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Abstract

This study aims to improve our understanding of the current limitations to high-precision U-Pb analysis of zircon by
LA-ICP-MS by investigating the underlying causes of variation in ablation behaviour between different zircon
matrices. Multiple factors such as: the degree of accumulated radiation damage; trace element composition; crystal
colour; and crystallographic orientation are all systematically investigated. Due to the marked decrease in elastic
moduli of natural zircon crystals with increasing radiation damage, the accumulation of this damage is the dominant
factor controlling the rate of ablation for partially damaged to highly metamict zircon samples. There are slight
differences, however, in ablation behaviour between highly crystalline matrices that cannot be attributed solely to
differences in the degree of accumulated radiation damage. These differences are associated with structural
weakening (i.e., decrease in elastic moduli and overall lower mechanical resistance) caused by an increasing
degree of cation substitution in some of the zircon samples. Effects of crystallographic orientation and of crystal
opacity (i.e., colour) on ablation behaviour are negligible compared to the combined influences of accumulated
radiation damage and trace element substitution into the zircon structure. Experiments performed on natural and
annealed zircon grains reveal that the reduction in ablation rates observed for the treated samples compared to the
untreated grains is proportional to the degree of structural reconstitution achieved after annealing. Thermal
annealing of natural zircon at temperatures > 1000 °C results in much more uniform ablation characteristics. This
‘homogenisation’ of ablation behaviour between zircon matrices produces a decrease in the laser-induced matrix

effects and subsequent improvement in the accuracy of 2pp/238Y ratio determinations by LA-ICP-MS.
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1. Introduction

The uptake of laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) as an essential tool for
rapid, cost-effective and high spatial resolution dating of zircon has been unprecedented (e.g., Schoene, 2014).
Unfortunately, however, the matrix dependency of the ablation process remains a major drawback of the current
method, limiting its accuracy and precision. Currently, LA-ICP-MS is routinely used to generate zircon U-Pb ages
with an accuracy of ~2-3% (20) relative to the long-established benchmark thermal ionisation mass spectrometry
(TIMS) U-Pb analysis of bulk zircon (e.g., individual grains or parts of grains; Schaltegger et al., 2015). The
potential for any improvement in these figures appears to be influenced by systematic biases, which are associated

with matrix differences between unknowns and the reference zircon materials used for standardization (e.g. Klotzli
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et al., 2009; Kosler et al., 2013). These effects are further aggravated by the fact that it is unusual for ‘unknown’
natural zircon samples to share the traits that characterise a zircon reference material (i.e., well-ordered crystalline
materials without many inclusions). It is now clear that the mitigation of these laser-induced ‘matrix effects’ will only
be possible if the underlying causes are identified and understood.

Recent studies have linked the analytical bias between LA-ICP-MS dates and those determined by TIMS to
the differential response of unknown and standard zircon materials to laser radiation (Marillo-Sialer et al., 2014;
Steely et al., 2014). Although the underlying causes of this variable response have not yet been fully elucidated, a
variety of factors are thought to influence the ablation efficiency (i.e., coupling of the laser to the material being
ablated), such as crystal chemistry (Black et al., 2004), crystal colour (Kooijman et al., 2012), amount of
accumulated radiation damage (Allen and Campbell, 2012; Steely et al., 2014) and crystal orientation (Mikova et
al., 2009). The present study takes a systematic approach to investigating the relative importance of each of these
factors.

In general, when using a single wavelength of pulsed laser light at constant laser fluence, differences in
ablation rates arise from differences in absorptivity between samples (Horn et al., 2001). The absorption of
radiation by accessory minerals, such as zircon, is strong in the ultraviolet (UV). For this reason, either excimer
lasers operating at 193 nm (ArF) or solid state lasers operating at 213 nm (Nd:YAG) are now the norm for the
analysis of these materials. However, slight changes in the degree of absorptivity between different zircon samples
due, for example, to the presence of an increasing concentration of trace elements absorbing in the UV range of
the laser, could lead to differences in the optical penetration depth of the laser beam and thus result in significant
variations in rates of material removal. Horn et al. (2001) reported such variations in ablation behaviour among the
NIST SRM 61X series glasses and correlated this with absorptivity of the sample, i.e., sample colour. This effect
was noted when using a 266 nm Nd-YAG laser, but no apparent variation in ablation efficiency was observed when
using a 193 nm excimer laser.

Structural damage produced by the process of alpha-decay also imparts a pronounced effect on the crystal
structure and properties of natural zircon which could, in principle, alter the response to laser radiation. It is known
that properties such as density, birefringence, hardness, compressibility and thermal conductivity, among others,
change as a function of increasing radiation dose (Holland and Gottfried, 1955; Ozkan, 1976; Chakoumakos et al.,
1991; Oliver and McCallum, 1994; Ewing et al., 2003; Salje, 2006). Thus, for example, Steely et al. (2014) reported
a close relationship between the degree of crystallinity of zircon samples and their laser penetration depth.
However, an exclusive dependence of the ablation behaviour on the degree of structural distortion caused by alpha
radiation could not be confirmed since the variations in ablation rates could also have been caused by other factors
including the change in crystal colour, and thus be triggered by variations in the degree of optical absorption of the
laser light. Furthermore, zircon shows different optical and mechanical properties on different crystallographic
planes (Finch and Hanchar, 2003) that might also affect the rate at which the zircon ablates.

It is clear from the above that there are a multiplicity of factors potentially influencing the extent of laser
coupling to the zircon target. It is therefore highly probable that the observed variability in ablation behaviour
between zircon matrices is due to a combination of some or all the factors listed above and that no simple
generalization is possible. This study represents a first attempt to systematically investigate the multiple variables
affecting the rate of material removal as a function of the zircon properties. Our approach was designed to simplify
the highly complex physical phenomena of laser-material interaction to a one-dimensional case. This was achieved

by careful consideration of experimental design, as well as appropriate zircon sample selection, as detailed below.
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2. Analytical approach, instrumentation and methods

Our study is composed of three parts. In the first part, the amount of accumulated radiation damage is used to
evaluate the extent to which zircon matrices with different properties respond to laser radiation. In the second part,
we investigate the role played by trace element composition on the different optical absorption properties of zircon
crystals, and thus on their ablation behaviour. Finally, we evaluate the role that crystallographic orientation and

crystal colour plays on the ablation behaviour.

2.1. Zircon samples and sample preparation

Several well-characterized zircon reference materials from various rock types were selected in order to study the
relationship between crystal structure and ablation behaviour. These included the 02123 (295 + 1 Ma, 20; Ketchum
et al. 2001), 91500 (**®*Pb/**®*U age 1062.4 + 0.8 Ma, 20; Wiedenbeck et al. 1995), AS-3 (*°Pb/**®*U age 1099 + 0.7
Ma, 20; Schmitz et al. 2003), FC-1 (*®*Pb/**U age 1099.9 + 1.1 Ma, 20; Paces and Miller 1993), Mt Dromedary
(*°*®*Pb/**®U age 99.12 + 0.02 Ma, 20; Schoene et al. 2006), Plesovice (*°Pb/**®*U age 337.13 + 0.37 Ma, 20; Slama
et al. 2008), QGNG (*®Pb/?*®U age 1842 + 3.1 Ma, 20; Black et al. 2003), Qinghu (*°Pb/***U age 159.38 + 0.12
Ma, 20; Li et al. 2013), R-33 (*®*Pb/**®U age 419.26 + 0.39 Ma, 20; Black et al. 2004), Seiland (531 + 2 Ma,
Pedersen et al., 1989), and Temora-2 (***Pb/**®*U age 416.4 + 0.4 Ma, 20; Black et al. 2004) zircons. These
materials encompass a wide range of U-Pb ages, U and Th contents and thus, accumulated radiation damage. U
and Th contents range from ~30 — 3000 ug g'1 and ~20 — 1200 ug g'1, respectively. Several grains of each zircon
were mounted in epoxy-discs. The epoxy mounts were diamond polished and cleaned using standard techniques.
Zircon grains were then examined by means of scanning electron microscope (SEM) and imaged with
cathodoluminescence (CL). The images were used to identify inclusions and fractures within the zircon grains and
to reveal internal zonation patterns and irregular domains. Additionally, optical inspection of the zircon samples was
done by conventional reflected and transmitted microscopy.

In the second part of this study, we made use of synthetically grown zircon crystals thereby eliminating the
accumulated radiation damage component. The synthetic samples include undoped, Hf-doped, Gd*"-and P-doped,
Dy*"-and P-doped, Er**-and P-doped, Yb*-and P-doped, Y**-and P-doped zircon crystals, as well as zircon
crystals doped with Gd**, Dy*", Er**, Yb**, Y**-and P at two different doping levels. Details regarding synthesis and
the properties of these materials can be found in Finch et al. (2001), Hanchar and Finch (2001), Fisher et al.
(2011). Using synthetic zircon crystals to evaluate the effects of chemical composition on the ablation behaviour of
zircon has certain advantages over the use of natural zircon samples. These include the absence of U and Th in
their structure, and therefore the lack of radiation-induced damage; the availability of crystals doped with individual
rare-earth elements (REE) and Hf, and the high level of doping achievable. The latter may provide a means of
augmenting any effect that the trace element composition may have on the ablation behaviour, thus making it more
noticeable. As with their natural counterparts, the synthetic samples were mounted in a single epoxy disc, polished
and cleaned using the standard procedures. It was ensured that the crystals were mounted with their c-axis parallel
to the surface of the epoxy mount to avoid potential variations in the ablation behaviour arising from different
crystallographic orientations.

For the third part of this study, we selected four relatively large (centimeter-size) zircon crystals derived from
the Mud Tank carbonatite suite (U-Pb TIMS age of 731.65 + 0.49 Ma; Horstwood et al., 2016). These were chosen
due to their high degree of crystallinity, i.e., negligible structural damage, in order to avoid the ambiguity that may
occur in the simultaneous analysis of two or more variables (e.g., radiation damage and crystal orientation) that
could potentially affect the ablation behaviour. The selected crystals have well-developed faces and colours

ranging from nearly colourless to brown (Figure 1a). The colour of each crystal has been visually estimated using
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the following colour and intensity coding: pale orange (MTO), orange (MT1), red (MT2) and brown (MT3).
Preliminary crystal orientation was defined using the well-developed (100) or (010) faces of the zircon crystals. The
crystals were cut parallel and perpendicular to the c-axis using a diamond saw as depicted in Figure 1b. The
prepared sections were mounted in epoxy resin and their exact crystallographic orientation was then determined by
electron backscatter diffraction (EBSD) as described below. The remaining section of each crystal was crushed
and a few shards of <3 mm length were separated, weighed and digested for solution ICP-MS analysis.
Dissolution was achieved in high-pressure PTFE reaction vessels in an oven at 185 °C with HF-HNO; followed by
HCI acids, and then finally taken up in HNOs. An aliquot of each resultant solution was further diluted with a
1.8% HNO3 solution containing an internal standard mixture (see below for details) to give a total dilution factor of
4000.

Figure 1 a) Mud Tank zircon crystals investigated in this study with colours ranging from pale orange (MTO),
through orange (MT1) and red (MT2) to brown (MT3); b) Schematic representation of the crystal sectioning
method for the investigation of crystallographic effects on ablation behaviour; (above) well-developed (100)
or (010) crystal faces allowed the identification of the c-axis; (below) crystal sections produced after
sectioning, grey areas show the crystal planes which were mounted parallel to the mount surface. The third
crystal section was analysed for trace element content by ICP-MS.

2.2. Solution-ICP-MS analyses

The chemical composition of the Mud Tank zircon samples was determined by solution ICP-MS analysis on an
Agilent 7700x instrument. Analytical procedures used are comprehensively described in Eggins et al. (1997). The
method uses a natural rock reference material for calibration, internal drift correction using multi-internal standards
(6Li, ", "Re, *Bi and 235U), external drift monitors and aggressive washout procedures. Two minor

8sr, ’Sm, and "®*Tm, were not incorporated in

modifications to the Eggins et al. (1997) protocol were made: 1)
the internal standard mixture; and 2) Two digestions of the USGS standard W-2 were used for instrument
calibration. In addition, the preferred concentrations used for the W-2 reference material were derived by combining
analyses of this material referenced to synthetic standards with a literature survey of appropriate isotope dilution
analyses (Table A1 in Appendix 1; Kamber et al., 2003; Kamber et al., 2005; Babechuk et al., 2010).

The instrument was tuned to produce cerium oxide levels (CeO'/Ce") of 1% or less and sensitivity better than

3.3x10* and 4.8x10° cps/ppb for "Li and #8U, respectively. The uptake rate for the tune solution was 0.27 mL min’
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' Four replicates of 100 scans per replicate were measured for each isotope. Dwell times ranged from 0.007-

152

0.03 s depending on the analyte. The ““Sm and B3Ey isotopes were measured instead of the usual "“7Sm or 9Sm

and '
with solutions of 0.5% Triton X-100, 5% HNO3, 0.025% HF in 5% HNO3; and 2% HNOs3;, and long sample uptake

times of 120 seconds were used. A digestion of the GSJ basalt reference material JB-2 (Ando, 1984) was analysed

Eu, respectively, in order to avoid or reduce ZrF3 interferences. Long sample wash-out times of 6 minutes

as an unknown. Offline corrections were applied after data acquisition. %25m was corrected for a minor '%2Gd
isotope contribution and BaO" interferences. '3Eu was corrected for ZrF3 interference by analysing the levels in a

Zr single-element solution. %3ey was also corrected for BaO” interference (i.e, 137BamO).

2.3. Electron back scattered diffraction

Crystal orientations of the Mud Tank zircon sections embedded in epoxy resin were determined in order to
investigate the effects of crystal orientation on ablation behaviour. The crystallographic orientation measurements
were performed prior to LA-ICP-MS analysis. Prior to EBSD analysis the mount was polished with 0.06 um colloidal
silica to remove surface damage. EBSD analyses were undertaken on a Tescan MIRA3 Field Emission SEM,
housed in the Microscopy & Microanalysis Facility (John de Laeter Centre) at Curtin University, Perth, Western
Australia. Details of this system have recently been described elsewhere (Reddy et al., 2015). For each surface a
50x50 ym area was analysed by collecting diffraction patterns (Figure A1 in Appendix 2) at the nodes of a 1 pm
(MT1, MT2, MT3) or 2 um (MTO) spaced grid — a total of 8125 diffraction patterns. This area of analysis was
undertaken to assess the potential presence of any small lattice orientations within the zircon grains. EBSD
patterns were collected and indexed using Oxford Instruments Aztec 2 software. Indexing of empirically collected
patterns was done using zircon match unit 5260 as recommended by Reddy et al. (2008). In all cases, indexing
exceeded 95% with no systematic misindexing present in any of the zircon samples. Pole figures of zircon
orientation, relative to a coordinate system fixed in the sample mount, were plotted to characterise the orientation

of each zircon sample and analyse orientations within each analysed zircon grain (Table A2 in Appendix 1).

2.4. Raman spectroscopy

Radiation damage has a pronounced effect on the Raman spectrum of zircon. With increasing degree of structural
disorder, the Raman bands of the zircon spectrum broaden and their frequencies shift towards lower
wavenumbers. These effects are of considerable magnitude for the vs stretching band of the (SiO4) tetrahedral
group (full width at half maximum - FWHM and wavenumber of synthetic zircon of 1.8 and ~1008 cm™,
respectively; Nasdala et al., 2004). It has been previously demonstrated that the measured FWHM of the v3 (SiO4)
band is directly proportional to the amount of radiation damage accumulated in the zircon structure (Nasdala et al.,
1995). For that reason, we have used Raman spectroscopy as an in situ method to quantitatively estimate the
degree of crystallinity in the zircon grains in this study. Raman spectra were collected for several grains of the
studied zircon samples in at least two spatially independent points before LA-ICP-MS analysis. Raman data were
acquired focusing the 532 nm line of a frequency doubled Nd:YAG laser onto the polished surface of the zircon
samples with a confocal microscope in a backscattering geometry. A Leica N Plan 50x objective lens with a
numerical aperture of 0.75 resulted in a ~2 ym laser spot size with an output power of 15 mW and was used for all
measurements. The diffraction-limited theoretical lateral and axial resolution at the sample surface are ~0.9 um
and 3.8 uym, respectively. Spectra were collected for 10 seconds with a Renishaw InVia Reflex 0.25 working
distance micro-Raman spectrometer with a 2400 grooves/mm grating. The overall wavenumber error was

estimated to be +0.5 cm™. The spectral resolution was 1.1 cm’” per CCD-pixel for a 2400 mm’” grating. The Raman
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bands (shift at ~1000 cm'1) were fitted assuming Voigt functions (Abrarov and Quine, 2011). Measured FWHM data
were corrected for the linewidth broadening resulting from the spectrometer response following the approach
described in Bergman et al. (1999) and references therein. The uncertainty in the FWHM is estimated to be better
than +0.4 cm™ for FWHM < 20 cm™ to 1.5 cm™ for FWHM ~25 cm™.

2.5. LA-ICP-MS

After characterization by Raman spectroscopy, the natural zircon samples were analysed by LA-ICP-MS for in situ
U-Pb dating and trace element composition. A Resonetics RESOlution laser ablation system incorporating a two-
volume ablation cell (Laurin Technic Pty) and a CompexPro 102 (Coherent, USA) 193 nm ArF excimer laser with a
pulse width of 20 ns was used for analysis. The inner volume of the ablation chamber (~2 cm®) is designed to
provide a stratified atmosphere of He gas and He + Ar gas mixture, with ablation occurring in the lower He gas
layer. The ablated material then rises due to plume expansion and is transported rapidly out of the ablation cell into
the ICP-MS by the gas mixture (Eggins et al., 1998; Woodhead et al., 2004). All the experiments were done with
constant He and Ar gas flows of 0.3 and ~1 L min™, respectively. Laser spot sizes of 20-40 ym were employed for
different parts of this study. A laser repetition rate of 5 Hz and a laser fluence of ~2 J cm™ were used in both
sessions. Time-resolved trace element and U-Pb data were collected with an Agilent 7700x quadrupole ICP-MS.
The acquisition parameters of the ICP-MS system were optimized before each analytical session to achieve high
signal-to-noise ratio and low oxide production (ThO*/Th" ratio of < 0.2%). The dwell time for each isotope was set
at 10 ms for 2Si, 3'P, 8%, ¥'zr, °Ce, "**Tb, "Dy, "*Ho, "®°Er, "**Tm, ""2Yb, ""°Lu, '"®Hf and *®Pb; 20 ms for %**Th
and #U; 30 ms for “Pb and 40 ms for *’Pb. Gas background data were acquired for 20 s prior to each ~30 s
spot ablation. A total of 16-21 single spot analyses of each zircon sample were done sequentially, with each zircon
being alternated every two spot ablations, in order to monitor variations in ablation rate due to fluctuations in laser
fluence within the analytical session. One analysis of the NIST 610 glass reference material was alternated every
8-10 measurements of the zircon samples. The 91500 zircon was used as primary reference material for all U-Pb
age determinations. Trace element concentrations were calculated using NIST 610 as reference material and g
as internal standard. Background subtraction and correction for laser induced fractionation (LIEF) of U-Pb ratio
signals, as well as trace element content and weighted U-Pb age calculations, were performed using the lolite

software package (Paton et al., 2010; Paton et al., 2011).

2.6. Confocal laser scanning microscopy

The investigation of the resultant ablation pit depth is of particular interest in this study. We studied the post-
ablation topography of the zircon samples using a confocal laser-scanning microscope (CLSM 700, Carl Zeiss).
The CLSM uses optical sectioning to obtain high-resolution images of thin slices of the scanned area at different
sample depths (i.e., along the z-axis) by removing the contribution of out-of-focus light in each image plane. The
resulting images are then stacked in order to reconstruct a three-dimensional image of the ablation pit. The image
planes were acquired using a 405 nm diode solid-state laser, a 50x magnification objective and 0.15-0.35 ym slice
thickness. The ablation depth was obtained from the cross-section profile of the ablation pit by measuring the
distance between the bottom of the ablation pit and the surface of the sample. The precision of the depth
determinations was <1% (20), as estimated by repeatedly measuring the depth of a well-defined ablation pit.

Ablation rates were calculated as the ratio between ablation depth and number of laser pulses used.
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3. Results

3.1. Part I: Accumulated radiation damage

Figure 2 shows examples of Raman spectra obtained for the zircon samples investigated in this study. Two
spectra are shown for each zircon sample, which correspond to the minimum (solid line) and maximum (dashed
line) FWHM values measured for the v3 (SiO4) band of spectra acquired at different spatial locations. It can be seen
that the Mud Tank and 91500 zircons have highly crystalline structures, with v3 (SiOs) FWHM and frequency close
to those obtained for synthetic zircon: 1.8 cm™ and 1008 cm™, respectively (Nasdala et al., 2004). In addition,
average V3 (SiOs) FWHMs were 2.5+ 0.01 cm” for Mud Tank and 4.0 + 0.07 cm™ for 91500, indicating a very
homogeneous distribution of accumulated radiation damage across their structure. The overall degree of
crystallinity and homogeneity is slightly lower for the Mt Dromedary and Temora zircons, 4.8 + 0.3 cm™ and
45+03cm’” respectively, which can be attributed to higher U and Th abundances and greater compositional
zonation revealed by CL imaging. The Qinghu and PleSovice zircons show FWHM values for the v3 (SiO4) band
that correspond to moderately damaged zircon (~5— 16 cm'1), whereas QGNG and AS-3 zircons show highly
variable FWHM, with values ranging from 9 — 28 cm’™, characteristic of moderate to highly metamict zircon matrices
(Nasdala et al., 1995). It should be noted that the Raman spectrum obtained for some AS-3 zircon grains showed
no discernible peak between 900 cm” and 1100 cm™, but a broad spectral feature which is associated with the
predominant occurrence of an amorphous phase in metamict zircon (Zhang et al., 2000b).

As mentioned above, radiation damage also has an effect on the frequency of the v3(SiO4) band in the
Raman spectrum of zircon. Typically, measured v3(SiOs) wavenumbers follow a negative linear relation when
plotted against corresponding FWHM values. It has been shown, however, that deviations from this trend occur
(Geisler et al., 2001; Geisler and Pidgeon, 2002; Nasdala et al., 2002a) and that they are associated with structural
modifications caused by incomplete recovery of the zircon structure due to heat-treatment or, in some cases,
natural annealing. It follows that the relationship between FWHM and Raman shift in v3(SiO4) band position
measured for our zircon samples, illustrated in Figure 3, provides a means of identifying zircon matrices that have
undergone a post-magmatic thermal event and/or thermal treatment, and thus have not accumulated radiation
damage completely. Our data show a linear correlation for FWHM < 20 cm™. A slight change in slope occurs at
FWHM ~20 cm™, i.e., for highly damaged zircon. A similar departure from linearity has been observed previously
(Zhang et al., 2000b; Geisler et al., 2001; Geisler and Pidgeon, 2002; Nasdala et al., 2002a). Moreover, it can be
seen that several data points of the QGNG sample lie above the trend line. This could be an indication that the
QGNG zircon underwent partial recrystallization and chemical alteration associated with a natural annealing event
(Geisler et al., 2001; Geisler and Pidgeon, 2002; Nasdala et al., 2002a; Geisler et al., 2003a).
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Figure 2 Examples of Raman spectra (900 -
1100 cm'1) obtained in this study. The spectra were
collected from zircon areas targeted for LA-ICP-MS
analysis. Band broadening occurs as a result of
increasing amount of accumulated radiation
damage. Two spectra are shown for each natural
zircon sample that represent the minimum (solid)
and maximum (dashed) bandwidth of the v3(SiOa)
Raman band measured for the corresponding
sample. The difference between the two bands
reveals the variation in degree of radiation damage
across each natural zircon. The Raman spectrum of
a synthetic undoped zircon is shown (bottom) for
comparison (v3(SiO4) band frequency of 1008 cm™,
dashed red line).
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Figure 3 Raman shift (frequency) as a function of the FWHM of the v3(SiO4) band for all the spectra obtained in
this study. Plotted data follow an almost linear trend. Note the slight deviation from linearity that occurs at FWHMs
of ~20 cm™, which is attributed to the increasing volume fraction of the amorphous phase within the zircon
structure. Zircon samples have been classified according to their degree of accumulated radiation damage (i.e.,
FWHM) as well-crystallised, intermediate, metamict and highly metamict (following Nasdala et al., 1995).
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Figure 4 shows the correlation between FWHM values and zircon ablation rates (expressed as ablation rate
offset, AARismp-rm)). The drill rate offset values have been calculated relative to the average ablation rate obtained

for the Temora zircon using the following equation:

ARSmp - ARRM

X 102 (1)

AAR (smp-rmy%0 =

where ARRru is the ablation rate of the zircon used for calibration (here the Temora zircon) and ARsmp the ablation
rate for the zircon sample. The fewer number of data points in Figure 4, compared to Figure 3, results from
difficulties in characterising the dimensions (e.g., depth) of pits containing ablation artifacts resulting from surface
irregularities such as microcracks, as described in detail in Evans et al. (2015). Since no peak was observed on the
Raman spectra of the amorphous AS-3 zircon, values of FWHM = 30 cm” (solid black diamonds) were assigned
based on the intensity of the signal from the amorphous phase. These values are provided as a visual guide only. It
can be seen in Figure 4, that an increase in bandwidth of the v3(SiO4) band in the Raman spectra of zircon (i.e.,
FWHM), and thus an increase in the degree of accumulated radiation damage, results in an apparent increase in
ablation rates. However, given the scatter of the data about a straight line, there is a suggestion that there may be
additional factors contributing to the observed differences in ablation efficiency, especially for the most crystalline
zircon samples (v3(SiO4) FWHM <6 cm™) for which the scatter in measured ablation rates is rather significant

considering the small differences in their degree of accumulated radiation damage.
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Figure 4 Ablation rate offset percent (AARsmp-rM)) as a function of the degree of radiation damage (FWHM). The
individual drill rate offset values have been calculated relative to the average ablation rate value obtained for the
Temora zircon. Values of FWHM = 30 cm™ (solid black diamonds) have been assigned to spectra of the AS-3
zircon where no discernible v3 (SiO4) band was observed and they serve as a visual guide only. Linear regression
of data pairs with FWHMs < 30 cm” are shown as a solid black line (n =104, r? = 0.68). Note the considerable
range in variability in ablation rates obtained for these zircon reference materials (i.e., ~16%).
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3.1.1. The effect of thermal annealing on the ablation behaviour of zircon

An alternative approach to study the role of radiation-induced structural damage on the ablation behaviour of
zircon is to evaluate the effect that damage removal by thermal annealing has on the ablation characteristics. The
use of thermal annealing as sample pre-treatment for U-Pb zircon geochronology by LA-ICP-MS has been reported
to be successful in improving the precision and accuracy of the technique (Allen and Campbell, 2012; Solari et al.,
2015). However, contrasting cases where thermal-annealing has not been found advantageous in improving the
accuracy have also been reported (Marillo-Sialer et al., 2014). It is clear that a more thorough analysis of the
effects of annealing on our zircon reference materials is required to explain the contradictory nature of past
observations and the potential for future applications. In this regard, the use of Raman spectrometry is particularly
important because it enables quantitative determination of the degree of structural reconstitution (i.e., the level of
defect recovery and short-range order) caused by thermal annealing.

As part of this study we used Raman spectroscopy to identify the structural changes that occurred in several
zircon matrices after thermal treatment at two different temperatures for different heating times. Several grains of
the Penglai, PleSovice, QGNG and Temora zircons were treated at 850 °C for 48 h. Annealing at these conditions
led to discolouration of the zircon samples. The Penglai and Temora grains became colourless to the naked eye,
whereas grains of the PleSovice and QGNG zircons turned bright orange. The treated zircon grains were mounted
in an epoxy disc together with untreated examples of the same zircon matrices, and subsequently polished and
cleaned as described earlier. Raman spectra were collected from multiple grains of each specimen. Figure A2 in
Appendix 2 shows examples of the spectra obtained for each zircon both before and after thermal treatment. In
the Raman spectra of the untreated and treated Penglai zircon, the frequency and FWHM values of the v3 (SiO4)
band are very close to those obtained for the Mud Tank zircon, which correspond to a very well crystallised
structure. In the case of the Temora, PleSovice and QGNG zircons, a subtle shift in position of the v3(SiO4) band
towards higher frequencies can be observed after annealing. However, the width of the vs (SiO4) band in the
Raman spectra of the annealed PleSovice and QGNG zircons seems to remain close to the peak width values
obtained for those zircon materials before thermal treatment. These effects are more clearly seen in Figure 5. This
more pronounced shift in Raman frequency relative to the decrease in bandwidth of the v3; (SiO4) band has been
previously observed for thermally treated zircon (Geisler et al., 2001, Nasdala et al., 2002a, and Nasdala et al.,
2002b) and relates to partial structural recovery of moderately to highly metamict zircon grains annealed at
temperatures < 900 °C. Note again that the Raman v3 (SiO4) band in the spectra of PleSovice and QGNG zircons
have FWHM values that are > 5 cm” indicating that there is still a significant portion of distorted SiO4 tetrahedra
present in their structure. For further reading on the effects of annealing on the structure of metamict zircon, the
reader is referred to Geisler (2002).

As reported by Nasdala et al. (2002b), a dramatic increase of the crystalline fraction in moderate to highly
metamict zircon matrices occurs only after annealing at temperatures > 950 °C. For that reason, it became evident
that further information on the effects of annealing at temperatures other than 850 °C should be obtained in order to
facilitate the assessment of the effects of thermal treatment on the ablation behaviour of zircon. We annealed
multiple grains of the 02123, 91500, FC-1, PleSovice, R-33, Seiland and Temora zircon reference materials at
1000 °C for 36 h. As described above for zircon samples annealed at 850 °C, with the exception of PleSovice that
turned bright orange, all the zircon matrices treated at 1000 °C lost their coloration and became translucent.
Similarly, the treated zircon grains were mounted in an epoxy disc along with untreated specimens, and prepared
correspondingly for Raman spectroscopy and LA-ICP-MS analyses. Figure A3 in Appendix 2 shows a
comparison of Raman spectra obtained between treated and untreated zircon samples. It can be observed that
there has been a significant increase in frequency and decrease in bandwidth of the v3(SiO4) band in the Raman
spectra of all the zircon materials treated at 1000 °C, with FWHM values similar to those obtained for well-

crystallised zircon specimens, i.e., FWHM < 5 cm™". Raman data are shown in Figure 6, where it can be seen more
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330 clearly that annealing at 1000 °C caused a significant structural recovery in all the treated zircon samples
331 (moderate to highly metamict).
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333 Figure 5 Raman shift (frequency, in cm'1) versus FWHM values (bandwidth, cm'1) corresponding to the anti-
334 symmetric stretching vibration (v3) of SiO4. Data were obtained for untreated (blue) and annealed at 850 °C for
335 48 h (red) Penglai, PleSovice, Temora and QGNG zircons. Data pairs of a well-crystallised, untreated zircon, i.e.,
336 Mud Tank, are shown for comparison.
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Figure 6 Raman shift (frequency, in cm'1) versus FWHM values (bandwidth, cm'1) corresponding to the anti-
symmetric stretching vibration (v3) of SiO4. Data were obtained for untreated (blue) and annealed at 1000 °C for
36 h (red) 02123, 91500, FC-1, PleSovice, R-33, Seiland and Temora zircons. Data pairs of a synthetic zircon
sample, and of a well-crystallised, untreated zircon, i.e., Mud Tank, are shown for comparison.

Marillo-Sialer et al. (2014) studied the ablation behaviour of Temora, PleSovice and QGNG zircons annealed
at 850 °C for 48 h. They found that annealing at those conditions has an effect on the ablation behaviour of zircon,
in that it reduces the rate of ablation during (193 nm excimer) pulsed laser interaction. However, even after
annealing the different zircon matrices still ablated at different rates, which affected the U/Pb ratios determined by
LA-ICP-MS. The reduction in ablation rates observed for the annealed samples in Marillo-Sialer et al. (2014) might
be closely associated with the partial recovery of the crystal structure as revealed by Raman spectrometry (Figure
5). Moreover, the variation in ablation rates observed between annealed samples can be explained by the
remaining differences in the degree of structural damage, which are probably still too significant to allow
homogenisation of the ablation behaviour between zircon matrices.

Given the moderate linear correlation between accumulated radiation damage and ablation rate observed in
Figure 4 and the reduction in ablation rate associated with annealing at 850 °C, it seems probable that moderate to
highly metamict zircon treated at 1000 °C would behave similarly regarding their ablation characteristics. Therefore,
in an attempt to further elucidate the effects of annealing at 1000 °C, we measured the ablation rates of pits
produced by firing 175 laser pulses at a laser fluence of ~2.5 J cm? The results are plotted in Figure 7 in
combination with ablation rates measured for untreated examples of the same zircon samples. It can be seen that
annealing of zircon at 1000 °C for 36 h caused an overall reduction in the rate of ablation of treated samples
relative to those of the untreated samples, as seen earlier for zircon matrices annealed at 850 °C (Marillo-Sialer et
al., 2014). Moreover, the average ablation rates measured for the treated 02123, FC-1, R-33, Seiland and Temora
zircons are similar to within uncertainty of the individual ablation depth determinations. In contrast, the treated
PleSovice and 91500 zircons show ablation rates that are higher and lower, respectively, compared to those of the

other annealed zircon samples.
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We evaluated the effect that the modified ablation behaviour between most of the annealed zircon materials

238

has on their measured LA-ICP-MS 2°Pb/**U ages. Figure 8 shows the relationship between 206pp /238y age bias

(relative to their accepted TIMS ages, A%Pp/3y Age) and ablation rate offset values (relative to the untreated

206pp,238Yy ages obtained on the annealed samples that the

91500 zircon, AAR(smp-rm)). It is clear from the
reduction in ablation rate offset led to an overall decrease in the age-offset scatter. We note, however, that there is
still a discrepancy between ablation rates for the treated PleSovice zircon relative to the other annealed matrices,
which accounts for the higher age offset observed for that sample. The higher ablation rates measured for the
annealed PleSovice grains agree with the residual structural damage quantified by Raman spectroscopy for this
sample compared to the other treated zircon matrices (Figure 6). Surprisingly, the FC-1 zircon, which likewise
shows incomplete recovery of its crystal structure after annealing seems to ablate at rates similar to the other more

crystalline zircon materials.
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Figure 7 Ablation rates measured for untreated (blue) and annealed (1000 °C for 36 h; red) zircon samples. All the
pits were ablated by firing 175 laser pulses at a laser fluence of ~2.5 J cm™ during the same analytical session and
under identical operating conditions. There is an overall reduction of the ablation rates for the annealed zircon
samples compared to those of the untreated samples. The annealed 02123, FC-1, R-33, Seiland and Temora
zircons show similar ablation behaviour, with ablation rate values that overlap within error of the pit depth
determinations.

13



382

383
384

385

386
387
388
389

390

391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

T T
5 y=25x+20 |
=084
| \';-\,,\:l o
I /‘_.—\ 1
0 S
s . I N
g N
4 — RS —
0\0 _5._ R Zi S 1 4
} N\ \._ =
-10f i y
1 1
-4 -2 0 2 4

206 238
A" Pb/ U Age %

Figure 8 Ablation rate percent offset (AARsmp-rm)) versus 2%pp238 age percent offset (A2°Pb/ U Age) from the
accepted TIMS age. Data from untreated (blue) and annealed at 1000 °C (red) zircon materials: (Q) 02123,

() 91500, (<>)FC-1, (O) Plesovice, (A) R-33, (+) Seiland and (<) Temora. Ablation rate offsets were

calculated relative to the ablation rate of the untreated 91500 zircon reference material (blue box). The regression
line shows the linear correlation between ablation rate and 2°°Pb/?*®U age offsets observed for natural untreated
zircon samples. The gray shaded area represents +2% 206pp, 238y age uncertainty. Note the reduction in dispersion
in 2°°Pb/*®U age offset after thermal treatment (diagonal lines).

3.2. Part Il: Chemical composition

In this part of the study we evaluated the ablation behaviour of various synthetic zircon crystals. The synthetic
samples included pure zircon crystals (undoped), Hf-doped zircon crystals, as well as crystals doped with one or
more REE®". The aim was to assess the degree to which the chemical composition of the zircon (i.e., the presence
of light-absorbing impurities such as REE) affects the coupling of the laser beam to the sample. Figure 9 shows
the ablation rates measured for the synthetic samples after laser ablation using 125 laser pulses fired at a
repetition rate of 5 Hz and a laser fluence of 2.5 J cm™. It can be seen that there is a significant variation in the rate
of ablation between the undoped zircon and the crystals doped with individual and multiple REE** and P**, with the
undoped zircon showing the lowest and the Gd-, Dy-, Er-, Yb-, Y- and P-doped zircon (high doping level) showing
the highest laser penetration rate. Generally, there are no significant variations in ablation rates between samples
doped with a single REE. Nevertheless, the Dy-doped crystals seem to ablate at a slightly lower rate than the
others, likely due to differences in the optical absorption of the laser light by the Dy-doped crystals.

Figure A4 in Appendix 2 shows the measured ablation rates as a function of the abundance of each single
dopant determined by LA-ICP-MS. No correlation is observed between ablation rates and the presence of an
individual REE or Hf in the zircon structure. From this, it is clear that the occurrence of a single light-absorbing
element alone is not sufficient to cause the variations in the observed ablation behaviour. Figure 10 shows
measured ablation rate values as a function of P content, the amount of Zr site cations (i.e., Zr, REEs and Hf), and
the Zr/Si intensity ratios obtained by LA-ICP-MS. There is a slight positive correlation in those three cases.
Although not very significant, these trends suggest that the laser penetration rate is somewhat dependent on the

degree of ion substitution into the Zr site by REEs and Hf, and/or into the Si site by P.
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413 with Gd**, Dy*', Er**, Yb**, Y**-and P in two different doping levels. Uncertainties represent 2SE of the pit depth

414 measurements (n = 6).

415

15



416

-1

Ablation rate (nm pulse )

-1

Ablation rate (nm pulse )

-1

Ablation rate (nm pulse )

~
N

y =3.09 + 65.62
¢ =0.5628

~
(@]

o~
oo

o~
o~

o~
N

o
o
o

0.5 1.0 1.5 2.0
P (wt%)

~
N

y = 0.65 + 34.75
¢ = 0.5946

~
o

o~
o

o~
o~

o~
SN

o~
N

REE+Hf+Zr (wt%)

~
N

~N
o
T

y =085 +6.65
¢ = 0.4962

o~
o
T

o~
o~
T

o
N
T
—_—

70 72 74 76
Zr/Si intensity ratio

o
O\N
o [

Figure 10 Ablation rate as a function of P
(top), Zr-site cations (middle), and Zr/Si
intensity ratio (bottom) for the synthetic
crystals. Zr-site cations refer to Zr and
cations that occupy Zr sites in the zircon
structure, such as Y*, REE® and Hf.
Uncertainties represent 2SE of the mean
(n =6).

16



417

418
419
420
421
422
423
424
425
426
427
428
429
430
431

432

433

3.3. Part lll: Crystallographic orientation and crystal colour

Bulk trace element composition analyses of the Mud Tank zircon crystals show variation in elemental abundance
with crystal colour (Figure A5 in Appendix 2). A slight increase in abundance with colour intensity is observed for
Y, HREEs, Pb, Th and U. The contents of U and Th vary between ~9 — 30 ug g'1 and ~3 - 16 ug g'1, respectively
for samples MTO to MT3. Optical cathodoluminescence imaging shows evidence of chemical zoning within the
individual crystals (Figure A6 in Appendix 2). In situ LA-ICP-MS trace element analysis reflects the within-crystal
variation, however, with only up to ~10% variation in the measured elemental abundances (Table 1). Raman
spectra analysis of multiple spatially independent points confirmed the high degree of crystallinity as well as
structural homogeneity (on the micron-scale) of the samples. Average vs (SiO4) bandwidths and frequencies are
provided in Table 2. There is a small systematic decrease in frequency values with increasing crystal colour
intensity. This minor decrease in wavenumber can be attributed to the increase in lattice width, as a result of an
increasing cation substitution into the zircon structure (Nasdala et al., 2002a). The variation between all measured
bandwidths (FWHM) was, however, below + 0.15 cm’” (10), which is well within the limits of analytical precision (+
0.5 cm'1). We can therefore consider the individual Mud Tank zircon crystals as having negligible variation in

(almost non-existent) accumulated radiation damage.

Table 1 LA-ICP-MS trace element composition of the Mud Tank crystals (ug g'1, n =30)

MTO MT1 MT2 MT3

Mean (%RSE) Mean (%RSE) Mean (%RSE) Mean (%RSE)
Y 30.9 (6.8) 60.3 (3.8) 66.8 (2.1) 101 (5.7)
Ce 043 (3.7) 0.72 (3.6) 0.82 (2.7) 0.9 (8.4)
Tb 0.32 (6.2) 0.90 (5.1) 1.1 (2.2) 1.2 (10.5)
Dy 3.7 (6.5) 8.5 (3.7) 9.8 (2.2) 13.0 (8.2)
Ho 1.2 (7.6) 24 (4.0) 27 (2.2) 4.0 (6.1)
Er 4.6 (7.7) 8.5 (5.0) 9.3 (2.2) 14.9 (5.2)
Tm 0.86 (7.6) 1.4 (4.8) 1.6 (2.4) 2.6 4.7)
Yb 7.2 (7.5) 11.5 (5.3) 124 (2.0) 20.5 (4.3)
Lu 1.2 (7.6) 1.8 (5.6) 1.9 (2.4) 3.1 4.1)
Hf 10897 (0.5) 9397 (0.9) 9359 (0.4) 9692 (1.1)
Pb 1.4 (7.5) 22 (6.2) 27 (2.9) 3.6 (6.6)
Th 3.8 (8.0) 7.9 (5.8) 9.7 (3.4) 12.2 (9.4)
u 9.6 (7.5) 16.1 (6.4) 19.0 (3.2) 26.1 (5.7)
> Zr-site
(Wt%) 1.10 (0.5) 0.95 (0.9) 0.95 (0.4) 099 (1.2)
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EBSD crystallographic analysis revealed that crystal orientations within each sample, relative to the analysis
surface, are reasonably homogeneous. Slight orientation variations within individual crystal sections (< 2°) were
detected during electron backscatter pattern (EBSP) calculations. These variations in orientation are associated
with small scratches on the sample surface that were not removed during polishing. Crystal orientation data are
summarized in Table 2. The analysis showed that not all the crystal sections had been mounted in the ideal
orientation with respect to the direction of the incident laser beam (perpendicular to the sample surface). The

misorientation angles between the target crystallographic planes and the analysis surface are provided in Table 2.

Table 2 Relevant Raman parameters and EBSD data for the Mud Tank zircon crystals

R data [v3 (SiO4) band] Crystal EBSD dat
aman data [v3 (Si an ata
Sample ’ ) section
) Target Crystal plane
FWHM Raman shift . b . 4
s s c-axis (°) crystallogra- misorientation
(cm™) (cm™) ) .
phic plane )
MTO 26+0.1 1008.1 £ 0.2 MTO0a 100.7 (010) 10.7
MTOb 173.6 (001) 6.4
MT1 2.7%0.1 1007.9+0.2 MT1a 91.3 (010) 1.3
MT1b 177.7 (001) 23
MT2 2.7%0.1 1007.8 £ 0.1 MT2a 90.9 (010) 0.9.
MT2b 34 (001) 34
MT3 29+0.1 1007.5+ 0.1 MT3a 91.9 (010) 1.9
MT3b 149 (001) 31

@Uncertainties refer to the reproducibility of the Raman determinations performed on at least four spatially
independent points (expressed as 1SD)

bAngle between crystal c-axis and vertical (z) axis of the sample surface.

“Target crystallographic plane at the analysis surface.

dAngle between the target crystallographic plane and the sample surface.

Ablation pit depths, measured for pits ablated using 40 um spot size, laser fluence of ~2 J cm™ and a laser
repetition rate of 5 Hz, were used to calculate the ablation rates of each Mud Tank crystal section. Laser ablation
rate data for all the crystal sections are provided in Figure 11. The data show that there is a variation in ablation
rate between crystals which is, however, not strictly proportional to zircon colour. In addition, there is a slight
variation in ablation rate with crystal orientation for MT1, MT2 and MT3 zircons. Crystal sections for which their c-
axes are oriented close to parallel with the incident laser beam, i.e., MT1b, MT2b and MT3b, show lower rates of
ablation compared to the crystal sections for which their c-axes are oriented perpendicular to the direction of the
laser beam, i.e., MT1a, MT2a and MT3a. However, sample MTO shows no clear dependence on the crystal

orientation.

18



457

458
459
460
461
462
463

464
465
466
467
468
469
470
471
472
473

474

475
476
477
478
479
480

90

89

-1

Ablation rate (nm pulse )

88

87

86

85

T T T T T T
AERE RN FN NI RN FR RN SRR AR RRAARRRE ARRRAARRRE FRRRARRRTE AT

MT1 MT2 MT3

z
3

84

Figure 11 Ablation rates measured for the Mud Tank zircon crystals as a function of crystallographic orientation.
The colour scale from red to green indicates the relative proximity of the crystallographic planes (001) and (010),
respectively, to the sample surface. Data are shown as box-and-whisker plots. Open circles correspond to
individual measurements; horizontal bars indicate the median; boxes span the respective interquartile; whiskers
extend to the minimum and maximum measured values. Variation in ablation rates with crystal orientation is not
consistent for every zircon crystal (see text for further discussion).

206Pb/238 206P b/238

To evaluate the relationship between apparent U age and ablation rates, measured U ages

are plotted in Figure 12 by crystal sample and orientation in a manner analogous to Figure 11. Systematic

2%pp/8y age biases are observed between sections of the different crystals, which are well correlated with

238y ages can be detected for the

ablation rate determinations. However, while small differences in measured **°Pb/
sections analysed in different crystal orientations (Figure 12), these differences agree mostly to within internal
error. The age corresponding to the weighted mean of 119 analyses is 720.7 + 3.1 Ma (2SE), which is outside the
uncertainty of the TIMS age (i.e., 731 + 0.49 Ma; Horstwood et al., 2016). The good correlation between laser

ablation rates and apparent LA-ICP-MS 2%pp/?®

U ages suggest that the age data obtained in this study are
systematically underestimated by some degree as a result of differences in ablation behaviour between the zircon

reference material (i.e., 91500 zircon) and the various Mud Tank zircon crystals.
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Figure 12 Plot of individual 2®Pb/***U ages (circles) measured for the Mud Tank crystals during a single analytical

session (weighted mean 720.7 + 3.1 Ma, 2SE, n = 119). The 91500 zircon was used as primary reference material
for age calibration. Error bars show the internal precision of the measurements (expressed as 2SE). Solid black
line and dark grey area show the TIMS age and its uncertainty (731.65 + 0.49 Ma; Horstwood et al., 2016),
respectively. A light grey area corresponding to a +2% TIMS age offset is provided as reference. For better
comparison with the reported ablation rates, LA-ICP-MS 2°°Pb/**®*U ages are categorised by sample (MTO to MT3)
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and crystallographic orientation (colour scale from red to green) similarly to Figure 11. The offset between the
weighted mean 6ppy 238y age of each crystal section ranges from 0.5% to 5% and is directly proportional to the
differences in measured ablation rates.

4. Discussion

4.1. Role of radiation-induced structural defects on the ablation behaviour of natural zircon

Based on the overall positive linear correlation between zircon ablation rate and radiation damage, it is reasonable
to assume that quantification of the total accumulated radiation-induced damage (i.e., using Raman spectroscopy)
can be used as a proxy for laser drill rate into natural zircon. However, there are practical constraints to this
approach, which are imposed by the limited accessibility to the Raman spectroscopy technique among the U-Pb
geochronology community, and the potential time constraints involved. Whereas it might be conceivable to monitor
radiation damage for a few representative grains in a study of a magmatic zircon population, it would clearly be
unfeasible to achieve the same level of characterisation for a suite of detrital zircon grains. Alternatively, there is a
simplified mathematical approach to quantifying the number of alpha particles released over time during the decay
of U and Th, which may correlate with the extent of structural distortion experienced by a zircon matrix (Murakami
et al., 1991). Here, the self-irradiation dose for each zircon is quantified as the total alpha-fluence (i.e., D, number

of alpha-decay events per gram), which is given by:

cyXNyx 0.9928 1
D,=8X—————X 238t — 1) +
« Mg X 106 (e )

(2)
cuxN,x 0.0072
M35 X106

CThXNA

Azt
x(esst — 1) + 6 x — A
(e ) My, 106

x (et — 1)

where C; and Cp,, are the U and Th abundances (in pg g"), respectively; N, is Avogadro’s number; M,3q, M3 and
M,5, are the molecular weights of the parent isotopes; 1,35, 1,35 and 1,3, are the corresponding decay constants;
and t is the crystallization age of the zircon.

One restriction to this mathematical approach is that it only provides a sensible estimation of the radiation-
induced structural damage if no significant damage annealing has occurred since the zircon crystallised (Nasdala
et al., 2001; Palenik et al., 2003). Considering the latter, it is important to further assess the applicability of the
calculated total alpha-fluence (i.e., Dx) as a proxy for laser drill rate. Here we use the approach provided by
Nasdala et al. (2001) to provide insight into the correlation between the actual degree of metamictisation (provided
by Raman spectroscopy) and the computed self-irradiation dose for natural zircon. This approach is based on the
comparison between the correlation estimated in this study (i.e., v3 (SiO4) FWHM versus D«) and a calibration curve
previously obtained for zircon matrices that have not experienced annealing during their geological history (see
Nasdala et al., 2001). The aim is to easily identify zircon samples that have not accumulated their radiation damage
completely, and to evaluate the effects that natural annealing has on the v3(SiO4) FWHM values, but most
importantly on the ablation behaviour of zircon. To this end we have quantified the self-irradiation dose of our

zircon reference materials (i.e., D«) using Eq. ( 2 ) assuming a crystallisation age (t in the equation) equivalent to

their accepted TIMS U-Pb age. Figure 13 shows the increase in measured FWHM values as a function of the
calculated total alpha-fluence. It can be seen that most data pairs follow the same general trend and plot within the

calibration band provided by Nasdala et al. (2001) for zircon matrices that have not experienced significant natural
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annealing and thus are thought to have stored their radiation damage completely. Nearly all data pairs for the
QGNG zircon plot slightly below the calibration line, which indicates that the measured bandwidths
(v3 (SiO4) FWHM) are rather lower than would be expected from their U-Th content and crystallization age. This
observation points to an incomplete storage of the accumulated radiation damage by the QGNG zircon crystals
(Nasdala et al., 2001). This finding is in good agreement with previous evidence for the partial loss of radiogenic Pb
in QGNG zircon crystals (Black et al., 2003).
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Figure 13 FWMH of the v3 (SiO4) Raman band as a function of the calculated total alpha-fluence for our zircon
samples. The grey area corresponds to the calibration field reported by (Nasdala et al., 2001) for zircon matrices
that have accumulated their radiation damage almost completely. Note that most data pairs follow the general trend
of increasing degree of radiation damage (i.e., v3(SiOs) FWHM) with increasing self-irradiation dose and plot very
close to the calibration line, except for the QGNG zircon. This indicates incomplete damage accumulation for the
QGNG zircon due to partial annealing.
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Figure 14 Ablation rate offset percent as a function of the total alpha fluence. The best-fit line was generated using
data pairs for zircon matrices that are thought not to have undergone natural annealing (black). Data pairs for
zircon grains that have undergone partial structural reconstitution from a natural annealing event are shown in red.
Note that these zircon specimens show rather lower ablation rates to what it is expected from their calculated self-
irradiation dose.

Bearing in mind that thermal treatment in the laboratory reduces to some extent the ablation rate of the
annealed samples (Marillo-Sialer et al., 2014), we have no reason to think that the damage reconstitution caused
by a natural thermal event (long-term, low-temperature annealing) would have any different effect. We would
expect, therefore, an overall reduction in ablation rates for the QGNG zircon compared to that predicted from the
self-irradiation dose calculated from its U and Th contents. In order to evaluate this assumption, Figure 14 shows
the linear trend obtained when plotting drill rates as a function of the total alpha-fluence for zircon matrices whose
data pairs lie within the calibration band in Figure 13. Data for the QGNG zircon are shown for comparison. It can
be seen that data pairs for the QGNG zircon do not follow the trend of increasing drill rate with total alpha-fluence
defined by the other zircon reference materials. What is apparent from the above results is that the fact that the
QGNG zircon has undergone partial natural annealing, and thus partial structural reconstitution, affects its ablation
behaviour and prevents the use of the calculated total alpha-fluence (i.e., D«) as proxy for its laser drill rate.

Consequently, the positive correlation between radiation damage and ablation rates observed for well-
crystallised to highly metamict zircon matrices (see Figure 4) can be assumed to be a result of the average
structural distortions in the zircon matrix. Based on this assumption, laser ablation rates are interpreted to reflect
the associated property changes in partially metamict matrices, such as decreased birefringence, enhanced
chemical reactivity, reduced mechanical resistance and the general decrease in crystal density and compressibility
(Woodhead et al., 1991; Ewing et al., 2003 and references therein). The comparison between thermal annealing of
samples done in the laboratory at two different temperatures for different heating times, i.e., 850 °C for 48 h and
1000 °C for 36 h, suggests that incomplete reconstitution of the crystal structure for partially to highly metamict
zircon matrices treated at 850 °C is responsible for the remaining differences in ablation rates observed for different
samples in Marillo-Sialer et al. (2014). The degree of radiation damage was found to be still significant for the
QGNG and PleSovice zircons after annealing upon heat treatment at 850 °C, which is in agreement with previous
findings of incomplete recovery of radiation damage in moderate to highly metamict matrices for annealing at
temperatures lower than ~950 °C (Murakami et al., 1991; Colombo et al., 1999; Zhang et al., 2000a; Geisler et al.,
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2001; Geisler, 2002; Nasdala et al., 2002b; Mattinson, 2005). On the other hand, heat treatment at 1000 °C caused
significant recovery of the crystalline microstructure for all the treated samples. These observations are consistent
with those of Mattinson (2000 , 2005), who recommends the use of an annealing temperature of 1000 °C for 48 h
to guarantee significant removal of radiation damage in highly damaged materials. Moreover, it has been
previously demonstrated that structural recovery and recrystallization of damaged zircon samples occurs in a multi-
stage process that depends on the degree of initial damage of the samples. In heavily damaged materials, for
example, the main recrystallization of amorphous zircon occurs after the amorphous material was partially
decomposed into ZrO, and SiO,. (Capitani et al., 2000; Zhang et al., 2000a; Geisler et al., 2001; Geisler et al.,
2003b). This is in agreement with our observation that, although all the treated samples could be categorised as
well-crystallised zircon (i.e., v3(SiOs) FWHM <5 cm'1), only the annealed 02123 and 91500 zircons showed
crystalline microstructures equivalent to the synthetic zircon. Nevertheless, the increased crystallinity of the
reconstituted zircon matrices is thought to be responsible for the increased similarities in ablation behaviour
observed among the majority of the treated samples. This homogenisation in ablation behaviour is closely
associated with a decrease of approximately 2% in the scatter of U-Pb age bias (i.e., A*°Pp/*8y age % in Figure
8). This is in reasonable agreement with the increase in LA-ICP-MS U-Pb age accuracy reported for zircon after
thermal treatment at 850 °C for 48 h by Allen and Campbell (2012) and Solari et al. (2015). A precise explanation
for the different results obtained at those annealing conditions in this study (i.e., no U-Pb age accuracy
improvement for zircon samples treated at 850 °C for 48 h) cannot be given. However, different annealing
conditions, such as stepwise annealing, annealing in N2 atmosphere, heat treatment under hydrothermal
conditions, among others (Ewing et al., 2003; and references therein), have all been reported to account for
differences in zircon annealing rates. The latter cannot be applied to explain the differences between the two
previous studies (i.e., Allen and Campbell, 2012; Solari et al., 2015) and the present work since, in all these cases,
the samples were treated in an ambient, dry atmosphere (i.e., 850 °C). Regardless of the cause leading to the
differences between annealing studies, we have shown here that the success of high-temperature thermal
treatment in homogenising the ablation behaviour of zircon matrices, and thus improving the LA-ICP-MS technique
for U-Pb zircon dating, is highly dependent on the final microstructure of the treated samples. We recommend,
therefore, that natural zircon be annealed in future LA-ICP-MS U-Pb geochronology studies using temperatures
higher than ~950 °C and for 36 h or longer in order to achieve a significant reduction of structural distortions and

guarantee uniform annealing performance for slightly, moderate and highly damaged zircon matrices.

4.2. Dependence of the ablation rate on the chemical composition of zircon

It is a common observation among LA-ICP-MS users that some minerals which are not easily ablated, such as
quartz or fluorite, tend to become easier to ablate with increasing trace element content. The underlying principles
behind this observation are, however, not well understood. It is thought that the occurrence of UV laser light-
absorbing trace elements, such as the REE, enhance the coupling between the laser radiation and the target
material in that they increase the efficiency with which the incident laser radiation is absorbed (Gétze and Mockel,
2012).

A wide variety of elements are reportedly present in natural zircon in minor to trace amounts. From those, Hf,
REEs, P, U and Th occur in relatively high abundances (Hoskin and Schaltegger, 2003). Certainly, due to their
electronic structure, the REE> have electronic energy levels in the 4 and 4f"'5d configurations that allow
electronic transitions through absorption of UV laser light (Liu and Jacquier, 2006). Increased absorption due to the
occurrence of certain trace elements has been reported to affect the ablation behaviour of glass by decreasing the
laser penetration rate during ablation with a 266 nm Nd:YAG laser (Horn et al., 2001; Weis et al., 2005). The latter

agrees with theoretical expectations regarding laser-matter interactions, in that an increased absorption of the laser
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light at the target surface will decrease the penetration of the laser beam into the bulk of the sample (von Allmen
and Blatter, 1995). The results of our ablation rate determinations for the various synthetic crystals, however, do
not show this pattern of decreasing ablation rate with increasing trace element abundance (see Figure 9). On the
contrary, the 193 nm excimer laser seems to penetrate at a lower rate into the undoped zircon crystals, than into
the doped specimens. This suggests that an increased absorption of laser light due solely to the presence of trace
impurities does not play a significant role, or at least not a direct role, in producing the variations in ablation
behaviour observed for the synthetic samples in this study. This observation agrees, to some extent, with early
evidence that showed no differences in ablation rates between silicate glasses of the NIST SRM 61X series, i.e.,
NIST 612 (low trace element content) and NIST 610 (high trace element content) due to changes in the degree of
laser-light absorption by the sample during ablation with a 193 nm excimer laser (Horn et al., 2001). The fact that
we do observe differences (but an increase, not a decrease) in ablation rates with increasing abundance of trace
elements for the synthetic samples shows that the presence of trace impurities within the structure of crystalline
zircon, or at least the occurrence of Hf, Y, and/or the REE at the concentrations studied, does have an effect on the
ablation performance of 193 nm excimer lasers. From Figure 10, it seems that the ablation behaviour of crystalline
zircon, rather than being related to the light-absorption abilities of any particular trace element, is dependent on the
amount of elements that have been incorporated into the zircon structure.

It has been previously reported that, even after annealing of radiation damage, there is an enhanced
susceptibility of regions in zircon crystals with high concentrations of U, Th and other trace elements to chemical
attack (Mattinson, 2005). Similarly here, a greater concentration of trace element-induced structural distortions
results in an enhanced susceptibility of zircon crystals to ablation (i.e., an increase in laser penetration rates). It has
been previously shown by van Westrenen et al. (2004) that the structural changes arising from trace element
substitution into the zircon structure (i.e., approximately 1% increase in unit-cell volume compared to that of
undoped synthetic zircon) lead to changes in physical properties, specifically a decrease in elastic moduli of zircon
(i.e., increase in compressibility). Given that radiation-induced damage to the zircon structure causes similar effects
on the compressibility of the zircon crystals (Ozkan, 1976; Chakoumakos et al., 1991; Oliver and McCallum, 1994;
Salje, 2006), it is not surprising that the incorporation of trace elements into the zircon structure has the potential to
affect the ablation behaviour of zircon. There are, however, two unexpected results. First, that doping levels as low
as 0.6 wt%, as is the case of the Gd-and P-doped synthetic zircon, can vary the ablation rate of zircon by ~5.5%
relative to the undoped specimen. Second, that the incorporation of Hf into the zircon structure causes the same
variation in ablation behaviour as the incorporation of, for example, the REE, i.e., an increase in ablation rates.
Since hafnon (HfSiO4) has a smaller unit-cell volume than zircon, it is likely that the Hf-doped zircon crystals have a
slightly smaller unit-cell volume, and therefore slightly larger elastic moduli, than the undoped zircon crystals (van
Westrenen et al., 2004). Thus, it would have been expected that Hf-doped crystals would show ablation rates that
are lower than those measured for pure, undoped zircon, and this contradicts our experimental observations. At
present, no definitive explanation for the increase in zircon ablation rates with Hf-content can be given. It should
nevertheless be taken into account that natural zircon generally contains minor amounts of Hf (with reported
abundances of as low as ~0.2 wt.% and up to ~12 wt.%, but more typically the Hf concentration ranges between
0.5 and 3 wt.%) and less than 1 wt.% of REEs (Hoskin and Schaltegger, 2003 and references therein). Therefore,
any variations in the ablation behaviour between various natural crystalline zircon samples as a result of their
chemistry are likely to be related to differences in their Hf content.

We note that the observed decrease in elastic moduli of zircon due to cation substitution is generally much
less than the decrease in elastic moduli of zircon crystals arising from radiation damage (Ozkan, 1976; Oliver and
McCallum, 1994; Salje, 2006). For that reason, radiation-induced damage to the zircon structure still plays the
major role in determining the ablation behaviour of natural zircon. Nonetheless, the results obtained in this part of

the study clearly show that the physical changes associated with the increasing structural strain resulting from the
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incorporation of minor and/or trace elements can cause an increase in ablation rates. The latter may provide an
explanation for the rather large scatter in ablation rates observed for natural, crystalline zircon matrices where the

effects of radiation damage on the structure are negligible (refer to Figure 4).

4.3. Effect of the crystallographic orientation on the ablation behaviour of zircon

Although some crystalline minerals show distinctly different optical and mechanical properties on different
crystallographic planes, the effect of this crystallographic anisotropy on their ablation behaviour has been poorly
investigated. In the case of alkali feldspars, Mikova et al. (2009) reported significant differences in the ablation
behaviour of albite (NaAlSi3Og) with crystallographic orientation during sampling using a 213 nm Nd:YAG laser.
Similarly, differences in ablation behaviour, and associated variations in elemental fractionation, have been
observed for quartz when ablated in different crystallographic planes using a 193 nm ArF excimer laser (Gotze and
Mockel, 2012). In regard to in situ U-Pb geochronology, crystallographic orientation has been reported as

206Pb /238

associated with variations in U ratios measured in baddeleyite by high-resolution ion microprobe (Wingate

and Compston, 2000), and in rutile by secondary ion mass spectrometry (Taylor et al., 2012). However, no
evidence for crystal orientation-related 206pyy 238
(Wingate and Compston, 2000; Black et al., 2004).

In particular, difficulties related to the availability of well-characterised zircon crystals with a relatively

U age bias has been reported for zircon during in situ microanalysis

homogeneous U-Pb ratio at the intra- and inter-grain scale, that are large enough to allow sectioning in different
crystallographic planes, have prevented a comprehensive analysis of the effects of crystallographic orientation on
the ablation behaviour of zircon and associated U-Pb age bias. We attempted to overcome these limitations by
analysing multiple crystals of the Mud Tank zircon. FWHM and wavenumber values of the vz (SiO4) Raman band
obtained for the Mud Tank zircon crystals (Table 2) are very close to those reported for synthetic zircon by Nasdala
et al. (2004). For that reason, they can be regarded as highly crystalline zircon matrices having accumulated no or
insignificant radiation damage in their structure. We can assume, therefore, that any differences in ablation
behaviour observed between individual Mud Tank crystals or crystal sections are related to causes other than
radiation-induced structural damage.

We observed a variation of up to ~5% between average ablation rate values of individual sections of the Mud
Tank crystals (Figure 11). The largest variation in ablation rates occurs between sections oriented close to the
(001) plane of two different crystals, i.e., MTO and MT1. This suggests that this variation may be due to differences
in chemical composition between crystals rather than to any crystallographic effect. Indeed, there seems to be a
correlation between the amount of elements substituting on the Zr site (Table 1) and the average ablation rate of
each Mud Tank crystal. Nonetheless, there is an apparent decrease in ablation rates for the crystal sections
oriented close to the (001) crystallographic plane compared to those obtained for crystal sections oriented parallel
to (010) for samples MT1, MT2 and MT3, which does not seem to be strictly associated with the crystal chemistry.
However, in all three cases the variation in average ablation rate for the two sections of a same zircon crystal (e.g.,
MT3a and MT3b) are within error of the ablation rate determinations. The ablation rates measured for both sections
of sample MTO (i.e., MTOa oriented close to the (010) plane and MTOb oriented close to the (001) plane) are
indistinguishable from each other. All these observations suggest that if there is a dependence of ablation
behaviour on the crystal orientation of zircon, this is not strong.

Figure 15 shows the correlation between 206py, 238

U LA-ICP-MS age bias and the offset in measured ablation
rates. It can be seen that the apparent U-Pb age bias correlates significantly with measured ablation rates (see
also Figure 12). Such a correlation would suggest that, if there is any variation in zircon 26pp/B8y LA-ICP-MS
ratios with crystallographic orientation this would be, at least to a considerable extent, attributable to differences in

the ablation behaviour between crystals. We assume, therefore, that any laser-induced matrix effects related to the
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crystallographic orientation of a zircon crystal relative to the incident laser beam is not related to thermally-induced
diffusion processes such as those described for alkali feldspars by Mikova et al. (2009). In addition, the apparent
differences in ablation rates with crystal orientation observed for MT1, MT2 and MT3, seem to cause variations in
the 2°°Pb/**®U ages of up to ~1%. This variation is much less significant than the changes in ablation rates caused
by differences in chemical composition between the Mud Tank zircon crystals (~4%). For that reason, we suggest
that crystallographic orientation does not play a major role in defining the ablation behaviour of zircon relative to the
much stronger variations associated to increased structural strain and distortion resulting from the incorporation of

minor- and trace elements into the zircon structure and from radiation-induced damage, respectively.

10— —

y = 0.9076x - 0.208
F=0.735
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Figure 15 Ablation rate percent offset (AAR smp-rm)) VErsus 2%pp/2%8 age percent offset (A2°Pb/ U Age) for the
Mud Tank zircon crystals. Ablation rate offsets were calculated relative to the ablation rate of the 91500 zircon
reference material used for age calibration. The colour scale from red to green indicates the relative proximity of
the crystallographic planes (001) and (010), respectively, to the sample surface.

5. Conclusions and recommendations

Accurate identification and refinement of the multiple variables affecting the rate of material removal by the laser is
a first step towards the adequate correction for the systematic LA-ICP-MS U-Pb age bias observed between zircon
matrices, and could potentially lead to a significant decrease of measurement uncertainty in LA-ICP-MS age
determinations. Differences in the degree of metamictisation between natural zircon samples seem to play a
dominant role in defining the observed variation in ablation characteristics for well crystallised to highly metamict
matrices, consistent with prior observations by Steely et al. (2014). Additionally, our results indicate that samples
with a well-crystallized structure (v3 (SiO4) FWHM < 5 cm™) show differences in ablation rates that are related to the
increasing cation substitution into the zircon structure (and associated changes in mechanical properties; e.g.,
decrease in elastic moduli), and to a much lesser extent (almost negligible) to the crystallographic orientation. As a
result of this, crystalline zircon samples show significant variations in ablation rates that are not strictly correlated to
their degree of accumulated radiation damage. It follows that, in general, the increase in laser penetration rate is

associated with a decrease in the ability of a zircon crystal to withstand the thermo-mechanical stress applied
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during laser irradiation, which is a consequence of a weakening of interatomic bonds induced by increasing cation
substitution and radiation damage.

Our Raman data demonstrate that the reduction in ablation rates observed for thermally treated samples is
proportional to the degree of structural reconstitution achieved after annealing. It was shown that differences in
ablation rate between zircon matrices after annealing at 850 °C for 48 h were caused by the incomplete structural
reconstitution of samples which were originally moderate to highly metamict. In contrast, equivalent ablation rates
were measured between different zircon matrices after thermal treatment at 1000 °C for 36 h, regardless of their
initial structural state.

Taken together, these experiments provide a roadmap for improvements in the accuracy of U-Pb age
determinations by LA-ICP-MS. Our studies confirm the usefulness of annealing to increase the similarities in
ablation behaviour between zircon matrices, and thus decrease the predominant matrix-related bias. Wherever
possible, annealing should be undertaken as a prerequisite to laser ablation U-Pb geochronology. We note,
however, that a significant improvement in U-Pb age determination is observed only after all zircon materials
(reference and unknown) have reached a high degree of structural reconstitution due to annealing with
V3 (SiO4) FWHM values of 5 cm™ or lower. We recommend therefore that annealing temperatures of over 950 °C
are used in order to avoid incomplete structural reconstitution of metamict to highly metamict zircon samples. If
prior annealing is not available, it may be possible to make corrections for differential ablation behaviour due to
accumulated radiation damage either by measurement of Raman spectra (only feasible for a limited number of
grains representative of magmatic populations) or by calculation of accumulated radiation dose from measured U
and Th contents (subject to the caveats in this method noted previously). In the absence of such strategies,
matching the primary reference material to the unknowns in terms of accumulated radiation damage will certainly
likely increase accuracy to some extent, although not to the levels achievable with thermal annealing. In addition, to
better mitigate the laser-induced matrix effects, closer matching of the total content of minor and trace elements
between annealed zircon reference materials and samples is likely to be advantageous. Samples with unusual Hf
or trace element contents may exhibit unexpected ablation characteristics resulting in the potential for increased

matrix-related age inaccuracy.
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