazite—(Ce) show a stepwise increase in
intensity and general sharpening of their bands. This indicates a gradual reconstitution of the short-
range order. Furthermore the most dominant band of the monazite—(Ce) Raman spectrum, the
symmetric PO, stretching band, shows a shift toward higher wavenumbers (for details see
subchapter 2.5). Photoluminescence spectra are dominated by emission bands that can most
probably be assigned to rare earth element (REE) emission centres (Sm3*, Nd3*, Pr3*) (see e.g,
Galft et al. 2005; Ruschel et al. 2007a).

The Raman and PL spectra obtained from untreated fergusonite—(Y) show strongly
broadened bands of extremely weak intensity, which lack any fine structure (Figs. 2A and B). This
indicates that the material analysed is in a strongly radiation-damaged to fully metamict state.
Photoluminescence spectra revealed that the main structural reorganisation (i.e., band sharpening
and large intensity gain) occurs in the temperature range from 600°C to 800°C. The continuing
sharpening of the emission bands between 800°C and 1300°C reflects the continuous improvement
of the short range order. In the PL spectrum of the sample annealed at 1300°C, all emission bands
have notable fine structures which are assigned to crystal-field effects in the recrystallised
tergusonite—(Y). The PL spectra are dominated by trivalent REE emissions, mainly Er3+, Pr3+, Ho3*
and Tm3* (Ruschel et al. 2007b). Structural reconstitution upon annealing is confirmed by Raman
spectra. The Raman spectrum obtained after annealing at 1300°C corresponds reasonably well to a
spectrum of a synthetic, fergusonite-type YNbOy4 phase (Yashima et al. 1997). Some additional
information on the annealing of fergusonite—(Y) was obtained from X-ray diffraction patterns
(including information on the transition from alpha- to beta-fergusonite) (see subchapter 2.3 for
details).

For baddeleyite only a limited number of preliminary results is available (see Figs. 3A and
B). The Raman spectrum of the untreated material shows distinct Raman bands. Upon annealing of

the sample at 1100°C only minor changes (in patticular slight decreases of band widths) are
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observed in the spectra. The spectrum obtained at 1100°C corresponds very well to a spectrum of
crystalline baddeleyite presented in Valdez et al. (2004). Note that the small band at ~261 cm-!
observed in the spectrum of the untreated baddeleyite has disappeared in the spectrum of the
annealed fragment. The reverse case, the appearance of this band upon ion-irradiation experiments
has been described in Valdez et al. (2004) and Simeone et al. (2000). The latter assigned the band to
a tetrahedral baddeleyite phase produced upon ion irradiation. From the data obtained in this study,
no conclusion about the cause of this band is possible. In contrast to the Raman spectrum, the PL
spectrum of the untreated baddeleyite does not indicate any short-range order, whereas after
annealing at 1100°C the emission bands are sharp and show high intensities. Main emission bands
can most probably be assigned to Th3*, Nd3*, Sm3* and Dy?* (Gaft et al. 2005).

However, these results show that for a better understanding of the annealing behaviour of
this mineral, more annealing steps should be performed for baddeleyite. Furthermore a detailed
characterisation of the sample including different analytical techniques is needed, such as the
determination of the chemical composition. A heterogeneity of this sample cannot be excluded and
might potentially also influence the comparability of the Raman and PL spectra obtained.

In spite of these limitations, the study confirms the suitability of Raman and PL
spectroscopy to investigate the short-range order of minerals. Photoluminescence further allows to
study trace element-related centres. Differences in the sensitivity of the two applied spectroscopic
methods are obvious from the baddeleyite spectra, where the Raman spectrum obtained from the
untreated material shows distinct bands, whereas in the corresponding PL spectrum no bands can
be observed. The latter is assigned to luminescence suppression even at low levels of accumulated
radiation damage.

The fine structure of PL emissions related to certain trace elements with 34 or 4f electronic
structure is very sensitive to the host lattice. Emission spectra of a certain REE3" may for instance
vary significantly if the REE is incorporated at different crystallographic sites in different materials
(Gaft et al. 2005). More detailed investigations are necessary for a precise and more sound
interpretation of the obtained complex emission spectra.

The experiments show that the response to thermal annealing (i.e., the structural recovery)
is material-specific. Natural monazite—(Ce), for instance, recovers its structure at relatively low
temperatures over geologic time periods (Boatner and Sales 1988; Meldrum et al. 1998). Therefore,
to the best of our knowledge natural monazite—(Ce) has never been found in the fully metamict
state (Popa et al. 2007).

However, it should be noted that heat-treatment of radiation-damaged minerals does not
always result in a gradual reconstitution of the original phase. The formation of another crystalline
phase or the decomposition into several phases is also possible. Heavily metamict zircon, for
instance, was shown to have an intermediate annealing stage, where it decomposes into different
oxides. A fully recrystallised zircon was obtained only after annealing at 1250°C and above (Nasdala
et al. 2002). Note that the recovery of the original phase might also be entirely prevented (e.g., due

to an alteration process that changed the primary chemical composition).

Thanks are due to A. Kennedy for kindly providing the baddeleyite sample.
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3 Final discussion and implications

For each individual study included in this thesis, results as well as a subsequent discussion are
provided in detail in the respective subchapters 2.1-2.6. In the following part a summarising
discussion of all results and their implications, as well as a short review on the suitability of some
analytical methods used in studying radiation-damaged and potentially altered samples is presented.

The study reprinted in subchapter 2.1 shows that the degree of radiation damage in zircon
can be estimated from the width of the Raman v3(SiOy4) band even under high pressure conditions.
This allows, for instance, to estimate the degree of radiation damage of zircon inclusions in situ
inside a host mineral, without significant influence of potential “fossilized pressures” or
compressive strain acting on the inclusion. A potential application is, for instance, to recognise
whether a host gemstone was subjected to heat treatment (i.e., thermal annealing) or not: The
observation of significantly broadened Raman bands of zircon verifies radiation damage, which in
turn allows one to exclude high-temperature treatment (because heating would have resulted in
structural reconstitution, leading to narrow Raman bands).

In the study presented in subchapter 2.5, a method was developed to predict the effect of
chemically-induced disorder on the FWHM of the monazite—(Ce) v1(PO4) Raman band. The total
band broadening affecting the Raman spectrum of a given natural monazite—(Ce) sample consists
of chemically caused broadening (i.e., disturbance of the short-range order due to the incorporation
of non-formula elements) and broadening due to structural disorder (i.e., radiation damage and/or
stress). Provided the chemical composition of a natural monazite—(Ce) is known, the “chemical
band broadening” can be used to estimate the degree of radiation damage from the observed
FWHM of the vi(POy) band of that particular sample. This method might be useful to investigate
the thermal history of monazite—(Ce) samples. Furthermore biased dating results can be avoided by
pre-selecting less radiation-damaged (and potentially unaltered) crystals or interior regions within
crystals for age determination. Nevertheless, future work should compile a quantitative calibration
of irradiation effects on Raman spectral parameters in monazite—(Ce) using ion-irradiation
experiments.

The monazite—(Ce) and fergusonite—(Y) samples studied in subchapters 2.2-2.4 suffered
radiation-damage arising from the decay of the incorporated actinides and their daughter nuclei.
The monazite—(Ce) crystals from Norway are only moderately radiation-damaged, while the
fergusonite—(Y) samples from Madagascar and Italy are highly radiation-damaged. The monazite—
(Ce) and the fergusonite—(Y) from Madagascar additionally show strong secondary alteration
textures. This points to complex chemical and thermal post-growth alteration histories in both
cases. The monazite—(Ce) specimens even turned out to be “pseudomorphs” of a multi-phase
composite after primary monazite—(Ce) crystals. The presumable multi-step alteration was in both
samples caused by fluid-driven replacement reactions. The fractures in the crystal are likely to have
served as “fast migration pathways” for the alteration fluids, which is particularly obvious in case of
the fergusonite—(Y) sample. Regarding the implications for geochronology and the development of

radioactive waste forms, it is especially of interest to study the potential mobility of radionuclides in
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radiation-damaged minerals, particularly if the minerals have been affected by a fluid-driven
replacement reaction.

In the monazite—(Ce) specimens, Th was extensively released from the primary monazite—
(Ce) into the alteration fluid and locally redeposited in fracture fillings. This process, as well as the
incorporation of high amounts of common Pb in the monazite—(Ce) structure, resulted in the
disturbance of the U-Th—Pb system during the alteration. Due to the notably biased isotopic ratios,
no reliable radiometric age value could be obtained. The observations question the stability and
alteration-resistance of orthophosphate phases, contrary to earlier studies (e.g., Terra et al. 2003;
Poitrasson et al. 2004). The results obtained in this present study indicate that the behaviour of
monazite—(Ce) largely depends on the environmental conditions this mineral is exposed to. Further
critical performance assessment of monazite—(Ce) as potential ceramic host phase for the long-term
immobilisation of radioactive waste appears crucial.

In contrast to monazite—(Ce), fewer studies were done to date on the stability and
alteration behaviour of fergusonite—(Y) (e.g., Janeczek, 2004). To the best of our knowledge, the
study on the fergusonite—(Y) sample from Madagascar (subchapter 2.3) provides the first detailed
characterisation of natural fergusonite—(Y) that was affected by a low-T hydrothermal overprint.
Though this sample has experienced heavy chemical alteration, the concentrations of U and Th
remained almost constant. This suggests that the actinides were not preferentially released in the
alteration fluid, which seems in turn to support the suitability of the fergusonite-group minerals to
be included in ceramics for the immobilisation of nuclear waste.

For the fergusonite—(Y) specimens from Adamello (subchapter 2.2) it remains unclear
whether an alteration process had occurred or not. A few indications of a fluid-driven alteration
process are discussed in the study. Many Th-rich uraninite inclusions, which probably nucleated
spontaneously after metamictisation, are present in these samples. Their occurrence indicates that
fergusonite—(Y) is able to retain actinides even when it is entirely metamict. Hence this study also
suggests fergusonite—(Y) as a potential host phase for the long-term immobilisation of nuclear
waste. However, for the fergusonite—(Y) sample from Madagascar as well as for the sample from
Italy some observations remain difficult to interpret [e.g., the absence of pores in altered material
compared to the occurrence of the pores in the “primary” host (subchapter 2.3); or the origin of
nanometre-sized pores (subchapter 2.2)]. These observations might be starting points for further
studies.

In summary, these three latter case studies on natural minerals strongly indicate that further
investigations on a larger number of radiation-damaged and potentially hydrothermally altered
mineral samples need to be carried out. Observations on natural samples are able to provide
information on the long-term accumulation of radiation damage in minerals and on the behaviour
of the minerals during long-term alteration processes. Comparable information can not be obtained
from short-term laboratory experiments.

Concerning the study on the annealing behaviour of different minerals (subchapter 2.6)
preliminary data are presented only. They indicate that additional annealing experiments need to be
performed for baddeleyite. However, it should be noted that heat-treatment of a radiation-damaged

mineral does not necessarily result in the recovery of the mineral’s original crystal structure. The
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formation of another crystalline phase or the decomposition into several phases is also possible (see
e.g., Nasdala et al. 2002). Particularly in cases where, due to an alteration process, the chemical
composition of the material to be annealed differs from its primary composition, the recovery of
the original phase might be prevented. This has to be considered whenever a structural
characterisation is performed after annealing of a radiation-damaged material in the laboratory (see
e.g., subchapter 2.3). However, annealing proved to be a suitable method for the recovery of
monazite—(Ce) samples (subchapter 2.5), which did not seem to have suffered significantly from
any alteration and which were only radiation-damaged moderately.

Electron probe microanalysis (EPMA) turned out again to be a most suitable in-situ
technique to investigate the chemical composition of a mineral. This technique was applied in the
studies in subchapters 2.2-2.5. An EPMA may additionally be used to generate high-resolution
element distribution maps. These maps proved to be in particular useful for the evaluation of
alteration effects as they show the complexity of the compositional changes. For instance, the
observation of sharp boundaries between the altered areas and their neighbouring host provided an
indication for a fluid-driven alteration process in the two studies reprinted in subchapters 2.3 and
2.4.

To study the structural state of tiny samples or zones in minerals, transmission electron
microscopy (TEM) and Raman spectroscopy are, due to their high spatial resolution, very suitable
techniques. A TEM allows one to record a variety of images, such as bright field (BF) and dark field
(DF) images, high resolution TEM (HRTEM) images, as well as selected area electron diffraction
patterns (SAED). In the scanning TEM (STEM) mode high resolution images, which show
compositional contrast, the so-called HAADF images, can be generated using a high-angle annular
dark-field (HAADF) detector. A STEM that is equipped with an energy-dispersive X-ray (EDX)
spectrometer further allows element analysis with the resolution of a few nanometres through the
collection of EDX line scans and EDX-STEM element distribution maps. The imaging methods
and the element analysis of a STEM were applied partly in the three case studies reported in
subchapters 2.2-2.4. The TEM proved to be a very suitable technique for the detailed
characterisation of radiation-damaged material as well as for altered material. Compared to the
sample preparation that was needed for TEM analyses (e.g., using the focused ion beam technique)
only minor sample preparation was needed for Raman spectroscopic analyses.

For the present work, Raman spectroscopy proved to be an important method regarding its
suitability to study the short-range order of a material. The sensitivity of photoluminescence to
probe the short-range order of a mineral is shown in subchapters 2.3 and 2.6. As both of these
spectroscopic techniques have a spatial resolution on a micrometre scale, they are very well suitable

and hence recommended for future studies on radiation-damaged and potentially altered minerals.

74/83



References

4 References

Bakker, K., Hein, H., Konings, R.J.M., van der Laan, R.R., Matzke, Hj. & van Vlaanderen, P.
(1998): Thermophysical property measurements and ion-implantation studies on CePOs. Journal
of Nuclear Materials, 252:228-234.

Boatner, L.A. & Sales, B.C. (1988): Monazite. Iz Lutze, W. & Ewing, R.C. (eds.): Radioactive waste
forms for the future. Elsevier, New York, pp 495-564.

Chakoumakos, B.C., Murakami, T., Lumpkin, G.R. & Ewing, R.C. (1987): Alpha-decay—induced
fracturing in zircon: The transition from the crystalline to the metamict state. Sezence, 236:1556—
1559.

Chakoumakos, B.C., Oliver, W.C., Lumpkin, G.R. & Ewing, R.C. (1991): Hardness and elastic
modulus of zircon as a function of heavy-particle irradiation dose: I. In situ a-decay event
damage. Radiation Effects and Defects in Solids, 118:393—403.

Cherniak, D.J. & Watson, E.B. (2003): Diffusion in zircon. I» Hanchar, .M. & Hoskin, P.W.O.
(eds.): Zircon. Reviews in Mineralogy and Geochemistry, 53:113-143.

Dijkman, F.G. & van der Maas, J.H. (1976): Dependence of Bandshape and Depolarization Ratio
on Slitwidth. Applied Spectroscopy, 30:545-546.

Ewing, R.C. (1994): The metamict state: 1993 — the centennial. Nuclear Instruments and Methods in
Physics Research B, 91:22-29.

Ewing, R.C. (1999): Nuclear waste forms for actinides. Proceedings of the National Academy of Sciences of
the United States of America, 96:3432-3439.

Ewing, R.C., Meldrum, A., Wang, L., Weber, W.]. & Corrales, L.R. (2003): Radiation effects in
zircon. In Hanchar, J.M. & Hoskin, P.W.O. (eds.): Zircon. Reviews in Mineralogy and Geochemistry,
53:387—425.

Ewing, R.C. (2005): Plutonium and “minor” actinides: safe sequestration. Earth and Planetary Science
Letters, 229:165-181.

Gaft, M., Reisfeld, R., & Panczer, G. (2005): Modern Luminescence Spectroscopy of Minerals and
Materials. 356 p. Springer-Verlag, Berlin-Heidelberg.

Geisler, T., Pidgeon, R.T., van Bronswijk, W. & Pleysier, R. (2001): Kinetics of thermal recovery
and recrystallization of partly metamict zircon: a Raman spectroscopic study. Eurgpean Journal of
Mineralogy, 13:1163-1176.

Goncalves, P., Williams, M.L. & Jercinovic, M.J. (2005): Electron-microprobe age mapping of
monazite. American Mineralogist, 90:578-585.

Harrison, T.M., Catlos, E.J. & Montel, J.-M. (2002): U-Th-Pb dating of Phosphate Minerals. I
Kohn, M.L., Rakovan., J. & Hughes, J.M. (eds.): Phosphates. Reviews in Mineralogy and
Geochemistry, 48:523—558.

Holland, H.D. & Gottfried, D. (1955): The effect of nuclear radiation on the structure of zircon.
Acta Crystallographica, 8:291-300.

Horie, K., Hidaka, H. & Gauthier-Lafaye, F. (2006): Elemental distribution in zircon: Alteration
and radiation-damage effects. Physics and Chemistry of Earth, 31:587-592.

75/83



References

Lee, ] KW. & Tromp, J. (1995): Self-induced fracture generation in zircon. Journal of Geophysical
Research: Solid Earth, 100:17753-17770.

Lenting, C., Geisler, T., Gerdes, A., Kooijman, E., Scherer, E.E. & Zeh, A. (2010): The behavior of
the Hf isotope system in radiation-damaged zircon during experimental hydrothermal
alteration. Awmerican Mineralogist, 95:1343—1348.

Lumpkin, G.R. & Ewing, R.C. (1995): Geochemical alteration of pyrochlore group minerals:
pyrochlore subgroup. American Mineralogist, 80:732—743.

Lumpkin, G.R. (2001): Alpha-decay damage and aqueous durability of actinide host phases in
natural systems. Journal of Nuclear Materials, 289:136—166.

Lumpkin, G.R. (2006): Ceramic Waste Forms for Actinides. Elements, 2:365-372.

Janeczek, J. (2004): Re-examination of kochelite: a mixture of metamict fergusonite-(Y) and altered
zircon. Neues [abhrbuch fiir Mineralogie — Monatshefte, 5:193-207.

Krickl, R., Nasdala, L., Gétze, J., Grambole, D. & Wirth, R. (2008): Alpha irradiation effects in
SiOa. European Journal of Mineralogy, 20:517-522.

Kuiper, Y.D. (2005): Isotopic age constraints from electron microprobe U-Th-Pb dates, using a
three-dimensional concordia diagram. American Mineralogist, 90:586-591.

Markwort, L., Kip, B., Dasilva, E. & Roussel, B. (1995): Raman imaging of heterogeneous
polymers: A comparison of global versus point illumination. Applied Spectroscopy, 49:1411-1430.

Meldrum, A., Boatner, L.A. & Ewing, R.C. (1997): Displacive radiation effects in the monazite- and
zircon-structure orthophosphates. Physical Review B, 56:805—814.

Meldrum, A., Boatner, L.A., Weber ,W.J. & Ewing, R.C. (1998): Radiation damage in zircon and
monazite. Geochimica et Cosmochimica Acta, 62:2509-2520.

Meldrum, A., Boatner, L.A. & Ewing, R.C. (2000): A compatison of radiation effects in crystalline
ABOgy-type phosphates and silicates. Mineralogical Magazine, 64:185—194.

Montel, J.M. (2011): Minerals and design of new waste forms for conditioning nuclear waste.
Comptes Rendus Geoscience, 343:230-2306.

Murakami, T., Chakoumakos, B.C., Ewing, R.C., Lumpkin, G.R. & Weber, W.J. (1991): Alpha-
decay event damage in zircon. American Mineralogist, 76:1510-1532.

Nasdala, L., Irmer, G. & Wolf, D. (1995): The degtee of metamictization in zircon: a Raman
spectroscopic study. Ewuropean Journal of Mineralogy, 7:471-478.

Nasdala, L., Wenzel, M., Vavra, G., Irmer, G., Wenzel, T. & Kober, B. (2001): Metamictisation of
natural zircon: accumulation versus thermal annealing of radioactivity-induced damage.
Contributions to Mineralogy and Petrology, 141:125-144.

Nasdala, L., Lengauer C.L., Hanchar .M., Kronz A., Wirth R., Blanc P., Kennedy A.K. & Seydoux-
Guillaume A.-M. (2002): Annealing radiation damage and the recovery of cathodoluminescence.
Chemical Geology, 191:121-140.

Nasdala, L., Reiners, P.W., Garver, ].I., Kennedy, A.K., Stern, R.A., Balan, E. & Wirth, R. (2004):
Incomplete retention of radiation damage in zircon from Sti Lanka. Amercian Mineralogist,
89:219-231.

76/83



References

Nasdala, L., Wildner, M., Wirth, R., Groschopf, N., Pal, D.C. & Moller, A. (2006): Alpha particle
haloes in chlorite and cordierite. Mineralogy and Petrology, 86:1-27.

Nasdala, L., Hanchar, ].M., Rhede, D., Kennedy, A.K. & Vaczi, T. (2010): Retention of uranium in
complexly altered zircon: An example from Bancroft, Ontatio. Chemical Geology, 269:290-300.

Nasdala, L., Grambole, D., Gétze, J., Kempe, U. & Viczi, T. (2011): Helium irradiation study on
zircon. Contributions to Mineralogy and Petrology, 161:777-789.

Omel’yanenko, B., Livshits, T., Yudintsev, S. & Nikonov, B. (2007): Natural and artificial minerals
as matrices for immobilization of actinides. Geology of Ore Deposits, 49:173-193.

Ouchani, S., Dran, J.-C. & Chaumont, J. (1997): Evidence of ionization annealing upon helium-ion
irradiation of pre-damaged fluorapatite. Nuclear Instruments and Methods in Physics Research B,
132:447-451.

Picot, V., Deschanels, X., Peuget, S., Glorieux, B., Seydoux-Guillaume, A.-M. & Wirth, R. (2008):
Ion beam radiation effects in monazite. Journal of Nuclear Materials, 381:290-296.

Peucat, J.-J., Capdevila, R., Drareni, A., Choukroune, P., Fanning, C.M., Bernard-Griffiths, J. &
Fourcade, S. (1996): Major and trace element geochemistry and isotope (Sr, Nd, Pb, O)
systematics of an Archaean basement involved in a 2.0 Ga very high-temperature (1000 °C)
metamorphic event: In Ouzzal Massif, Hoggar, Algeria. Journal of metamorphic Geology, 14:667—
692.

Poitrasson, F., Oeclkers, E., Schott, J. & Montel, J.-M. (2004): Experimental determination of
synthetic NdPO4 monazite end-member solubility in water from 21°C to 300°C: Implications
for rare earth element mobility in crustal fluids. Geochimica et Cosmochimica Acta, 68:2207-2221.

Popa, K., Bregiroux, D., Konings, R.J.M., Gouder, T., Popa, A.F., Geisler, T. & Raison, P.E.
(2007): The chemistry of the phosphates of barium and tetravalent cations in the 1:1
stoichiometry. Journal of Solid State Chemistry, 180:2346—2355.

Putnis, A. (2002): Mineral replacement reactions: from macroscopic observations to microscopic
mechanisms. Mineralogical Magazine, 66:689—708.

Raman, C.V. & Krishnan, K.S. (1928): A new type of secondary radiation. Nazure, 121:501-502.

Ruschel, K., Nasdala, L., Finger, F., Kinny, P. & Seydoux-Guillaume, A.M. (2007a): Annealing
radiation damage in monazite: changes in photoluminescence and Raman spectra. (Abstract).
Programme with Abstracts, 6 Huropean Conference on Mineralogy and Spectroscopy,
Stockholm, Sweden, p. 70.

Ruschel, K., Nasdala, L., Gaft, M., Schnier, C. & Schliter, J. (2007b): Photoluminescence recovery
upon annealing of fergusonite. Abstract Volume, 17% Goldschmidt Conference, Koln,
Deutschland, p. A861.

Ruschel, K., Nasdala, L. & Lengauer, C.L. (2008): Annealing behaviour of natural monazite
compared to other radiation-damaged minerals. 8% International Conference on Raman
Spectroscopy Applied to the Earth Sciences — Sensu Latu, Ghent, Belgium, Book of Abstracts,
p. 114.

Seydoux-Guillaume, A.-M., Wirth, R., Nasdala, L., Gottschalk, M., Montel, ].M. & Heinrich, W.
(2002): An XRD, TEM and Raman study of experimentally annealed natural monazite. Physics
and Chemistry of Minerals, 29:240—253.

77/83



References

Simeone, D., Bechade, J.L., Gosset, D., Chevarier, A., Daniel, P., Pilliaire, H. & Baldinozzi, G.
(2000): Investigation on the zirconia phase transition under irradiation. Jowrnal of Nuclear
Materials, 281:171-181.

Suzuki, K., Adachi, M. & Kajizuka, 1. (1994): Electron microprobe observations of Pb diffusion in
metamorphosed detrital monazites. Earth and Planetary Science Letters, 128:391-405.

Terra, O., Clavier, N., Dacheux, N. & Podor, R. (2003): Preparation and characterization of
lanthanum-gadolinium monazites as ceramics for radioactive waste storage. New Journal of
Chemistry, 27:957-967.

Trocellier, P. (2000): Immobilization of radionuclides in single-phase crystalline waste forms: A
review on their intrinsic properties and long term behaviour. Annales de Chimie - Science des
Matérianx, 25:321-337.

Tromans, D. (2006): Solubility of crystalline and metamict zircon: A thermodynamic analysis.
Journal of Nuclear Materials, 357:221-233.

Valdez, J.A., Tang, M., Chi, Z., Peters, M.1. & Sickafus, K.E. (2004): Characterization of an ion
irradiation induced phase transformation in monoclinic zirconia. Nuclear Instruments and Methods
in Physics Research B, 218:103-110.

Weber, W.J., Ewing, R.C., Catlow, C.R.A., de la Rubia, T.D., Hobbs, L.W., Kinoshita, C., Matzke,
H., Motta, A.T., Nastasi, M., Salje, E.KX.H., Vance, E.R. & Zinkle, S.J. (1998): Radiation effects
in crystalline ceramics for the immobilization of high-level nuclear waste and plutonium. Journal
of Materials Research, 13:1434—1484.

Weber, W.J., Navrotsky, A., Stefanovsky, S., Vance, E.R. & Vernaz, E. (2009): Materials science of
high-level nuclear waste immobilization. Materials Research Bulletin, 34:46-53.

Williams, K.PJ., Pitt, G.D., Batchelder, DN. & Kip, B.J. (1994): Confocal raman
microspectroscopy using a stigmatic spectrograph and CCD detector. Applied Spectroscopy,
48:232-235.

Yashima, M., Lee, J.-H., Kakihana, M. & Yoshimura, M. (1997): Raman spectral characterization of
existing phases in the Y>O3-Nb2Os system. Journal of Physics and Chemistry of Solids, 58:1593—
1597.

Zhang, M., Salje, E.K.H., Bismayer, U., Groat, L.A. & Malcherek, T. (2002): Metamictization and
recrystallization of titanite: An infrared spectroscopic study. Awmerican Mineralogist, 87:882—890.

78/83



Acknowledgements

Acknowledgements

This thesis would not have been possible without the support of many people:

I particularly thank my supervisor Lutz Nasdala for his support, encouragement and inspiration
within the last years. I am grateful for fruitful scientific discussions, for teaching me how to write
scientific papers and for providing me with the opportunity to attend to international conferences.

Many thanks also to Manfred Wildner and Zdenék Losos for the agreement to review this thesis.

This is also a good opportunity to express my thanks to John M. Hanchar for the support and
hospitality through my stay at the Memorial University of Newfoundland.

Thank you to Andreas Ertl and Peter Valley for improving the English style of this thesis.

My special gratitude goes to the staff members and colleagues at the Institut fiir Mineralogie and
Kristallographie for all help and the friendly working atmosphere. Explicitly I would like to thank
Christian Lengauer, Eugen Libowitzky and Michael Goétzinger for assistance with various analytical
methods, Andreas Wagner for the excellent sample preparation, and Wolfgang Zirbs and Thomas

Rosen for assistance with computer problems.

I would also like to say a big thank you to my friends for their support and understanding, with

particular thanks to Bjérn.

Finally, I thank my parents for every support and encouragement during all my studies.

79/83



Contribution to the publications

Contribution to the publications

Nasdala, L., Miletich, R., Ruschel, K. & Vaczi, T. (2008): Raman study of radiation-damaged zircon
under hydrostatic compression. Physics and Chemistry of Minerals, 35:597—602.

o Acquisition and interpretation of Raman spectroscopic data
o Assistance with preparation of the manuscript for publication

Gieré, R., Williams, C.T., Wirth, R. & Ruschel, K. (2009): Metamict fergusonite—(Y) in a
spessartine-bearing granitic pegmatite from Adamello, Italy. Chemical Geology, 261:333-345.

o Acquisition and interpretation of the Raman spectroscopic data
o Discussion of results
o Assistance with preparation of the manuscript for publication

Ruschel, K., Nasdala, L., Rhede, D., Wirth, R., Lengauer, C.L.. & Libowitzky, E. (2010): Chemical
alteration patterns in metamict fergusonite. European Journal of Mineralogy, 22:425—433.

Concept
Acquisition of images (optical and scanning electron microscopy)
Performance of annealing experiments

o O O O

Acquisition and interpretation of the spectroscopic data (Raman, photoluminescence
and infrared spectroscopy)

O

Assistance with the transmission electron microscope (Potsdam)

e}

Data interpretation
o Preparation of the manuscript for publication

Nasdala, L., Ruschel, K., Rhede, D., Wirth, R., Kerschofer-Wallner, L., Kennedy, A.K., Kinny,
P.D., Finger, F. & Groschopf, N. (2010): Phase Decomposition upon Alteration of Radiation-
Damaged Monazite—(Ce) from Moss, Ostfold, Norway. Chimia, 64:705-711.

Acquisition of images (optical and scanning electron microscopy)
Acquisition and interpretation of Raman spectroscopic data
Discussion of results

O O O O

Assistance with preparation of the manuscript for publication

Ruschel, K., Nasdala, L., Kronz, A., Hanchar, .M., Tébbens, D.M., Skoda, R., Finger, F. & Méller,
A. (2011): A Raman spectroscopic study on the radiation damage of monazite—(Ce). Submitted to
Mineralogy and Petrology.

Preparation of the synthetic orthophosphates (Memorial University, St. John's)
Performance of annealing experiments

Acquisition and interpretation of Raman spectroscopic data

Assistance with electron probe microanalyses (GOttingen)

Data interpretation

O O O O O O

Preparation of the manuscript for publication

80/83



Curriculum Vitae

Curriculum Vitae

Personal information

Name Katja Ruschel
Date of birth 18/11/1977
Place of birth Boppard, Germany
Nationality German
Education
since 04/2006 Institute of Mineralogy and Crystallography, University of Vienna,

Austria, PhD student

including two month at the Memorial University of Newfoundland,
St. John’s, Canada

27.06.2005 Diploma examination in Mineralogy

10/2001 — 06/2005 Institute for Geosciences, Johannes Gutenberg-University Mainz,
Studies of Mineralogy

Specialisation in

Crystallography, General and Applied Mineralogy, Geology,
Anorganic Chemistry

Diploma thesis:
»Mineralogische Untersuchungen zur Verinderung der
Materialeigenschaften von Tansanit™

10/1997 — 09/2001 Institute for Geosciences, Johannes Gutenberg-University Mainz,
Studies of Geology

including six months at the Universitit von Oviedo, Spain

Research experience

09/2005 — 03/2006 Center of Excellence for Mineralogical Archaeometry and
Conservation Research, Mainz, Germany, research assistant

02/2002 — 06/2005 Institute for Geosciences, Johannes Gutenberg-University Mainz,
Germany, student assisant

06/2000 — 08/2000 Max-Planck-Institut for Chemistry, Mainz, Germany, student
assistant

81/83



List of publications

List of publications

Articles published in peer-reviewed journals

Nasdala, L., Ruschel, K., Rhede, D., Wirth, R., Kerschhofer-Wallner, L., Kennedy, A.K., Kinny,
P.D., Finger, F. & Groschopf, N. (2010): Phase decomposition upon alteration of radiation-
damaged monazite—(Ce) from Moss, Ostfold, Norway. Chimia, 64:705-711.

Ruschel, K., Nasdala, L., Rhede, D., Wirth, R., Lengauer, C.L.. & Libowitzky, E. (2010): Chemical
alteration patterns in metamict fergusonite. Eurgpean Journal of Mineralogy, 22:425-433.

Gieré, R., Williams, C.T., Wirth R. & Ruschel, K. (2009): Metamict Fergusonite-(Y) in a spessartine-
bearing granitic pegmatite from Adamello, Italy. Chemical Geology, 261:333-345.

Nasdala, L., Miletich, R., Ruschel, K. & Vaczi, T. (2008): Raman study of radiation-damaged zircon
under hydrostatic compression. Physics and Chemistry of Minerals, 35:597—-602.

Articles submitted to peer-reviewed journals

Ruschel, K., Nasdala, L., Kronz, A., Hanchar, |.M., Tébbens, D.M., Skoda, R., Finger, F. & Méller,
A. (2011): A Raman spectroscopic study on the structural disorder of monazite—(Ce). Submitted
to Mineralogy and Petrology.

Ertl, A., Schuster, R., Hughes, J.M., Ludwig, T., Meyer H.-P., Finger, F., Dyar, M. D., Ruschel, K,
Rossman, G.R., KlIotzli, U., Brandstitter, I., Lengauer, C.L. & Tillmanns, E. (2011): Li-bearing
tourmalines in Variscan granitic pegmatites from the Moldanubian nappes, Lower Austria.
Submitted to Eurgpean Journal of Mineralogy.

Abstracts published

Nasdala, L., Grambole, D., Ruschel, K. & Hanchar J.M. (2011): Irradiation effects on the
luminescence of monazite. Joint Meeting, 19t Annual Meeting of the German Crystallographic
Society, 89" Annual Meeting of the German Mineralogical Society, Annual Meeting of the
Austrian Mineralogical Society (MinPet 2011), Salzburg, Osterreich,. p. 60.

Nasdala, L., Ruschel, K., Rhede, D., Wirth, R., Kennedy, A.K., Kinny, P.D., Finger, F. &
Groschopf, N. (2010): Phase decomposition upon alteration of radiation-damaged monazite-
(Ce) from Moss, Ustfold, Norway. International Mineralogical Association General Assembly,
Budapest, Hungary, Acta Mineralogica-Petrographica, Abstract Seties, vol. 6, p. 692.

Ruschel, K., Nasdala, L., Rhede, D., Wirth, R., Lengauer, C.L.. & Libowitzky, E. (2009): Effect of
fluid-driven chemical alteration on radiation-damaged fergusonite. Mitteilungen der Osterreichischen
Mineralogischen Gesellschaft, 155, p. 138.

Nasdala, L., Ruschel, K., Hanchar, J.M., Kramar, S., Petautschnig, C., Preuschl, F., Pristacz, H. &
Talla, D. (2009): Photoluminescence emission of Rare Earth Elements in natural monazite and
synthetic orthophosphates. Mitteilungen der Osterreichischen Mineralogischen Gesellschaft, 155, p. 112.

Nasdala, L., Grotzschel, R., Probst, S., Ruschel, K. & Hanchar, J.M. (2009): Irradiation damage in
monazite: A Raman study of Au-irradiated FIB foils. MinPet2009 & 4t Mineral Sciences in the
Carpathians Joint Conference, Budapest, Hungary, Mitteilungen der Osterreichischen Mineralogischen
Gesellschaft, 1506, p. 14.

82/83



List of publications

Ruschel, K., Hanchar, J.M., Nasdala, L., Kronz, A., Libowitzky, E. & Wildner, M. (2008):
Spectroscopic studies of doped synthetic monazite. 12 International Conference on
Experimental Mineralogy, Petrology and Geochemistry, Innbruck, Osterreich, p. 83.

Nasdala, L., Krickl, R., Ruschel, K. & Viczi, T. (2008): Spectroscopic studies of radiation damage in
minerals. 19t Slovak-Czech Spectroscopic Conference, Casta-Papiernicka, Slowakai., Book of
Abstracts, p. 25.

Ruschel, K., Nasdala, L. & Lengauer, C.L. (2008): Annealing behaviour of natural monazite
compared to other radiation-damaged minerals. 8% International Conference on Raman
Spectroscopy Applied to the Earth Sciences — Sensu Latu, Ghent, Belgium, Book of Abstracts,
p. 114.

Gieré, R., Williams, C.T., Wirth, R. & Ruschel, K. (2008): Metamict fergusonite-(Y) in a spessartine-
bearing granitic pegmatite from Adamello, Italy. 86" Annual Meeting of the German
Mineralogical Society, Betlin, Deutschland, Abstract no. 436.

Nasdala, L., Ruschel, K., Hanchar, ].M., Gétze, ., Krickl, R., Seydoux-Guillaume, A.-M. & Panczer,
G. (2008): Effects of structural radiation damage on cathode- and photoluminescence
emissions of minerals. 2°d Central-European Mineralogical Conference (CEMC), Szklarska
Poreba, Polen, Mineralogia, Special Papers, 32, p. 118.

Ruschel, K., Nasdala, L., Miletich, R., Hanchar, ].M., Wanthanachaisaeng, B. & Higer, T. (2007):
Spectral changes of zircon at elevated pressure. Mitteilungen der Osterreichischen Mineralggischen
Gesellschaft, 153 , p. 98.

Ruschel, K., Nasdala, L., Finger, F., Kinny, P. & Seydoux-Guillaume, A.M. (2007): Annealing
radiation damage in monazite: changes in photoluminescence and Raman spectra. (Abstract).
Programme with Abstracts, 6% Huropean Conference on Mineralogy and Spectroscopy,
Stockholm, Sweden, p. 70.

Ruschel, K., Nasdala, L., Gaft, M., Schnier, C. & Schliter, J. (2007): Photoluminescence recovery
upon annealing of fergusonite. Abstract Volume, 17% Goldschmidt Conference, Koln,
Deutschland, p. A861.

83/83



	SL.011_Deckblatt_Dissertation.pdf
	Abstract.pdf
	Kurzfassung.pdf
	Table of contents.pdf
	Introduction_num3.pdf
	Deckblatt 2.1_linie.pdf
	PDF1_1neu.pdf
	Deckblatt 2.2_linie.pdf
	PDF2_2neu.pdf
	Deckblatt 2.3_linie.pdf
	PDF3_3neu.pdf
	Deckblatt 2.4_linie.pdf
	PDF4_4neu.pdf
	Deckblatt 2.5_linie.pdf
	2.5 Submitted.pdf
	2.6.pdf
	Discussion.pdf
	References.pdf
	Acknowledgements.pdf
	Contributions.pdf
	CV.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


