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INTRODUCTION

Natural and synthetic (pure and doped) zircon (ZrSiO,) have been studied with a variety of
spectroscopic techniques. These techniques are based on different physical phenomena, for in-
stance transitions between spin states of nuclei and electrons, energetic transitions of valence
electrons, intra-molecular vibrations, or vibrations of atoms and molecular units in the lattice. All of
the diverse spectroscopic techniques, however, have in common that they probe energy differences
between a ground and excited states, mostly upon interaction of the mineral with incident radiation.
Such interactions are not only determined by the excited elementary particles or molecules them-
selves but depend greatly on their local environments (i.e. number, type, valence and geometrical
arrangement of neighboring atoms). Spectroscopic techniques are thus sensitive to the local struc-
ture and provide information on the short-range order.

Most research on zircon crystals using spectroscopic techniques was done to study their “real
structures,” that is the characterization of deviations from “perfect” zircon. Such features include
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the incorporation of non-formula elements, structural defects and the presence of inclusions and
other impurities. Correspondingly, most of the spectroscopic investigations can be assigned to two
major groups. The first group represents studies done to characterize the structural position and
local environment of non-formula elements when incorporated in the zircon lattice, and accompa-
nying effects on physical properties. The second group comprises studies subjected to the real struc-
tures of “metamict” zircon samples, i.e., changes of the zircon structure caused by the impact of
self-irradiation and upon recovery from radiation damage (Ewing et al., this volume).

It is most obvious that a spectroscopic bulk or point analysis will first of all yield a spectrum
(i.e. a plot of the intensity of the respective physical parameter versus wavelength, frequency or
wavenumber), and this is what is used in most studies. In addition, image generation based on
spectroscopic data has become an increasingly applied discipline. Natural zircon crystals are nor-
mally not homogeneous in terms of chemical and structural composition, but rather show a hetero-
geneous pattern, which is referred to as “internal structure.” Examples include oscillatory growth
zoning (e.g., Connelly 2000, Hoskin 2000), sector zoning (e.g., Vavra et al. 1999) and recrystalliza-
tion patterns (e.g., Pidgeon 1992). Such internal structures of natural and synthetic zircon crystals
are most easily studied in electron microprobes by backscattered electron (BSE) imaging. Among
the spectroscopic techniques, cathodoluminescence (CL) imaging is most commonly used. Because
there is a separate chapter on internal structures and their BSE and CL imaging (Corfu et al., this
volume), we will not discuss CL imaging in great detail here. Even though other spectroscopic
techniques such as confocal Raman microprobe and laser-induced luminescence analysis have only
been used sparsely thus far for image formation and the study of internal structures, they have a
great potential in the future.

This chapter gives an overview of the diverse applications of spectroscopic analytical tech-
niques to the investigation and characterization of zircon. This summarizing overview makes no
claim to be exhaustive. It is rather focused on the more commonly used techniques such as lumines-
cence and vibrational spectroscopy whereas other spectroscopic methods (e.g., spin resonance, ther-
moluminescence, photo-electron and X-ray spectroscopy) are discussed only briefly or not at all.
The goal of this chapter is to demonstrate the versatile use of spectroscopic analyses and the wealth
of obtained information, underlining that modern spectroscopic methods are by far more than just
complementary techniques to X-ray diffraction and chemical analysis.

LUMINESCENCE SPECTROSCOPY OF ZIRCON

Cathodoluminescence of zircon

Introductory remarks. Over the last decades, CL imaging of polished grains has become a
routinely used technique for the study of internal structures of zircon crystals (e.g., Sommerauer
1976, Hoffman and Long 1984, Marshall 1988, Vavra 1990, Halden and Hawthorne 1993, Koschek
1993, Hanchar and Miller 1993, Vavra 1994, Hanchar and Rudnick 1995, Hoskin 2000). Introduc-
tion of CL technique as a standard method in zircon studies was especially stimulated by the use of
the U-Pb isotope system of this mineral in geochronological research (e.g., Gebauer 1990, Roger et
al. 1995, Vavra et al. 1996, 1999; Whitehouse et al. 1999, Connelly 2000, Poller 2000, Rubatto and
Gebauer 2000, Hermann et al. 2001). Currently, most common CL technique is panchromatic (inte-
gral) imaging using a CL detector attached to a scanning electron microscope (SEM-CL).
Cathodoluminescence imaging by the aid of an optical CL microscope (OM-CL) or a combination
of both methods are applied more sparsely, but until the event of modern SEM-based systems,
OM-CL was the standard way of doing CL microscopy. The one primary advantage of using an
OM-CL based system is that color variations in minerals can be easily seen with the unaided eye,
and any photographs taken (using film or digitally) can be corrected for color accuracy (Hanchar
and Rudnik 1995, Gotze 1998, Gotze et al. 1999, Kempe et al. 1999). Even though quite a number
of studies were addressed to the study of causes of the CL emission (Sommerauer 1976, Hoffman
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and Long 1984, Lork and Koschek 1991, Ohnenstetter et al. 1991, Yang et al. 1992, Remond et al.
1992, Hanchar and Rudnick 1995, Phillips et al. 1996, Kempe et al. 2000, Rubatto and Gebauer
2000, Remond et al. 2000, Poller et al. 2001), there is still controversy about the nature of the CL
signal and factors influencing the CL intensity in panchromatic SEM-CL images of natural zircon
crystals. However, sound understanding of the CL mechanisms is fundamental for correct inter-
pretation of the CL intensity. In the following, we give a critical overview of the current state of
knowledge of CL research.

Generation of cathodoluminescence in natural zircon. Cathodoluminescence emission re-
sults from the interaction of a primary electron beam with solids characterized by a band gap (semi-
conductors and insulators). The energies of the primary electron beam (up to >20 keV) and of
backscattered electrons are well above the excitation energies of the CL, which are on the order of
several eV. However, primary and backscattered electrons may transfer most of their energy to the
lattice in the form of heat (temperatures as high as 600-700°C may be reached), characteristic and
continuum X-rays, Auger electrons etc. (cf. Goldstein et al. 1981), and generate secondary elec-
trons. These secondary electrons are characterized by a continuous energy spectrum just in the
range of the excitation levels of the CL emission. The secondary electrons thus cause CL activation,
provided the emission is not suppressed by quenching mechanisms (see below). In the simplest
case, bonding electrons from the valence band may be excited to the conduction band and released
to the ground state under emission of photons (see intrinsic luminescence in Fig. 1). The width of
the band gap (i.e. the energy difference between valence and conduction bands; cf. Fig. 1) is charac-
teristic of the investigated material and the related emission for zircon lies in the ultraviolet (UV)
range around 230-280 nm (Votyakov et al. 1986, Krasnobayev et al. 1988, Cesbron et al. 1993).
However, energy relaxation (the return of the excited electron to its ground level) is also possible
via other radiative or non-radiative transitions involving local defects. Moreover, some centers may
be directly excited (i.e. not involving band transitions or other defects) and with relaxation mecha-
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Figure 1. Simplified energy diagram showing the three principal types of luminescence generation upon
electron beam irradiation. Cathodoluminescence emission may be caused by (1) band-band transitions, (2) band,
trap, and electron-defect assisted transitions and (3) impurity state transitions within forbidden band gaps.
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nisms that are hardly influenced by the local crystal field, as may often be found for trivalent rare
earth element (REE) centers. For further details on the basic physics of CL see Marshall (1988),
Remond et al. (1992, 2000), Blanc et al. (2000), and Townsend and Rowlands (2000).
Information from spectral CL studies (emission wavelength, peak width, and lifetime of the
excited state) can be used to identify the emission centers. However, CL activation by the electron
beam is not selective. Combination of CL studies with other techniques such as photoluminescence
(PL), X-ray absorption fine structure (XAFS), or electron paramagnetic resonance (EPR) is manda-
tory for sound interpretation but systematic investigations on natural zircon are still scarce.
Cathodoluminescence spectra of natural zircon are complex, as they consist of different types
of simultaneously emitted bands. A glance at the published data suggests that in many cases, CL
is dominated by broad-band emissions (e.g., Marshall 1988, Ohnenstetter et al. 1991, Lork and
Koschek 1991, Yang et al. 1992, Remond et al. 1992, Cesbron et al. 1993, Hanchar and Rudnick
1995, Gotze et al. 1999, Kempe et al. 1999, 2000, Remond et al. 2000, Poller et al. 2001). For
example, intrinsic luminescence and CL emission via electron defect centers localized on oxygen-
bearing anion groups ([SiO,]™ in zircon) appear as broad bands in CL spectra. However, CL spec-
tra of natural zircon samples may also show a predominance or important role of narrow emission
bands (Hanchar and Rudnick 1995, Gotze et al. 1999, Kempe et al. 1999, Remond et al. 2000; see
Figs. 2 and 3). Narrow line groups often centered at 480 and 575 nm and weaker emissions cen-
tered at 666 and 755 nm are assigned to Dy** impurities (e.g., Marshall 1988, Ohnenstetter et al.

Dy3+

| o |
2
=
=
c
i
=t
O
[
m '
—_ :
=y
wn ain
5
o 14
S § &)
Dy:ZrSi0, N IR Y o -
i
aWhh
Sm:ZrSio, Aa D .
I | I | 1 ! L | L
400 500 600 700

Wavelength [nm]

Figure 2. Cathodoluminescence spectrum (solid) of a zircon from the Cretaceous quartz sand deposit of
Weferlingen, Germany (after Gotze et al. 1999, redrawn and modified). The spectrum shows groups of narrow
emission bands of rare earth elements, superimposed on a “yellow” broad-band emission in the range 500-700
nm. The assignment of the Dy** and Sm** band groups is underlined by comparison of this spectrum with two
CL spectra (dotted) of synthetic, REE+P-doped zircon crystals (JM Hanchar, unpublished).
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1991, Yang et al. 1992, Remond et al. 1992, Hanchar and Rudnick 1995, Goétze et al. 1999, Kempe
et al. 2000, Remond et al. 2000). This interpretation is supported by the investigation of synthetic
zircon doped with Dy** (Fig. 2; cf. Cesbron et al. 1993, Blanc et al. 2000). More rarely, emission
lines of other REE centers such as Er** (at 475 and 530 nm, Remond et al. 1992, 2000), Sm** (at
605 and 702 nm, Gotze et al. 1999, see Fig. 2), Tb** (at 548 nm, Yang et al. 1992, Hanchar and
Rudnick 1995, Nasdala et al. 2002a), Gd** (at 313 nm, Nasdala et al. 2002a) and Nd** (emission at
885 nm, Gotze et al. 1999) were reported. Analogous to Dy**, the interpretation for the Er**, Sm*,
Tb*, Gd*, and Nd** centers is verified by the comparison with spectra of synthetic samples (Blanc
et al. 2000, see examples in Fig. 2).

Our understanding of the broad-band emissions of zircon is still poor. In accordance with the
prevailing type of broad-band emission in the blue or yellow region of the spectra, Ohnenstetter et
al. (1991) and Remond et al. (1992) distinguished blue and yellow luminescent zircon. There are
contradictory results of spectroscopic investigations on the “blue” band emission discussed in more
detail elsewhere (Kempe et al. 2000). It must, however, be mentioned that the intensity maximum of
the “blue” emission lies in the UV range between 200-400 nm where most CL systems show a
dramatic decrease in sensitivity, also known as quantum efficiency, or spectral response, and the
spectral response of the detector used should be taken into account when quantifying CL spectra.
Several spectra published in the literature suggest that “blue” zircon CL is caused by a broad band
centered near 365 nm (Iacconi et al. 1980, Krasnobayev et al. 1988, Remond et al. 1992, Yang et al.
1992, Cesbron et al. 1993, Poller et al. 2001, Nasdala et al. 2002a). Iacconi et al. (1980) suggested
that the “blue” luminescence of zircon is analogous to the “blue” luminescence of other silicates
and can be explained by emission from electron defects localized at SiO, groups (cf. also Yang et al.
1992, Kempe et al. 2000). Electron defects are formed under irradiation and released electrons are
trapped, for example, on a Si site (Si* + e — Si**). Electron defects may also be stabilized by
impurities such as Dy* (Krasnobayev et al. 1988, Gaft 1992, Claridge et al. 2000a). For instance,
the emission band at 385 nm, observed in CL (Yang et al. 1992) as well as in thermoluminescence
(TL) spectra (Kirsh and Townsend 1987, Laruhin et al. 2002) of natural zircon seems to involve
both [SiO,]-related centers and REE ions.

The “yellow” broad-band emission is often centered at 560 nm (Fig. 3D). The nature of this
emission is also explained by contradictory models (e.g., Gaft 1992, Kempe et al. 2000). Possible
models suggest additional electron defects on the SiO, tetrahedron, for example stabilized by Zr
vacancies (Claridge et al. 2000), or emission from Yb* impurities (Kempe et al. 2000). However,
all authors agree that the “yellow” emission center is of radiogenic origin, i.e. it is only generated in
solids that were affected by radioactive irradiation (Gaft 1992, Remond et al. 1992, 2000; Kempe et
al. 2000).

Factors leading to variations in the cathodoluminescence intensity. Potential causes of in-
tensity variations of the observed CL signal include CL quenching and various effects of the crystal-
linity. The emission of CL may be quenched by optical absorption processes. Furthermore, there is
a drastic decrease of the defect-related CL efficiency at elevated temperatures. However, even at
constant temperature, the intensity of a certain REE** emission is not simply a linear function of the
total content of the respective REE. The concentration of a luminescent center may deviate from the
respective total element content if there are variations in the valence state. Further, interaction be-
tween neighboring emission centers of the same type may lead to energy migration and CL quench-
ing (self-quenching or concentration-quenching) at higher concentration levels. Moreover,
interaction between centers belonging to different types is also possible. In these cases, the energy
may be transferred to other CL active emission centers or to centers with non-radiative relaxation
(quenching centers). In both cases, however, the CL of the REE* center under consideration is
quenched. By contrast, the CL emission from a REE** center may also be enhanced by energy
transfer from other centers (sensitizing). To give an example, self-quenching of Dy** starts at
around 1 atm % Dy according to Tacconi and Caruba (1980). The same authors found that Dy?**
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Figure 3. Complex contribution of broad-band and narrow-band emissions on the total CL signal.
(A) Cathodoluminescence spectrum of an igneous core in a zircon from a xenolith, McBride province,
Queensland, Australia. (B) Corresponding spectrum (intensity 3x expanded) of a metamorphic overgrowth rim
in the same crystal as in A, showing very low CL intensity. Spectra modified after Hanchar and Rudnick (1995).
Bright CL observed from the igneous core is due to strong REE emission bands. (C) Cathodoluminescence
spectrum from a micro-area that appeared bluish in the CL microscope. Zoned zircon crystal from the Mud Tank
carbonatite, Northern Territory, Australia. (D) Corresponding spectrum (same intensity scale) obtained from a
yellow CL area in the same crystal as in C. Spectra from JM Hanchar and PWO Hoskin (unpublished); for
sample description see Hanchar et al. (1997). The total CL emission of the blue zone appeared clearly less
intense with the unaided eye, even though the Dy** emission bands are more intense. The brighter appearance of
the yellow zone is due to the more intense yellow broad-band emission. All spectra were taken from areas 10 x
10 mm in size and are corrected for the instrument response (resolution 0.15 nm).

quenches the “blue” zircon CL starting from about 0.01 atm % Dy.

Intrinsic CL is closely related to the structural perfection of the host lattice. If the degree of
crystallinity of zircon decreases, the emission of intrinsic CL decreases, too. This interrelation
(Hoffman and Long 1984) was recently supported by combined SEM-CL and Raman microprobe
studies (Kempe et al. 2000, Nasdala et al. 2002a). For zircon crystals that have not experienced self-
irradiation and external irradiation, secondary recrystallization or hydrothermal alteration, the de-
gree of crystallinity and related intrinsic CL intensity depend on the concentration of primary lattice
defects (cf. Figs. 4E and F). Primary defects in natural zircon are often related to the incorporation
of trace elements (Sommerauer 1976, Gracheva et al. 1981, Kempe et al. 2000). Note that the
contents of typical trace elements in zircon, excluding Hf, are usually found to be correlated (Ro-
mans et al. 1975, Speer 1980, Hoffman and Long 1984, Bibikova et al. 1991, Benisek and Finger
1993, Hanchar and Miller 1993, Hanchar and Rudnick 1995, Rubatto and Gebauer 2000, Kempe et
al. 2000). Thermal recrystallization, as for instance under high temperature metamorphic condi-
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bluish

Figure 4. Images of zircon crystals obtained in a SEM (A-D, U Kempe, unpublished; E-F, A Kronz,
unpublished). (A) Zircon grain with a hydrothermally altered rim (marked a) from the Eibenstock granite,
Blauenthal, German Erzgebirge (BSE image). (B) Panchromatic CL image of the same grain as in A, showing
CL quenching in the alteration zone (a) which is enriched in U, Th, Ca, Fe and Y. (C) Panchromatic CL image
of a patchily recrystallized zircon from the Saxonian Granulite Complex, Germany. The recrystallized, yellowish
luminescent area (r) emits particularly intense CL. (D) Zircon from the Saxonian Granulite Complex, Germany.
The panchromatic CL image was obtained with a PMT (Oxford R4) that is more sensitive the blue than in the
yellow region of the electromagnetic spectrum. As an analytical artifact, the CL intensity of a bluish luminescent
core in a yellowish luminescent zircon is apparently overestimated. (E) Pure, synthetic ZrSiO, crystal, grown
using the Li-Mo flux technique (Hanchar et al. 2001), BSE image. (F) Cathodoluminescence image of the
crystal shown in E, revealing clear sector zoning that cannot be seen in the BSE mode. The CL emission is
probably related to defects, pointing to local differences in the primary crystallinity.

tions, may improve the crystallinity of zircon through recovery from radiation damage and loss of
trace elements. Correspondingly, thermally recrystallized zircon grains often show relatively high
CL intensity (Fig. 4C, cf. Gebauer 1990, Vavra et al. 1999, Kempe et al. 2000, Rubatto and
Gebauer 2000, Geisler et al. 2001a). By contrast, hydrothermal alteration processes may often
decrease the degree of crystallinity and CL intensity. Altered areas with quenched CL are often
enriched in Fe, Y, P, Ca, and U (Fig. 4A-B, Kempe et al. 2000). No correlation has been found
between CL intensity and Hf content in zircon, and based on the electronic configuration of the Hf
atom, it seems unlikely that Hf would contribute to the CL emission of natural zircon.

Uranium and thorium impurities have rather indirect effects on the zircon CL. Poller (2000)
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and Poller et al. (2000, 2001) proposed that “U (and Hf) plays an important role in quenching the
CL”. This hypothesis was disproved by results of heating experiments (Geisler et al. 2001a, Nasdala
et al. 2002a). After being annealed, zircon crystals were found to show strongly enhanced CL
intensity even though the U (and Hf) content remained the same. Therefore, it was concluded in
these studies that the mere presence of U does not quench the CL but rather the CL emission is
greatly suppressed by radiation effects. The radioactive decay of trace actinides (U and Th) and
their unstable daughter nuclei damages the zircon structure (Ewing et al., this volume). This radia-
tion damage, in turn, leads to a drastic decrease of the CL intensity, particularly of the broad-band
emissions. Note that even though most of the structural damage of natural zircon crystals is due to
their self-irradiation, other factors such as primary lattice defects and distortions need also be
considered when discussing the correlation between CL intensity and structural damage (cf. Figs.
4E and 4F). Also, the influence of Th on the structural damage and, with that, on the CL was
considered insignificant in some of the earlier CL studies. However, this is only true for zircon
with low Th/U ratio. In rare cases, high Th/U ratios well above one, then often accompanied by Th
concentrations in the 10° ppm range, were found. Examples are zircon crystals from Tsakhir,
Mongolian Altai, showing no SEM-CL (Kempe et al., unpublished) and primarily zoned (i.e. not
recrystallized) patches in zircon grains from the Jack Hills, Western Australia (Nasdala et al.
1996), which also show extremely low CL emission (Kempe et al. 2000).

Another important effect which may be caused by self-irradiation as well as external irradia-
tion is charge transfer (exchange of electrons and holes between neighboring centers) modifying the
defect structure of the crystal. This process is well documented for natural fluorite (Chatagnon et al.
1982, Kempe et al. 2002). Similar processes are also of relevance for natural zircon (Solntsev and
Shcherbakova 1973, Iacconi and Caruba 1980, Iacconi et al. 1980, Krasnobayev et al. 1988, Claridge
et al. 2000). Radiation-induced charge conversion (changes in the valence state of impurity ions)
produces additional electron defects that enhance broad-band CL. Charge transfer processes in-
duced by irradiation in more or less well-crystallized zircon grains may be inverted at relatively low
temperatures. “Blue” zircon CL anneals at lower temperatures than “yellow” CL because the “yel-
low” trap lies deeper in the band gap. However, detailed investigations on this subject are still
needed.

Instrumental factors. The CL intensity in panchromatic images may be modified by the detection
system used. As an analytical artifact, systems with high sensitivity in the blue region yield enhanced
intensities for bluish luminescent zircon whereas the “blue” broad-band luminescence is suppressed in
images obtained with detectors having low sensitivity in this wavelength range (Fig. 4D; cf. Kempe et al.
2000). Note that intensity relations between different bands and lines observed in a given CL spectrum
depend also on the detection mode, i.e., parallel measurement with a multichannel detector [e.g., charge-
coupled device (CCD) detector, or diode array detector] or serial data collection with a photomultiplier
(PMT). In a similar manner, the presence of narrow Dy** lines is visible in CL color images as a greenish
tint even when broad-band emission prevails (e.g., Gotze et al. 1999, Kempe et al. 1999). By contrast,
Dy* lines have only in rare cases (cf. Figs. 3A and B) a notable influence on the intensity patterns in
panchromatic SEM-CL images, which is due to their low impact on the integral CL intensity (Kempe et
al. 2000). Monochromatic CL imaging, however, makes it possible to trace the distribution of individual
emission centers throughout a crystal. Using this technique, it has been shown that the spatial distribution
of luminescent REE* impurities and electron-defect related emission centers may be quite different in
one and the same crystal (Remond et al. 2000, Kempe et al. 2000).

It is essential for the correct interpretation of zircon CL images and spectra to estimate the
escape depth of the CL signal. Several experiments have shown that escape depths of zircon CL are
significantly larger than that of secondary and backscattered electrons. A possible explanation re-
fers to a high efficiency of carrier diffusion with an escape of the electrons and holes away from the
excitation site and following recombination for the band-related CL (Kempe et al. 2000, Norman
2002). Possible three-dimensional effects should, therefore, be considered in interpreting zircon CL
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images and spectra (Kempe et al. 2000).

Although CL imaging of natural zircon is widely used in geosciences and has been the
subject of quite a number of studies, some of the observed phenomena still cannot be explained in
a fully convincing way by the existing theories on the CL intensity. This situation means that a
simple relationship between the content of one or two trace elements in natural zircon and the
panchromatic CL intensity (e.g., Vavra 1990, Poller et al. 2001) cannot be expected. Natural zir-
con crystals are virtually multi-doped systems and CL emission may be affected by the degree of
crystallinity, the electronic structure, self- and external irradiation and the thermal history of the
sample.

Laser-induced time-resolved photoluminescence of zircon

Introduction: Steady-state and time-resolved luminescence. Conventionally used steady-state
or continuous-wave (CW) luminescence is a process where the excitation sources pump the sample
at constant intensity over time necessary to perform the measurement. The final result is, analogous
to the CL discussed above, an emission spectrum. The specificity of the technique can be improved
by employing a tunable laser as the active component of the system. In an ideal system the exciting
wavelength would be tunable through the large fraction of the ultraviolet and visible region of the
electromagnetic spectrum. Such a system would enable one to study both the excitation and emis-
sion behavior of luminescence centers.

In spite of the great progress that has been achieved in the study of steady-state luminescence
of minerals, a great number of the observed luminescence phenomena in minerals are not yet well
understood. The reason is that minerals are co-doped, multi-ion compounds and the steady-state
spectroscopy may be inadequate as the discriminatory power of the normal emission spectra is
somewhat limited. Therefore, we need to assume that the majority of luminescence spectra pub-
lished thus far is likely to consist of overlaps of several types of emissions. There is, however,
another physical parameter that may be extremely useful, namely, the fluorescence lifetime or de-
cay time. This is the exponential decay time for the fluorescence emission assuming pulse excita-
tion. The decay time is a measure of the transition probability from the emitting level. Luminescence
can be observed over time range of femto- to milliseconds. Decay time is a characteristic and unique
property and no two luminescence emissions will have exactly the same decay time. The enormous
dynamic temporal time range combined with intrinsic sensitivity makes time-resolved lumines-
cence a uniquely powerful spectroscopic tool.

Both the spectral and temporal nature of the luminescence emission bands can be determined
by means of time-resolved spectroscopy. By using such techniques, it is possible to separate over-
lapping emissions that have different origins and, therefore, different luminescence lifetimes. For
this, the intensity in a specific time “window” at a given delay after the excitation pulse is recorded,
where both delay and gate width have to be carefully chosen. The added value of the method is the
energetic selectivity of a laser beam, which enables one to combine time-resolved spectroscopy
with monochromatic excitation. Time-resolved luminescence thus provides numerous ways to de-
tect the presence of luminescence centers (transition elements, lanthanides and actinides) in natural
zircon, which would have been obscured by strong broad-band emissions under continuous excita-
tion (steady state laser or electronic excitations).

Intrinsic broad-band photoluminescence. The PL spectrum of zircon (i.e. light emission
excited by light) is similarly complex in nature as the CL discussed above. Apart from impurity-
related emissions, which will be discussed below, the PL spectrum of natural zircon is often charac-
terized by a broad intrinsic band (Taraschan 1978, Shinno 1986, Krasnobayev et al. 1988, Votyakov
etal. 1993, Gorobets and Rogozin 2001) in the yellow range of the electromagnetic spectrum (Fig. 5).
The excitation of this emission band peaks at 310 nm (i.e., this yellow PL is most intense with 310
nm excitation). The broad yellow band at 575 nm has a decay time of 25-35 ps. It was also observed
as a result of n-irradiation and o-irradiation of synthetic, initially non-luminescent ZrSiO,, with the
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Figure 5. Intrinsic broad-band PL, which was observed from all investigated natural zircon samples thus
far. (A) Spectra obtained at 300 and 77 K (spectral resolution ~1 nm). The two “negative” lines are caused by
impurity U*, through reabsorption of light. (B) Decay of the yellow broad-band PL. Note that the decay of the
emission intensity was not measured at the band maximum but at the high frequency slope of the band (550
nm). This was done to avoid any biased results that could potentially be caused by effects of the Dy** emission
peaking at 575 nm. Redrawn (modified) from Gaft et al. (2002).

band intensity increasing proportionally with the irradiation time (Gaft et al. 2002). Analyses at
300 and 77 K with different laser excitations, delays and gates showed that, in spite of the very
broad half-width and the apparently asymmetric shape, this luminescence consists of only one
band. Gaft et al. (2002) found that for both alpha and neutron irradiation, such induced lumines-
cence is stable for at least several years after irradiation. The spectral shape of this radiation-
induced luminescence is very close to those of natural zircon samples. Its decay time is of
approximately 30-35 pus and the intensity remains stable after heat-treatment up to 700°C, which
is also characteristic for natural zircon. Gaft et al. (2002) therefore concluded that the “classical”
yellow luminescence band of natural zircon (A, = 575 nm; half-width A = 160 nm; decay time
T = 25-35 us), is connected with radiation-induced centers. In minerals, the source of irradiation
may be connected with radioactive decay of U and Th impurities. The exact type of the yellow
luminescence center needs clarification.

Impurity-related photoluminescence. Impurity-related centers in zircon may give rise to
broad-band and narrow-band PL emissions. Only a brief overview is given in the following. For
more details on impurity-related PL see, for instance, Taraschan (1978), Shinno (1987), Krasnobayev
et al.(1988), Votyakov et al.(1993), Gaft et al.(2000b) and Gorobets and Rogozin (2001). Zircon
crystals containing uranium show often intense, green luminescence that is assigned to (UO,)**
centers (Fig. 6). This luminescence was also observed in synthetic zircon doped with U and P. By
contrast, in synthetic zircon crystals doped either with Th and P or U only, such luminescence was
not obtained. The causal connection of this emission with uranium is underlined by the fact that its
intensity correlates with the U content determined by ICP-MS. Another typical luminescence
feature of many natural zircon samples is a broad, deep red luminescence band (Fig. 6). This red
emission is connected with forbidden d-d transitions in Fe**. It is thermally stable and dominates
in zircon samples that were heat-treated at 800°C. The decay time of 1-2 ms is very long and,
correspondingly, the red Fe** emission appears especially intense in spectra with long delay times
in which the stronger yellow luminescence is already quenched. Strong luminescence of Cr’**and
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Figure 6. Impurity broad-band PL in natural zircon samples (delay time 10 ns, gate 19 ms, spectral resolution
~1 nm). Excitation wavelength, temperature and decay time (t) are individually reported for each spectrum.
The two upper spectra are assigned to (UO,)** and Fe**, respectively. The other six spectra show emissions of
unidentified centers. As in Figure 5, “negative” reabsorption lines in the range 650-700 nm are due to traces of
U*. Spectra: G Panczer and M Gaft (unpublished).

Cr3*in the red and IR parts of the electromagnetic spectrum has been observed from synthetic,
doped ZrSiO, but not for natural zircon thus far. Finally, REE* centers, which give rise to mostly
narrow-band emissions, are particularly typical of zircon. There are several REE impurities that
are not detectable or difficult to detect under UV excitation but easily revealed by laser-induced
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Table 1. Examples for characteristic emission lines and de-  or/and time-resolved luminescence spectros-
cay times of chromium and rare-earth elements in copy. The characteristics of REE* emission

natural zircon.Data after Gaft et al. (2000a,b,c; 2001). . . . . . .
lines identified for zircon are given in Table

Center Aum [NM] Aex [NM] t[us] Transition . .
Cr 694 532 35 %E > %A, (Rilines), 1 and selected spectra are presented in Fig-
775 3-5 T, — *A, (broad) ure 7.
Cre* (300 K) 1213 532  2x10" 2E—2T, s : :
Or (12K) 1132 5321060 2x102 E —2T.2B, 2, . In addition, a number of unidentified
1154 luminescence bands (Fig. 6) were observed
11;?; from natural zircon samples. These are usu-
1258 ally obscured by stronger emissions and may
gff 323 ggs 2 X11°'2 zg __123'; be detected only by time-resolved spectros-
0 4
596 10 D, - %H, copy. These bands are most probably related
3 . o, . .
Sm® gg; 337 51500 lgz —>—>Tﬁ to impurities. To identify the exact nature of
5/2 5/2 . o, . . .
601, 612 550 “Gigp = Ho these impurities, synthetic ZrSiO, doped with
4 6 . . .
Eu ggg 337 15550% sgs/z_) _iFHg’Z potential activators such as Mn, Cr, Ti, Co,
0 1 . .
616 50 5Dy — 7F, Ni, Pb and Sb have been studied (Gaft et al.
sgg 1288 EB"jZES 2002). Bands similar to those detected in
o 4 .
707 1500 D, — 7F, natural zircon, however, were not observed
?gj g;g ggg 2352050 :g —:73';/2 from the synthetic samples. The nature of the
3 6 . .
415 325 Dy — 7Fs corresponding luminescence centers needs
jg; 2120% :ga : ZE“ further investigation.
4 6 ..
548 2400 D, —Fs The emission of PL does not only de-
3+ 4 6 . . .
Dy g;g 337 138 ;9/2:6:‘5’2 pend on the luminescent center itself but is
92 13/2 .
Ho® 549 337 1 5, — Sl also affected by crystal field effects (cf.
. 665 1 fF3_> 5'3 Marfunin 1979a,b), particularly in radiation-
Er 549 337 10 Sez = lisn ) o
559 10 Sgp — s damaged zircon. Because it is known that the
3+ 3 . . . .
Tm gig 266 12 ::6 z 3:4 yellow PL of natural zircon is partially radia-
6 6 . . . . . .
458 5 D, - °H, tion-induced, nominally pure zircon irradiated
483 120 Gy Hs

by different doses of X-ray, y-ray, neutron and
o-irradiation have been studied (Gaft et al.
2002). Table 2 presents the comparison of the
half width of the Dy** main emission line obtained from different natural and synthetic samples.
Note that its FWHM (full width at half band-maximum) shows clear correlation with the degree of
crystallinity. Another example is presented in Figure 8, which shows the broadening of several
REE®** emissions (see in particular the two “Gs, — ®H, transitions of Sm* at 604 and 615 nm).
Photoluminescence and especially time-resolved PL thus allows one to estimate the concentration
of irradiation-induced defects via the intensity of the broad defect emission or via the width of the
rare earth emission lines.

VIBRATIONAL SPECTROSCOPY OF ZIRCON

Infrared absorption spectroscopy of zircon

Assignment of infrared absorption bands. For the tetragonal ZrSiO, (I4,/amd), seven infra-
red-active modes (internal = 2A,, + 2E,, external = A,, + 2E,) are predicted by group theory
(Dawson et al. 1971). According to the selection rules, modes of E, symmetry are observed when
the electric vector of the incident infrared radiation, E, is perpendicular to the c-axis while those
of A,, symmetry are observed when E is parallel to the c-axis. Polarized infrared (IR) measure-
ments were carried out to identify the E, and A,, modes and to obtain the transverse optical (TO)
and longitudinal optical (LO) modes (Dawson et al. 1971, Gervais et al. 1973, Zhang and Salje
2001). Frequencies of the main infrared-active TO and LO modes, their damping and band assign-
ments are compiled in Table 3. Among the four internal SiO, vibrations, two are assigned to
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Figure 7. Examples for time-resolved spectra of emission lines of rare-earth elements in zircon (spectral
resolution ~1 nm). Excitation wavelength, delay (D) and gate (G) are given for each individual spectrum.

Spectra: G Panczer and M Gaft (unpublished).

Table 2.
Panczer (2001).

Effects of the crystallinity of zircon on the half-width of the 581 nm Dy3+ emission line (*Fg, — ®H;3,). Data after

Sample

Band half-width [nm]

Synthetic, Dy**-doped zircon

Natural zircon, non-metamict

Natural zircon, metamict (untreated)

Natural zircon, metamict (heat-treated at 800°C)

0.57
0.76
2.10
0.72

Table 3. Infrared-active TO and LO modes of crystalline zircon. Data after Zhang and Salje (2001).

E. (ELc) A (Ellc)
Wro Gro Wio Go assignment Wro Gro Wio Go assignment
282 7 351 7 external (R) 338 10 475 12 external (T)
385 9 416 7 external (T) 606 9 644 17 v4(SiO,)
431 5 470 3 v4(SiO,) 980 13 1101 15 v3(Si0,)
880 11 1030 12 v3(SiO,)

All values (frequency w and damping G ) are given in cm™.
R = rotary vibration, T = translatory vibration.
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v3(Si0,) (anti-symmetric stretching, A,, at 980 cm™ and E, at 880 cm™) and the other two are as-
signed to v4(SiO,) (anti-symmetric bending, A,, at 606 cm™and E, at 431 cm™), whereas the v,(SiO,)
and v,(Si0,) modes (symmetric stretching and bending vibrations of the tetrahedrons, respectively)
are not infrared active due to symmetry reason. By contrast, Kolesov et al. (2001) listed the A,,
mode near 980 cm™ as v,(Si0,). The assignment of the three external modes (two translatory and one
rotary) in the far-infrared, which are mainly related to SiO, group motions against Zr atoms and
motions of Zr atoms (Farmer 1974), is still controversial. Dawson et al. (1971) and Kolesov et al.
(2001) assigned the E, mode near 385 cm™! mainly as a rotary vibration of the SiO, tetrahedrons and
the E, mode near 282 cm™ as a translatory mode, whereas Farmer (1974) and Zhang et al. (2001)
attributed the former as translatory mode and the latter as rotary vibration.

An advantage of the infrared spectroscopy is that the absorption of infrared light is mainly
dependent on atomic masses and the length and strength of interatomic bonds. Therefore, infrared
spectra can give valuable information on the crystal structure, composition and surface of the stud-
ied material. Due to its short length scale it probes, infrared spectroscopy may reveal local structural
configuration of crystalline and amorphous phases. In addition, using polarized incident radiation,
one can obtain information of anisotropy and anharmonicity, and determine dielectric constants as
well as TO and LO phonon bands from infrared reflection spectroscopy.

The effect of cation substitutions and chemical impurities on IR band frequencies of zircon

Intensity [arbitrary units]

600 650
Wavelength [nm]

Figure 8. Effects of radiation damage in zircon crystals from Sri Lanka on their laser-induced PL spectra,
here shown for the red region of the electromagnetic spectrum. Spectra (488 nm excitation, resolution 0.1 nm) were
modified from Nasdala et al. (submitted) and are stacked for more clarity. With increasing radiation damage, REE*
emission lines are broadened. To provide a measure for the increasing metamictization, radiation doses (D) are
givenin 10" a-events per gram. These values represent the total time-integrated self-irradiation lasting for a ~550-
570 Myr period (the U-Pb zircon age). Note that the Sri Lankan zircon crystals have experienced partial structural
reconstitution (e.g., Nasdala et al. 2001d). The presently observed radiation damage is, therefore, significantly
lowered and does not correspond with the calculated o-doses anymore. To provide comparability with the literature,
however, total a-doses are given in this and the following figures.
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and structural analogues has been the subject of several spectroscopic investigations. Hubin and
Tarte (1971) studied the relationship between the frequencies of the stretching and bending bands
of the SiO, and GeO, groups and ionic radius of tetravalent Zr, U, Th, Hf, and Ce ions. These
authors found that among the cations studied, the substitution of Hf** for Zr* results in a small
frequency shift due to the close values of the radius, whereas substitutions of other ions with rela-
tively large radius (e.g., U* and Th*) causes a more pronounced impact on the bands frequencies.
More detailed investigations of the vibrational spectra of zircon, thorite, hafnon, coffinite and their
structural analogues, as well as calculations of the constants and frequencies of the vibrations, active
in IR- and Raman spectroscopy, were reported, for instance, by Caruba et al. (1975), Povarennych et
al. (1977), Lazarev et al. (1980), and Heyns et al. (1990). Infrared data of synthetic hydroxylated
zircon crystals (Caruba et al. 1985) showed that the incorporation of (OH) groups in the zircon
lattice results in changes of unit-cell parameters as well as frequency shifts of the main v; (SiO,) and
v4(Si0,) IR modes.

Effects of radiation damage on the phonon spectrum of zircon. In addition to the assignment
of the infrared spectrum of crystalline zircon and the identification of this mineral using IR spec-
troscopy as a fingerprint technique, many of the early IR studies on zircon were subjected to radia-
tion damage phenomena (e.g., Launer 1952, Saksena 1961, Akhmanova and Leonova 1961, 1963;
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Figure 9. Radiation damage effects in zircon crystals from Sri Lanka on their infrared spectra in the range
150-1600 cm™! (redrawn after Zhang and Salje 2001, modified). Absorption spectra are stacked for more
clarity. Doses are given as in Figure 8.
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Kristanovic 1964, Alexanian et al. 1966). Figure 9 shows the effect of a-event damage on the
infrared spectrum of zircon. Different spectral parameters have been used to estimate the degree
of damage or radiation dose, as for instance the width of the 616 cm™ band (Deliens et al. 1977),
the position and shape of the v;(SiO,) band near 980 cm™ (Rakovich and Gevorkyan 1988, Yang et
al. 1990), the infrared reflectivity of intratetrahedral bands (Zhang and Salje 2001) and multi-
phonon interactions (Wasilewski et al. 1973, Woodhead et al. 1991a, Zhang et al. 2002). Zhang
and Salje (2001) demonstrated how to use the effective medium theory, an approach used to study
effective dielectric and optical properties of materials with multi-phases (Granqvist and Hunderi
1978), to quantitatively analyze the fraction of the amorphous phase in metamict zircon.

Extensive IR spectroscopic investigations were stimulated by the aim to understand the real
structure of metamict zircon and structural changes at the atomic level caused by the impact of
radioactivity. Based on previous investigations, Pellas (1965) proposed that zircon decomposes into
ZrO, and SiO, as a result of metamictization. Wasilewski et al. (1973) reported infrared data sup-
porting the decomposition model, and these authors suggested a two-stage damage process involv-
ing the deformation of SiO, tetrahedrons and the sequent breakdown of the zircon lattice into the
oxides. However, the model was contradictory to the results of Akhmanova and Leonova (1961)
and Vance (1975) who did not detect characteristic signals of ZrO, and SiO, in untreated zircon
samples. Wasilewski et al. (1973) argued that the absence of the oxides in the study of Akhmanova
and Leonova (1961) could be due to incurred insufficient radiation damage. Recent spectral studies,
however, did not favor ZrO, and SiO, as the final state of metamictization of zircon. Based on their
mid-infrared data, Woodhead et al. (1991a) reported that the structure of metamict zircon consisted
of distorted and disoriented isolated SiO, tetrahedrons with few if any undisplaced Zr cations. Po-
larized reflectance measurements (Zhang et al. 2000c) revealed that in the SiO, stretching region,
the spectra of metamict zircon show features very different from that of glassy SiO,. Zhang and
Salje (2001) observed the change of local configurations in zircon crystals and the formation of new
Si—O-Si linkages and possible partial polymerization, i.e., SiO, tetrahedrons may not remain fully
isolated in metamict zircon. Partial polymerization in metamict zircon was also revealed by *Si
nuclear magnetic resonance (NMR) measurements (Farnan and Salje 2001).

Infrared spectroscopic characterization of thermally or hydrothermally annealed zircon has
resulted in new insights into the recrystallization and structural recovery of metamict zircon. The
effect of high-temperature annealing on infrared spectra of metamict zircon was an increase in
intensity and band sharpening. (e.g., Biagini et al. 1997). Vance (1975) showed that the decomposi-
tion of metamict zircon into ZrO, and SiO, could take place during high-temperature annealing. The
recent study of Colombo et al. (1999) reported a two-stage recovery, a relaxation of the SiO, tetra-
hedrons and the possible formation of new phases. Zhang et al. (2000c) concluded from the oriented
dependence of mid-infrared spectra obtained from metamict zircon that the recrystallization pro-
cess in zircon involves epitaxial growth of the residual crystalline phase and reaction of ZrO, and
Si0, produced by decomposition. Infrared data also showed that recrystallization of zircon is a
multi-stage process and that it strongly depends on the initial degree of damage of the metamict
zircon (Zhang and Salje 2002). The recrystallization process was also characterized using multi-
phonon bands (Woodhead 1991a, Zhang et al. 2002). Geisler et al (2002) used the powder absorp-
tion technique to monitor the structural recovery and recrystallization in a highly metamict zircon
upon hydrothermal annealing. Their data revealed spectral variations taking place at temperature as
low as 200°C and the presence of monoclinic ZrO, at higher temperatures.

Hydrous species in zircon. Hydrous species (OH and H,O) in zircon have been the subject of
extensive infrared studies. Natural zircon containing as much as 16.6 wt % water (which is more
than 50 mol %) was described by Coleman and Erd (1961). Such high water content was always
related to a significantly radiation-damaged structure. By contrast, only traces of (OH) groups are
primarily incorporated in (crystalline) zircon (Woodhead et al. 1999a,b, Ilchenko and Korzhinskaya
1993, Iichenko 1994, Nasdala et al. 2001b).
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Infrared spectroscopy has been widely used to investigate hydrous species in zircon because
of its high sensitivity to hydrogen-bearing substances and advantages in determination of the
directions of O—H dipoles. Most infrared studies on hydrous species in zircon have been focused
on the following issues: (1) the nature of hydrous species and their incorporation into the crystal
lattice of zircon, (2) their possible role in metamictization, and (3) their thermal stabilities and
their role in the recrystallization process.

Frondel (1953) proposed the substitution (OH), <> SiO, in zircon. By contrast, Mumpton
and Roy (1961) found that data from chemical analysis of natural zircon lie along ZrSiO4-H,0O
join and this was taken as evidence for the presence of molecular H,O rather than (OH)™ groups by
these authors. Studies of Rudnitskaya and Lipova (1972) suggested the simultaneous occurrence
of molecular water and hydroxyl groups. An infrared study of Woodhead et al. (1991b) indicated
that the principal hydrous component in metamict zircon is (OH) rather than H,O because of the
lack of the H-O-H bending mode near 1630 cm™ and the combination (bending + stretching) mode
at around 5200 cm™. The results from most recent spectral investigations of hydrous species in
zircon are still controversial. The work of Nasdala et al. (2001b) indicated the simultaneous pres-
ence of both hydroxyl groups and molecular water in metamict zircon whereas the results of
Zhang et al. (2002) essentially supported the observations of (OH) by Woodhead et al. (1991b).
Few studies to determine hydrogen locations in natural zircon have been done thus far. Woodhead
et al. (1991b) suggested that the 3420 cm™ (E || ¢) and 3385 cm™ (E L ¢) are associated with Si-
occupied tetrahedrons, and weak absorption near 3510 cm™ (E || ¢ > E L ¢) is attributed to OH
sites at vacant tetrahedrons. Ilchenko and Korzhinskaya (1993) and Ilchenko (1994) found wide
set of hydroxyl groups of different thermal stability in zircon crystals from kimberlites. Nasdala et
al. (2001b) proposed three crystallographic models for probable locations of (OH) groups in
crystalline zircon. As the local structure of the metamict state of zircon is still under debate, it is
currently impossible to obtain a clear picture on the hydrous sites in metamict state. The hydrous
ions in amorphized materials are expected to have complex sites which produce a broad absorp-
tion between 2500 and 3600 cm'.

The possible role of hydrous components in metamictization and recrystallization in metamict
minerals has drawn the attention of researchers. Figure 10 shows the effect of radiation damage on
the O—H stretching bands in zircon. Studies of Frondel and Collette (1957) and Geisler et al. (2002)
indicated that the presence of H,O appears to lower the recrystallization temperature and increases
the recrystallization rate of metamict zircon. By contrast, results obtained from hydrothermal ex-
periments (Pidgeon et al. 1966, 1973) suggested that H,O has little effect on the recrystallization
rate of metamict zircon. Based on the similarities of spectral features between synthesized hydroxy-
lated zircon and metamict zircon, Caruba et al. (1985) proposed that natural metamict zircon is
formed at low temperature in a hydrous and fluorinated environment and OH is essential in
metamictization process. A hypothesis that hydrous species stabilize the metamict state of zircon
was proposed by Aines and Rossman (1985, 1986). By contrast, recent investigations suggested
that hydrous species in metamict zircon are predominantly secondary in nature, i.e. the majority of
hydrogen incorporation into metamict zircon must have occurred during or after sustaining radia-
tion damage (Woodhead et al. 1991b, Nasdala et al. 2001b, Zhang et al. 2002). In these same studies
it has also turned out that hydrogen incorporation is not necessary to stabilize the metamict state,
even though hydrous species may help to compensate for local charge imbalance.

Raman spectroscopy of zircon

Introductory remarks. Infrared absorption and Stokes-type Raman scattering are similar inso-
far as energy of an incident beam of light is used to excite vibrations of molecular units and lattice
vibrations in the analyzed sample. Quantum energies of these vibrations (phonons) correspond typi-
cally with the photon quantum energies of mid-infrared light, which is why infrared light can be
absorbed upon the excitation of vibrations. Raman spectroscopy uses ultraviolet, visible or near
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Figure 10. Polarized infrared absorption spectra (E || ¢) in the O-H stretching region obtained from natural
zircon crystals of different origin (redrawn after Nasdala et al. 2001b, modified). Spectra are shown stacked,
with increasing metamictization from top to bottom. Since samples had different thicknesses, intensities of
absorption bands cannot be directly compared. Doses for five zircon samples from Sri Lanka are given as in
Figure 8.

infrared light. Due to their much higher energies, such photons cannot be absorbed though the excita-
tion of vibrations only. By contrast, if light and sample interact in a way that inelastic collisions of
photons with the molecule or lattice result in the excitation of vibrations in the sample (Raman scatter-
ing), only a small portion of the photon energy is used. Correspondingly, the resulting Stokes-type
Raman scattered light has lost this energy portion and is shifted towards lower wavenumbers (red-
shift). Analogous to the infrared absorption, the Raman effect is sensitive to the nearest environment of
the vibrating bond(s). Raman spectra provide information about the local symmetry such as geometri-
cal factors, bond force ratios and bond distances, and the short-range order of the analyzed material.
For the physical background see, for example, Long (1977) and McMillan (1985).

Raman spectrum of crystalline, pure ZrSiO, The number and symmetry of Raman- and
infrared active vibrations are derived through group theory and symmetry analysis (e.g., Dawson et
al. 1971). From this, twelve Raman-active (2A,, + 4B,, + B,, + 5E,) in addition to seven infrared-
active modes are predicted. The Raman spectrum of zircon is shown in Figure 11. It is dominated by
internal vibrations of SiO, tetrahedrons, with the most intense band at 1008 cm™ (B, mode, only
observed with E _|_ ¢) assigned to the antisymmetric SiO, stretching mode. To avoid confusion of
terms, it should be noted that the nomenclature for internal vibrations is inconsistently used in the
literature. For example, the antisymmetric SiO, stretching (v; internal mode) is sometimes referred
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to as v3(Si—O) and sometimes as v;(Si0O,). We prefer to use the latter expression in this paper.
Internal stretching and bending modes involve vibrations of all bonds of a molecular unit. The four
Si—O bonds of a tetrahedron cannot vibrate independently from one another. Also, it is obvious that
at least two bonds must stretch to get an antisymmetric vibration. Expressions such as v;(Si—O)
seem, therefore, somewhat imprecise.

Even though the Raman spectra of zircon-type orthosilicate minerals are well known since the
1970s (Griffith 1970, Dawson et al. 1971, Nicola and Rutt 1974, Syme et al. 1977, Mazhenov et al.
1979), there is still some disagreement about the assignment of observed Raman bands to vibra-
tions. The interpretation of the three main bands at 439, 974 and 1008 cm™ (Fig. 11) as internal SiO,
modes is apparently unambiguous. It is also generally agreed that the three bands at 202, 214 and
225 cm! are lattice modes (i.e. vibrations involving movements of SiO, tetrahedrons and Zr ions).
There is, however, disagreement about the 202 cm™! band which was interpreted as rotary (Nicola
and Rutt 1974) and translatory vibration (Dawson et al. 1971, Syme te al. 1977, Mazhenov et al.
1979, Kolesov et al. 2001). The relatively strong band at 356 cm™ band was described as external
lattice mode by Syme et al. (1977) and Mazhenov et al. (1979) and as internal mode [v,(SiO,),
antisymmetric bending] by Dawson et al. (1971) and Ilchenko et al. (1988). The latter assignment
seems problematic because the antisymmetric bending of SiO, tetrahedrons (v,), involving move-
ments of Si** ions, is to be expected at higher frequency than their symmetric bending v, at 439 cm'!
(analogous to the higher frequency of v; when compared with v, cf. Fig. 11). Correspondingly,
Kolesov et al. (2001) have assigned two low-intensity bands at 641 cm™ (B,,) and 546 cm™ (E,) to
internal v,(SiO,) vibrations whereas they described the strong 356 cm™ band as external mode. The
assignment of the 641 cm™ band to v4(SiO,), however, was critically discussed by Hoskin and
Rodgers (1996) who suspected this v, mode might either be incorrectly assigned or mixed with an
external mode. Similar disagreement exists for the band at 393 cm™! band (internal, Dawson et al.
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Figure 11. Raman spectrum of zircon with general band assignment for the most intense bands. For the
internal SiO, vibrations, small sketches depict movements of oxygen (white balls) and silicon atoms (small black
balls). The internal v,(SiO,) vibration, the assignment of which is still controversial, is not related to a certain
band in the picture. The Raman spectrum of hatnon (dotted) is shown for comparison. Note that the spectra of the
two orthosilicate minerals are dominated by a greatly similar “fingerprint” pattern of SiO, vibrations.
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1971, external, Syme et al. 1977).

In spite of these minor uncertainties about the band assignment, the Raman spectrum of
zircon is highly typical of this mineral and facilitates its unambiguous identification by Raman
“fingerprinting.” Raman spectroscopy is also routinely applied for the identification and character-
ization of solid, fluid and gas inclusions in zircon. Apart from the general petrologic and mineralogi-
cal interest in inclusions, the host mineral zircon has gained particular attention for such studies. To
give an example, due to its extraordinary chemical and physical stability, zircon is able to “trap”
high-temperature and high-pressure phases such as microdiamonds (Nasdala and Massonne 2000)
and facilitates their transportation to the Earth’s surface without transformation or decomposition.

Effects of the chemical composition on the Raman spectrum. The incorporation of non-
formula elements in crystalline solids causes general changes of Raman spectral parameters for
both internal and external modes, which include frequency shifts, band width increase and also
changes of the band shapes such as asymmetries. Depending on nature, extent and effects of the
incorporation (e.g., substitution of ions in the lattice with or without major symmetry decrease,
incorporation of other molecular units, formation of clusters), Raman bands of the host mineral may
also split and lose intensity and additional bands may appear.

In general, effects of non-formula elements in zircon on the Raman spectrum are widely simi-
lar to changes in the infrared absorption spectrum (see above). Only a limited number of systematic
investigations have been done so far to study and quantify how variations in the chemical composi-
tion affect the Raman spectrum of zircon. The substitution of Th*, U* or Hf** for ®1Zr* does not
cause major structural changes except unit cell expansion or contraction, respectively. The pattern
of Raman bands remains therefore essentially the same but vibrational frequencies shift due to
slightly changed bond forces and bond angles and different cation masses. This was first observed
by simply comparing the spectra of zircon with ThSiO, (Syme et al. 1977) and HfSiO, (Nicola and
Rutt 1974). Raman spectral changes in the zircon-hafnon solid solution were studied in more detail
by Hoskin and Rodgers (1996). A study on zircon crystals doped with Y and rare earth elements is
currently in progress (Hanchar et al. in preparation). As an example, we present Raman spectra of
ZrSi0O, doped with Yb**+P% (Yb in the range 4-12 wt %) in Figure 12. De Waal et al. (1996) studied
ZrSi0, doped with vanadium and they reported additional, low-intensity Raman bands assigned to
vibrations of (VO,)* groups. These authors concluded that V4 most probably occupies the #ISi*
site, which is in contrast to earlier results [e.g., Demiray et al. (1970) concluded from electronic
absorption measurements that V4 occupies the B1Zr* site].

Even though a large number of non-formula elements can be incorporated by natural zircon,
their concentration is mostly clearly below the 1 wt % level except for hafnium. Correspondingly,
Raman spectra of most natural zircon samples show only minor effects due to their actual chemical
composition. Based on the Raman data of Hoskin and Rodgers (1996) it may be concluded that
even if as much as 25 % of all B1Zr* ions were replaced by Hf*, frequency upshifts of the four main
Raman bands (cf. Fig. 11) would not exceed 3 cm™. Spectral changes caused by the mere presence
of uranium are almost negligible because of the low U*" concentration in natural zircon. Nasdala et
al. (2002a) found that Raman shifts and band widths obtained for a crystalline zircon containing
~ 6000 ppm U and ~16300 ppm Hf (produced through heating of a natural, metamict gemstone)
deviated less than 1 cm™ from data of pure ZrSiO,. Also, Nasdala et al. (2001b) found that obtaining
O-H stretching and particularly O—H-O bending bands from natural zircon containing hydrous
species below 0.5 wt % H,O is close to the analytical limits of current Raman systems. More pro-
nounced Raman spectral changes are, therefore, only expected for (rare) natural zircon samples
which are exceptionally rich in non-formula elements, such as in hydrothermal alteration zones (cf.
Frondel 1953, Pointer et al. 1988, Rubin et al. 1989).

Effects of radiation damage on the Raman spectrum. More than 40 years ago (Launer
1952, Akhmanova and Leonova 1961, Saksena 1961) infrared studies showed that there are dra-
matic changes in the vibrational behavior of natural zircon in dependence on the degree of
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Figure 12. Example for Raman spectral changes caused by non-formula elements. (A) Backscattered electron
(BSE) image of a zircon crystal doped with Yb** (4-12 wt %) and P** (for details see Hanchar et al. 2001).
Bright BSE zones correspond to high dopant levels and vice versa. (B) Raman line scan, i.e., point measurements
placed 11 pm apart from one another, obtained along the trace shown in A (JM Hanchar and L Nasdala,
unpublished). Only a part of each Raman spectrum is shown in the plot for more clarity. The spectrum of pure
ZrSi0O, obtained under similar orientation (gray) is also shown for comparison (cf. also Fig. 11). With increasing
Yb concentration, heights of Raman bands decrease and their widths increase. Note the clear asymmetry of
the v,(Si0,) band at the high-frequency side, marked with two arrows.

metamictization. In view of this, it seems surprising that no attempts were made to apply Raman
spectroscopy to the study of radiation-damaged zircon until the early 1990s (Nasdala 1993, Nasdala
et al. 1995). Since then, Raman spectroscopy has gained increasing attention as an undemanding
but powerful technique that facilitates quantitative estimation of the degree of metamictization in
zircon single crystals or micro-areas. This technique has the analytical advantages that analyses
can be made without destruction of the sample, sample preparation is virtually unnecessary, and
analyses can be done on a micron-scale (modern confocal Raman systems have a lateral resolution
of about 1 um and a volume resolution better than 5 wm?, respectively). Applications were pre-
sented, for instance, by Nasdala et al. (1996), Wopenka et al. (1996), Pidgeon et al. (1998), Nasdala
et al. (1998a,b; 1999), Zhang et al. (2000a,b), Balan et al. (2001), Geisler et al. (2001a,b), Hogdahl
et al. (2001) and Nasdala et al. (2001a,b,d; 2002a). These studies made use of the Raman spectro-
scopic determination of the degree of radiation damage in zircon micro-areas to constrain U-Th-
Pb dating results, to estimate the ratio between o-damage retention and recovery, and to relate
observed changes of chemical and physical parameters to the structural damage.

Raman spectral changes caused by radiation damage are presented in Figure 13. Causes for
these spectral changes can be adequately explained only for little to moderately metamict zircon,
i.e., below the first percolation point [cf. the percolation model for metamictization (Salje et al.
1999); see also Ewing et al. (this volume)]. Any interpretation needs to be cautiously done for
higher degrees of radiation damage, particularly in view of the still insufficient knowledge about
the real structures of strongly metamict zircon.

Raman spectra of little to moderately metamict zircon samples show the same band pattern
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Figure 13. Effects of metamictization on the Raman spectra of zircon. (A) Four spectra in the SiO, stretching
range obtained from little to moderately metamict, gemstone-quality zircon crystals from Sri Lanka (Nasdala
et al. submitted), in comparison with non-metamict, synthetic ZrSiO, (dotted). With increasing radiation damage,
Raman bands are lowered in intensity, become significantly broader and shift towards lower wavenumbers.
(B) Spectra of strongly metamict zircon samples (solid, after Nasdala et al. 2002b, modified) in comparison
with synthetic ZrSiO, (dotted). Note that at high damage levels, the broadened and weakened Raman signal of
the remnant crystalline zircon does not have a flat background anymore but it rather overlaps with the Raman
pattern of amorphous ZrSiO,. The spectrum marked “D = 10.6” shows only the Raman signal of amorphous
zircon. Self-irradiation doses (D) for six zircon samples from Sri Lanka age given as in Figure 8.

as crystalline zircon, however, bands are clearly broadened (decreasing short-range order) and
shifted towards lower wavenumbers (structural widening). The bands are still well shaped (sym-
metric Gaussian-Lorentzian peaks) at this stage (see Fig. 13A). Nasdala et al. (1998a) found that
the FWHM of the intense v3(SiO,) mode at ~1000 cm™ increases most sensitively with increasing
radiation damage. This parameter was then used in most of the recent studies to estimate the
degree of metamictization. The v;(SiO,) broadening reflects the decreasing short range order or
the increasing irregularity of SiO, tetrahedrons, respectively, caused by their distortion and tilting
in the lattice. At advanced radiation damage [FWHM of the v5(SiO,) band above 20 cm™'], Raman
bands of crystalline zircon continue to broaden and loose intensity and become increasingly asym-
metric. The reason for the latter is still unclear. Band asymmetries (also observed in solid solu-
tions) could, for example, point to greatly different site symmetries, partial polymerization of
Si0, tetrahedrons (cf. Zhang and Salje 2001) but also to confinement effects [i.e. band broadening
of lattice modes due to phonon lifetime decrease in very small (below 3 nm) particles]. The latter
was proposed by Geisler et al. (2001b), though for zircon samples showing symmetric bands,
which is most unlikely. Critical aspects of the phonon confinement hypothesis in the case of
zircon will not be discussed here; the reader is referred to Nasdala et al. (2002b).

With progressive metamictization, the Raman signal of the amorphous volume fraction in-
creases (Fig. 13B). Since crystalline zircon is a much better Raman scatterer than amorphous
zircon (note the tremendous intensity loss of Raman bands upon metamictization), Raman spectra
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are dominated by Raman bands of crystalline zircon even at high levels of radiation damage. To
elucidate this with an example, see the upper Raman spectrum shown in Figure 13B. The amor-
phous fraction of this particular zircon has not been determined, however, for the Sri Lankan
zircon, a total self-irradiation dose of 4.7 x 10'® a-events per gram would correspond to an amor-
phous volume fraction of 40 % (Holland and Gottfried 1955, X-ray diffraction) or 65-70 % [Rios
et al. 2000 (X-ray diffraction), Farnan and Salje 2001 (NMR), Zhang and Salje 2001 (infrared ab-
sorption)], respectively. In spite of the high fraction of amorphous zircon, the discussed Raman spectrum
is dominated by strongly broadened bands of the remnant crystalline fraction. Note that even at elevated
radiation damage, only Raman bands of (crystalline) zircon or amorphous ZrSiO, are observed, which
reconfirms that self-irradiation does not cause major decomposition of zircon into oxides.

More recently, Raman spectroscopy is also applied to study the recovery of zircon from
radiation damage upon annealing in the laboratory (Zhang et al. 2000b, Geisler 2001b, Nasdala
2002a,b) and natural alteration processes (Nasdala 2002b, A Willner, in preparation). All of these
studies reconfirmed that structural reconstitution is not the direct inverse of progressive
metamictization. For example, band broadening and frequency decrease correlate in the progres-
sive metamictization process (Fig. 13), but this is not necessarily true anymore after the annealing
treatment. Heat treatment of a moderately metamict zircon may cause marked frequency increase
and only moderate FWHM decrease whereas electron beam irradiation would cause preferential
FWHM decrease without major frequency change (Fig. 14B). Precise interpretation of these ob-
servations cannot be given at present. It is clear, however, that (1) the recovery strongly depends
on the treatment, (2) causes of the spectral changes in radiation-damaged zircon may be heteroge-
neously removed during the reconstitution process, and (3) additional effects such as micro-strain
and temperature-induced nucleation need to be considered. For example, as mentioned above,
crystalline ZrO, is not formed due to self-irradiation only but is typically observed upon heat-
treatment of highly metamict zircon. Therefore, even though being a most powerful tool for the
study of radiation-damaged zircon and its changed chemical and physical properties, laboratory
experiments are unable to retrace metamictization step by step back to undamaged zircon.

Image generation from Raman scattered light. There are two general ways to generate im-
ages from Raman data. The direct imaging technique uses the CCD detector of a Raman system like
a photocamera. Such images show the intensity distribution of light of a certain (pre-set) wave-
length range in the pictured area. The Raman mapping technique is greatly different. Here, a full
Raman spectrum is obtained for each pixel of the map. Images age generated through processing the
whole data set and may show the x-y-distribution of virtually any Raman parameter (such as band
intensities, intensity ratios, background slopes, FWHMs, degrees of band asymmetry). Raman maps
are typically generated from data sets containing about 10000 spectra. Advantages and disadvan-
tages of the two techniques were compared by Lehnert (2000) and Nasdala (2002). In Figures 14
and 15, we present examples for Raman mapping. We have elucidated above that Raman spectra of
natural zircon samples are closely controlled by radiation damage whereas the chemical composi-
tion has mostly only minor effects. Images generated from Raman data of natural zircon crystals
thus show mainly the distribution of radiation damage. This technique opens up great opportunities
for the study of internal structures. For instance, Raman images and maps combined with element
maps from electron microprobe and SEM analysis may prove useful to distinguish between chemi-
cal and structural causes of intensity variations in CL images of natural zircon grains.

OTHER SPECTROSCOPIC TECHNIQUES

Electronic absorption spectroscopy

General remarks. Colors of minerals are caused by wavenumber-dependent processes in the
visible part of the electromagnetic spectrum, which are studied by means of optical spectroscopy
[also electronic or ultraviolet-visible-near infrared (UV-VIS-NIR) spectroscopy]. Electronic spectra
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Figure 14. Local structural reconstitution of zircon caused by the impact of the electron beam during
electron microprobe analysis. (A) Cathodoluminescence image of a zircon from a syenite gneiss, Renfrew
County, Ontario (sample 91500, for description see Wiedenbeck et al. 1995). The locations of seven electron
microprobe analyses are indicated by small bright spots. (B) Raman point analyses done in and outside the left
spot in A. Structural recovery in the analysis spot areas is recognized from the FWHM decrease, which is not
accompanied by notable band frequency increase in this case. (C) Raman map (area marked in A) in perspective
representation, showing the lateral extension of structural effects.

are concerned with qualitative and quantitative measurements of the absorption, reflection and
emission of light on powdered samples or single crystals in the spectral range 40000 to 4000 cm'!
(250 to 2500 nm). Absorption spectra of minerals in this energy range are affected by a number of
different phenomena which are given in the following. Approximate energy ranges and the theory
describing the respective process are given in squared brackets. (1) Ligand-metal charge transfer
(LM-CT) [>30000 cm!, molecular orbital (MO) theory, self-consistent field X-alpha (SCF-X)
procedure] describes transitions between energy states predominantly centered at the oxygen ligands
of coordination polyhedra and those predominantly centered at the central ion. (2) Metal-metal
charge transfer (MM-CT), [24000-9000 cm’!, exchange theory] is related to electron hopping
between transition metal cations in edge- or face-sharing coordination polyhedra. (3) Crystal field
transitions [30000-4000 cm™, crystal field theory, superposition model (SM), angular overlap model
(AOM)] include electronic transitions between crystal field split d- or f-states, localized at cat-
ions. (4) Absorption due to color centers is caused by excitations of electrons allocated at lattice
defects. (5) In addition, fundamental, overtones and combination modes of groups or molecules
can be found up to ~8000 cm! [vibrational theory of isolated groups].

Zircon may show a large variety of colors, depending on the content of transition metals and
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Figure 15. Two examples for the application of Raman microprobe analysis for revealing internal structures of
zircon crystals. (A) Backscattered electrons image and two Raman maps obtained from of a group of zircon crystals
from the Gold Butte block, Nevada (for sample description see Reiners et al. 2002). (B) Backscattered electrons
image a heterogeneous area in a zircon from the Adirondack Mountains, New York State (cf. Figs. 4A and 4B in
Nasdala et al. 2002a). (C) Cathodoluminescence image of the same area as in B. (D) Raman map of the same area
as in B, generated from ~22,000 spectra (bright = narrow-band widths, well ordered, dark = broad-band widths,
disordered). The three Raman-based images (in A and D) show the lateral distribution of the broadening of the
V3(SiO,) Raman band and are thus virtually maps of the crystallinity.

radiation induced color centers (Burns 1993, Anderson and Payne 1998). Colors of crystalline to
moderately radiation-damaged zircon samples range from colorless to pale brown, brown, olive,
yellow, orange, green and blue. Highly metamict zircon samples are often dark brownish to almost
black (in early papers described as “cyrtolith” or “malacon”), but may also have gemstone quality,
then typically showing bottle-green color. Early optical absorption studies on natural zircon were
pioneered by gemologists for identification purposes. Anderson (1971) and Anderson and Payne
(1998) gave overviews of the respective literature.

Cations affecting the color of zircon. 1t is well known that a large variety of ions can be
incorporated into the zircon lattice. Among them, cations with partly filled valence electron shells
(transition metals, lanthanides, actinides and REE) give rise to coloration. A number of these
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species has been the subject for detailed optical investigations in the past, and these studies are
summarized in the following. Accordingly, this subchapter deals with crystal field transitions. For
the theoretical principles and a comprehensive overview, the reader is referred to the basic litera-
ture (e.g., Ballhausen 1962, Figgis 1966, Lever 1968, Newman 1971, Schlifer and Gliemann
1980, Lever 1984, Newman and Ng 1989). Applications of the crystal-field theory in geosciences
are, for instance, given in the reviews by Burns (1970, 1993) and Langer (1988, 1990). Books and
articles reviewing mineral spectroscopy along with an extensive list of optical mineral data were
compiled by Rossman (1988). Lever (1968, 1984) compiled extensive data about inorganic and
organic substances.

Anderson and Payne (1940) attributed the visible absorption spectrum of natural zircon to
uranium impurities. The polarization behavior of synthetic U*-doped zircon at low temperatures
was first studied by Richman et al. (1967) who found that tetravalent uranium was substituting for
Zr* (Fig. 16) Absorption bands were observed in the spectral range 23700 to 4850 cm’! and were
assigned to their respective transitions. Mackey et al. (1975) proposed an alternative band assign-
ment, and Vance and Mackey (1978) undertook a study to reproduce the absorption spectrum of U**
in the isomorphous lattices of hafnon and thorite. However, no significant information was obtained
on the validity of the previous interpretation, which is still under debate. Phenomenologically, the
spectrum of synthetic U*-doped zircon is widely similar to those of natural zircon, though the latter
show often broadened bands due to radiation damage (e.g., Anderson 1963). Vance and Anderson
(1972a,b) performed detailed studies on natural radiation damaged zircon and found, beside the U**
spectrum, additional absorption bands that were associated with U* in cubic or tetragonal ZrO,.
This interpretation was supported by the observation that after heat-treatment, ZrO, had formed
and the additional lines were also intensified. Later, Vance (1974) extended these investigations
into the IR spectral range and described further bands of U**-bearing ZrO,. Vance and Mackey
(1974) found two additional bands in some absorption spectra of natural U-bearing zircon in the
infrared region at 9030 and 6700 cm™!, which were attributed to the presence of U** (cf. Fig. 17).
These same authors have also studied synthetic, U-doped zircon (Vance and Mackey 1975, 1978).
Previous results for natural zircon were confirmed and it was shown that the U** is only remotely
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Figure 16. Absorption spectra of U* in zircon at 4.2 K for the two polarizations 6 (E || c and H L ¢) and T (E
1 cand H|| ¢), obtained from a synthetic zircon crystal doped with uranium (after Richman et al. 1967, redrawn).
Bands marked with an asterisk were too intense. The absorption edge is not shown in the spectra but was
reported at ~33000 cm! in the original paper.
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Figure 17. Absorption spectra in the near infrared range obtained from zircon crystals from Sri Lanka
having different degrees of radiation damage (redrawn after Zhang et al. 2002). Solid graphs, E L ¢, dotted
graphs, E || c. Spectra are stacked for more clarity of the presentation. Doses are given as in Figure 8. The
bands at 6668 and 9030 cm! are assigned to U** absorption centers.

charge-compensated by trivalent ions. Zhang et al. (2002) investigated effects of radiation damage
and thermal annealing on uranium ions in crystalline and metamict zircon. They found that U*
and U signals have different responses to radiation damage. Tetravalent uranium becomes the
dominate component in the amorphous phase. Zhang et al. (2002) concluded that due to ioniza-
tion, the valence of uranium ions may change during the metamictization process.

Fielding (1970) investigated natural zircon that exhibited red colored zones. He reported
unpolarized spectra and attributed a broad absorption band around 20000 cm™! to Nb** substituting
for Zr*. The low energy wing of this band extends into the visible spectral region causing the red
color. Other observed spectral features around 15000 to 6000 cm™! were ascribed to uranium, rare
earths and iron, but no further details were given. Vance and Mackey (1975) argued that two
features of the spectrum at 9000 and 6700 cm™! arise due to U** (see above).

Belletti et al. (1995) synthesized Cr-doped zircon. The crystals exhibited bluish to greenish
color. Polarized absorption spectra, recorded in the spectral region 25000 to 6000 cm™ at various
temperatures between 10 K and 300 K, were interpreted on the basis of local D,y symmetry for Cr*
hosting on the Si* site. The intense absorption bands around 9600-12500 cm!, 15000-19500 cm,
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and 20500-24000 cm!, were assigned to spin allowed d-d transitions. However, Gaft et al. (2000c)
investigated synthetic Cr-doped zircon using luminescence spectroscopy and found no evidence of
Cr*, rather they found Cr** and Cr**. Gaft et al. (2000c) concluded that one possible mechanism of
charge compensation is a double substitution Cr**~Cr>* within two Zr*-Si* neighbors of the zircon
lattice.

Synthetic zircon doped with vanadium exhibits a blue color, which was attributed to V# sub-
stituting for Zr** (Booth and Peel 1962). Note that this assignment is contradictory with the Raman
results of De Waal et al. (1996) discussed above. Booth and Peel (1962) argued that tri- and penta-
valent vanadium may also contribute to the blue coloration. To clarify this, Demiray et al. (1970)
measured reflectance spectra of powdered, synthetic V-doped zircon. They reported three broad
absorption bands at 37500, 16000 and 6750 cm', which they assigned to spin-allowed d-d transi-
tions based on their crystal field analysis for a local D,; symmetry. A shoulder near 13000 cm™ was
interpreted as spin-forbidden transition. The absorption edge was observed at around 48000 cm™.
The results of Demiray et al. (1970) seem somewhat questionable. The absorption edge of pure
zircon lies around 33000 cm™! (e.g., Richman et al. 1967) and it is well known that it shifts to lower
energies due to cation substitutions. For instance, Vance (1974) reported the absorption edge at
23800 cm!. Silicates without any significant content of transition metal ions generally show an
absorption edge around 35000 cm. At higher energies the metal-oxygen charge transfer already
causes total absorption. Therefore, the reported spin-allowed transition at 37500 cm™! reported by
Demiray et al. (1979) is most probably an artifact.

Although Np* and Pu* were not found in natural samples, they will be briefly mentioned here.
Polarized optical absorption spectra in conjunction with EPR investigations were conducted at low tem-
perature (4.2 K) on Np* and Pu* in single zircon crystals by Poirot et al. (1988, 1989). The energy levels
were assigned on a basis of local D,, symmetry site for both ions, thus substituting for Zr* analogous to U*.

Future needs. The available data on absorption spectroscopic studies are scarce, especially quan-
titative ones. This might perhaps be due to circumstances that limit the quality of absorption spectra,
as for example cases in which the respective cation of interest has only trace concentration, superpo-
sition of absorption lines or problems in the identification of electronic transitions. The assignment of
the absorption bands to the respective transitions in f-elements is a tedious task. In contrast to most
3dN-elements, spin-orbit interaction in f-elements cannot be neglected (e.g., Lever 1968, Marfunin
1979). The U* ion in zircon is an excellent example for this. Seventy electronic transitions are to be
expected for U* (Richman et al. 1967) but Richman et al. (1967) and Mackey et al. (1975) assigned
only 30 U* bands. Actually, more bands were found in the spectra, but weak bands were supposed to
be partly of vibrational origin and were not taken into account. Also, the various parameter sets em-
ployed to describe the spectra are the result of different approximations by the respective authors.
Accordingly, an improvement of the crystal field model is necessary, and/or comparison with ab-initio
calculations in the near future will help to clarify the existing uncertainties.

The influence of the radiation damage upon the absorption bands has been recognized (Taran
et al. 1990a,b), but has not been investigated in detail. Heat-treatment experiments of radiation
damaged zircon addressed to study annealing effects on the behavior of absorption bands are needed.
Principally, band narrowing due to “healing” of the structure was already mentioned, but quantita-
tive data are missing. First results in the course of systematic studies on the oxidation state of
uranium in metamict and annealed zircon were recently obtained by Zhang et al. (submitted).

The color of natural zircon is in first instance caused by the absorption edge whereas transi-
tion metals causing an absorption in the visible spectral region seem to have minor importance in
most cases. Especially f-f transitions (actinides and lanthanides) are weak and faint in most natu-
ral zircon samples. It is also to be expected that radiation damage in zircon causes the absorption
edge to shift into the visible spectral region (for fluorite shown by Trinkler et al. 1993, for biotite
shown by Nasdala et al. 2001c¢). It is clear that more detailed data on the various radiation-induced
color centers are needed. Absorption spectroscopy will prove useful for this purpose, especially
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when employed in combination with other spectroscopic techniques.

Maossbauer spectroscopy

Only a few attempts have been made thus far to employ *’Fe Mossbauer spectroscopy to the
investigation of the valence and structural position of iron ions when incorporated in the zircon
lattice. It is well known that natural zircon commonly contains iron as a trace element in the range
up to a few hundred ppm. Zircon analyses with significantly higher Fe content have occasionally
been reported (e.g., Nechaev et al. 1986, Pointer et al. 1988) but it is generally agreed that excep-
tionally high iron concentrations are most probably due to finely dispersed inclusions of Fe-phases
rather than extensive Fe substitution into the zircon structure.

Berry et al. (1996) observed the simultaneous presence of two iron species in Mdssbauer
spectra of synthetic ZrSiO, doped with 0.2-1.8 wt % Fe: a Fe** doublet interpreted as representing
iron substitution in the zircon structure and a Fe** sextet due to the presence of hematite inclu-
sions. To avoid the Mdssbauer signal of incorporated Fe-bearing minerals, Blaum and Nasdala
(1999) studied nine natural zircon samples with low Fe concentrations <200 ppm. They found that
SFe Mossbauer spectra of well crystallized and metamict zircon showed wide similarity, with
ferric iron always being the dominant Fe species. Hawthorne et al. (1991) concluded from the
Maossbauer spectra of one crystalline and one metamict titanite that the accumulation of radiation
damage might be accompanied by partial Fe** — Fe** reduction. In contrast, Blaum and Nasdala
(1999) found no correlation between the degree of radiation damage and the Fe*/Fe** ratio in
zircon.

The assignment of the various iron species to certain lattice sites is still under debate.
Mossbauer spectra of natural low-Fe zircon samples are dominated by a Fe** doublet with rela-
tively low quadrupole splitting of A = 0.30-0.32 mm/s [Fe**(I) in Fig. 18], which corresponds to a
highly symmetric site. Its chemical shift of 8 = 0.2 mm/s (relative to a-Fe) suggests tetrahedrally
coordinated Fe. The best candidate for this "Fe* seems the nearly symmetric, empty [4]-coordi-
nated site in the zircon lattice (cf. Finch et al. 2001) with a cation—oxygen distance of 1.84 A (Fig.
18). Incorporation of Fe** at the comparably “narrow” Si sites (Si—O bond distance 1.62 A) seems
more difficult and, if possible at all, it must be accompanied by significant widening and distor-
tion of tetrahedra. Blaum and Nasdala (1999) have also speculated that both ferrous and ferric iron
could occupy the empty [6]-coordinated site in the zircon lattice (Robinson et al. 1971; Fig. 19).
Hypothetical Fe substitution at the ®Zr site is only possible for the (larger) Fe**. It seems, how-
ever, unlikely that the occasionally found, low Fe* portion in natural zircon is [8]-coordinated.
Such BlFe?* species is expected to show large quadrupole splittings (A ~ 3.5 mm/s, Burns 1994),
which was, however, not observed by Blaum and Nasdala (1999; cf. Fig. 18).

All of the above assignments, however, are somewhat questioned by widely similar param-
eters for the main Fe** doublet in Mdssbauer spectra obtained from little and highly metamict zir-
con. This observation would imply that the short-range order around the Fe sites remains unaffected
by the radiation damage whereas the short-range order of other sites decreases. It must therefore be
cautiously considered that even in low-Fe zircon, iron might be present as a sub-micrometer phase
or cluster, rather than being incorporated in the zircon structure.

Electron paramagnetic resonance

General remarks. Electron paramagnetic resonance (also electron spin resonance, ESR) is a
spectroscopic method that detects chemical species with unpaired electrons. The technique is
based on the interaction between the magnetic moment of these unpaired electrons and micro-
waves in an external magnetic field. Resonant microwave absorption occurs between the energy
levels of the ground state of the unpaired electrons which are split in the EPR spectrometer’s
uniform magnetic field (usually 0-1 T). Electron paramagnetic resonance spectroscopy is a very
powerful method for investigating the detailed physical properties, structural position and local
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Figure 18. Comparison of three “’Fe
Mossbauer spectra (stacked) of natural
zircon samples (Blaum and Nasdala 1999,
P Blaum, unpublished). (A) Crystalline
zircon from Miask, Ural Mountains, without
detectable ferrous iron. (B) Crystalline
zircon from Miask, Ural Mountains,
showing doublets of ferric and ferrous iron.
(C) Highly metamict zircon from Sri Lanka
(U0, ~0.86 wt %). Note the wide similarity
(quadrupole splitting, chemical shift,
relative intensity) of fitted Fe** and Fe*
doublets (assignment on the top), which are
apparently unaffected by the different
degrees of radiation damage.

environment of paramagnetic defects
in ionic materials. There are two types
of paramagnetic centers in such mate-
rials, namely, impurities of paramag-
netic ions and radiation-induced
electron- and hole-centers. Paramag-
netic ions are transition ions in the rel-
evant valence state with unpaired d-
and f-electrons. In some cases, these
ions reach the paramagnetic valence
state after electron or hole capture due
to irradiation processes. Especially ra-
diation-induced intrinsic electron-hole
centers can be investigated effectively
by means of EPR as an excellent method
for the identification of point defects,
their local environment, and kinetics
of the processes involving these de-
fects. For the fundamentals of EPR, the
reader is referred to the numerous
works published on this subject, e.g.,
Abragam and Bleaney (1969), Wertz
and Bolton (1972), Marfunin (1979)
and Calas (1988).

Impurities of paramagnetic ions.
In the unit cell there are four ZrOg and
four SiO,* groups each set of which are

both crystallographically (D,,) and magnetically equivalent. Due to the fact that the neighboring
[SiO,] tetrahedra are equally divided into two non-equivalent sets with different Zr-O bond lengths
(2.13 A and 2.27 A, respectively) there are two types of O-sites. From EPR data, most of the non-
formula paramagnetic ions were assigned to the “dodecahedral” Zr site. Various rare-earth ions (4f-
ions), which play a crucial role in the CL and TL spectra of zircon, were found substituting for Zr*
and forming paramagnetic centers.
One of the first described paramagnetic centers in zircon is Gd** (Hutton and Troup 1964,
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Figure 19. The crystal structure of zircon. Hypothetical iron incorporation at normally empty sites in the
structure is shown. (A) Six-coordinated site, slightly elongated parallel to the c-axis (see Robinson et al.
1971). (B) Highly symmetric, four-coordinated site (see Finch et al. 2001). These two sites could also be acceptors
for the incorporation of other medium-sized cations.

Abraham et al. 1969; Fig. 20). Further REE centers, not observable with EPR at room temperature,
are Er** (Valishev et al. 1965), Dy** (Ball 1971), Tm*" (Bershov 1971) and Tb*" (Hutton and Milne
1969). Diamagnetic incorporated d- and f-ions can be transformed to the paramagnetic state by
trapping of an electron due to self-irradiation as well as external irradiation. These charge transfer
processes modify the defect structure forming electron- or hole-centers with anomalous valence
state of the incorporated ion. E.g., the Tb* forms by electron-hole capture on Tb*. The electron-
hole is not only occupying the terbium position but also the nearest oxygen site. The presence of
two different oxygen sites in the zircon lattice causes the appearance of two physically different
EPR spectra (Bershov 1971). The paramagnetic Nb* center was found in natural (Vinokurov et al.
1963) and synthetic Nb-doped zircon (Di Gregorio et al. 1980). It results from electron capture by
Nb** occupying a Zr** site. The same type is the Ti* center (Samoilovich et al. 1968, Solntsev and
Shcherbakova 1972, Claridge et al. 1995). For both centers hyperfine interaction with a Y** or a P-
ion which isomorphously replaces a next-nearest-neighboring Zr* ion were reported for synthetic
crystals irradiated at 77 K (Solntsev and Shcherbakova 1974, Claridge et al. 1997, Tennant and
Claridge 1999). A Mo®* center on Zr** site was described for synthetic zircon crystals (Krasnobayev
et al. 1988). Further paramagnetic d-ions incorporated at the Zr** site in zircon are Fe* (Vinokurov
et al. 1972), V# (Ball and Wanklyn 1976) and in synthetic doped crystals Np** (Poirot et al. 1988).
Interestingly so far neither in natural nor in synthetic zircon paramagnetic uranium centers were
described with the EPR.

Besides the paramagnetic ions which were in natural crystals mostly assigned to the “dodeca-
hedral” Zr* site especially in 3d- and 4d-ion doped synthetic crystals the “tetrahedral” Si** site or a
possible incorporation on both sites was suggested for Ti** (Claridge et al. 1999a), Mo’*
(Krasnobayev et al. 1988, Eftaxias et al. 1989), V# (Di Gregorio et al. 1982), Cr** (Claridge et al.
1999b) and Fe** (Ball and van Wyk 2000). Berry et al. (1996) reported that iron in doped zircon is
accommodated as o-Fe,0; inclusions and as Fe* centers in low symmetric thombic sites, at higher
iron concentration also in axial sites. Such normally empty, axial sites in the zircon structure
having [6]- and [4]-coordination were described by Robinson et al. (1971) and Finch et al. (2001),
respectively (Fig. 19 and Mossbauer spectroscopy above). Both spectra of Fe** on the Zr* site and
on the Si** site were found by Vinokurov et al. (1972) only in natural zircon crystals from kimberlites.
The incorporation of paramagnetic d-ions at these structural sites must be accompanied by signifi-
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Figure 20. Typical EPR spectra of little and highly radiation-damaged, natural zircon (M Pl6tze and L
Nasdala, unpublished). Both of the spectra are dominated by signals of radiation-induced electron-hole centers.
In addition, the upper spectrum (crystalline zircon) shows the signal of Gd**. The latter is not resolved in the
EPR spectrum of metamict zircon, which is probably due to broadening of the crystal-field parameters and
accompanying broadening of the spin-Hamiltonian terms.

cant distortions of both the octahedron and tetrahedron but appears probable especially under
extreme crystallization conditions e.g. in kimberlites or high doping synthesis. However, their
unequivocal assignment to certain structural sites is presently impossible from EPR data and need
further experiments, e.g. measurements of the interactions with O-ligands in 7O enriched samples
or EXAFS measurements.

Intrinsic radiation-induced paramagnetic centers. Besides the paramagnetic centers related
to paramagnetic ions, a large number of intrinsic paramagnetic species in zircon was observed and
characterized by EPR. These centers are formed by trapping of electrons or electron-holes in the
zircon lattice as a result of natural self-irradiation or artificial ionizing radiation. The number and
nature of the paramagnetic defects depend on the impurity content, the previous heat treatment of
the crystal, the type of the radiation, the temperatures during irradiation and potential subsequent
heating and, finally, the temperature at which the EPR measurements are performed. Most of the
known radiation-induced paramagnetic electron-hole centers are thermally unstable and anneal at
room temperature.

Irradiation causes the formation of the d' Zr** electron center on the Zr** site, which is there-
fore a prominent center in irradiated crystals. Recent studies showed that the Zr** center results
from trapping of an electron at a Zr** site stabilized by a P>* ion at a closely neighbored Si** site
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(Claridge et al. 2000b).

As the only anion in the ideal zircon crystal lattice, O* serves as the only host for electron
holes to be formed during ionizing irradiation. There are two non-equivalent oxygen sites and,
correspondingly two possible types of O-sites for trapping of paramagnetic electron-holes in the
zircon lattice. Oxygenic hole-centers result from trapping of an electron-hole in a ligand oxygen p
orbital, which is stabilized by a closely neighbored impurity cation. For example, the negative charge
created by a trivalent ion substituted at a neighboring Si* or Zr** site assists trapping of the oxy-
genic hole after ionizing irradiation (Claridge et al. 2000a, and references therein). The [A1O,]°
center is a hole-center, with the hole on a short bond ligand O position, interacting with a Al
nucleus located in an adjacent Si* lattice position (Solntsev and Shcherbakova 1973, Claridge et al.
1994b). The precursor state for this center is the diamagnetic [AlO,] associated with an adjacent
charge compensating cation M* (H*, Li*, Na*). In contrast to alpha-quartz, where the same center
was observed (Nuttall and Weil 1981a,b), in zircon a M* compensator was not detected inferring
either the compensation is remote or the compensator is able to diffuse away even by irradiation at
77 K. A further center of this type is [BO,]° (Walsby et al. 2000). The center [SiO,]*-Y>*, found in
natural zircon numbers also among this group, however, here a stabilizing yttrium is incorporated at
the zirconium site (Bershov 1971, Vinokurov et al. 1971, Barker and Hutton 1973, Danby and
Hutton 1980, Claridge et al. 2000a).

The group of radiation-induced electron- or hole-centers which are related to zirconium and
oxygen vacancies are described by the formula [SiO,]" (e.g., Samoylovich et al. 1968, Solntsev et
al. 1974, Krasnobayev et al. 1988, Kalinichenko et al. 1990, Claridge et al. 2000a, Laruhin et al.
2002). The hole-centers were produced by trapping of an electron-hole on the ligand oxygen p
orbital. Two distinct hole-centers [SiO,]* according to the two types of O-sites for trapping of
paramagnetic holes were described by Claridge et al. (1994). The center with the hole located in a
2p orbital of an oxygen of the [SiO,]-group directed towards the neighboring Zr* vacancy is
reasonably stable even at room temperature (Claridge et al. 1999). The electron-centers [SiO,]*,
[SiO;]* and [SiO,] were produced by trapping of an electron at the silicon oxide group. The most
important electron-center is represented by [SiO4]* (Solntsev et al. 1974). It is moderately stable
at room temperature (Laruhin et al. 2002).

As was already mentioned in the previous paragraphs, the radiation-induced paramagnetic
centers affect the broadband luminescence emission. They are also influencing the optical absorp-
tion behavior. With various techniques of EPR and fission track imaging Kasuya et al. (1990) found
a positive correlation between the density of O™ hole-centers, the fission-track density and the red
coloring of zircon. A relationship between radiation-induced paramagnetic centers and the red color
was described also by Taran et al. (1990b) in combined optical absorption and EPR investigations
of zircon from kimberlites.

Other spectroscopic methods

Solid state NMR spectroscopy has been employed to characterize and determine the chemical
and physical properties of zircon. Its applications have focused on several research areas. Firstly,
»Si NMR and *Si magic angle sample spinning (MAS-NMR) techniques were commonly used to
investigate and characterize the crystallization or formation of ZrSiO, from ZrO,-SiO, gel and aqueous
sols (Hartman et al. 1990, Tartaj et al. 1994, Bhattacharya et al. 1996, Valéro et al. 1999, Veytizou
et al 2000). Secondly, ®Si NMR was employed to study the metamictization process of zircon
(Rudnitskaya and Lipova 1972, Kalinichenko et al. 1990, Farana and Salje 2001). Data from *Si
NMR (Kalinichenko et al. 1990, Farana and Salje 2001) showed that oi-decay damage causes new
signals indicative of partial polymerization. In addition, Kalinichenko et al. (1990) and Valéro et al.
(1999) characterized hydrous components in zircon using 'H NMR. Applications of *'Zr and 7O
NMR in zircon are scarce (Bastow 1990, Carlisle et al. 1991), which is probably due to experimen-
tal difficulties. Dajda et al. (2003) recently studied the local structure and site occupancies of pure
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and vanadium-doped zircon as well as sol-gels with solid-state NMR or MAS NMR spectra of *Si,
170, *'Zr and °'V. Their results suggested that vanadium substitution occurs on both the tetrahedral
and dodecahedral sites within the zircon lattice with a small preference for the tetrahedral site.
These authors also observed a third peak at relatively high vanadium concentration (0.92 mol %
V*+) and this was interpreted as a third substitution within the zircon lattice.

There are also a number of papers in which X-ray absorption spectroscopy (i.e. extended X-
ray absorption fine structure, EXAFS, X-ray absorption near edge structure, XANES) was em-
ployed to study the real structure of radiation-damaged zircon. These studies, as well as the NMR
work related to radiation damage phenomena in zircon, are discussed by Ewing et al. (this volume).
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