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In this article, we document a detailed analytical
characterisation of zircon M127, a homogeneous 12.7
carat gemstone from Ratnapura, Sri Lanka. Zircon M127
has TIMS-determined mean U-Pb radiogenic isotopic
ratios of 0.084743 + 0.000027 for >°*Pb/>*®U and
0.67676 + 0.00023 for 27Pb/?3°U (weighted means,
25 uncertainties). lts 2°°Pb/238U age of 524.36 + 0.16 Ma
(95% confidence uncertainty) is concordant within the
uncertainties of decay constants. The 3'30 value (deter-
mined by laser fluorination) is 8.26 + 0.06%. VSMOW
(2s), and the mean '7®Hf/'”7Hf ratio (determined by
solution ICP-MS) is 0.282396 + 0.000004 (2s). The
SIMS-determined §”Li value is -0.6 + 0.9%o (2s), with a
mean mass fraction of 1.0 + 0.1 pg g™' Li (25). Zircon
M127 contains ~ 923 pg g™’ U. The moderate degree of
radiation damage corresponds well with the time-
integrated self-iradiation dose of 1.82 x 10'8 alpha
events per gram. This observation, and the (U-Th)/He
age of 426 £ 7 Ma (2s), which is typical of unheated Sri
Lankan zircon, enable us to exclude any thermal treat-
ment. Zircon M127 is proposed as a reference material
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Dans cet article, nous documentons une caraciérisation
analytique détaillée du zircon M127 — une pierre
précieuse homogeéne de 12,7 carats provenant de
Ratnapura (Sri Lanka). Les rapports isotopiques
radiogéniques moyens U-Pb dans Zircon M127 déter-
minés par TIMS sont de 0,084743 + 0,000027 pour
206pp,/238() et 0,67676 + 0,00023 pour 2°7Pb/?33U
(moyennes pondérées, 2s d'incertitude). L'ége
20%pb/?%8U obtenu de 524,36 + 0,16 Ma (avec un
niveau de confiance de 95%) est concordant dans la
limite des incertitudes des constantes de désintégration.
La valeur 680 (déterminée par fluorination laser) est de
8,26 + 0,06 %o VSMOW (2s), et le rapport moyen
"76Hf/"77 Hf (déterminé en solution par ICP-MS) est de
0,282396 + 0,000004 (2s). La valeur §’Li déterminée
par SIMS est de -0.6 = 0,9 %o (2s), avec une fraction de
masse moyenne de 1,0+ 0,1 ug g’ Li (2s). Le zircon
M127 contient ~ 923 ug g’ U. Le degré modéré de
dégats dus a liradiation correspond bien a la dose
intégrée dans le temps d'auto-irradiation de 1,82 x 10'#
d’événements alpha par gramme. Cette observation, et
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for the determination of zircon U-Pb ages by means of
SIMS in combination with hafnium and stable isotope
(oxygen and potentially also lithium) determination.
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lithium isotopes.
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I'age (U-Th)/He de 426 + 7 Ma (2s), ce qui est typique
d'un zircon du Sri Lanka non chauffé, nous permettent
d’exclure tout traitement thermique. Zircon M127 est
proposé comme matériau de référence pour la détermi-
nation des dges U-Pb de zircon par SIMS en combinaison
avec des analyses sur I'hafnium et des isotopes stables
(Foxygéne et éventuellement aussi le lithium).

Mots-clés : Zircon, matériau de référence, SIMS,
géochronologie U-Pb, isotopes d'oxygéne, isotopes du
hafnium, isotopes du lithium.

The development of the SIMS (secondary ion mass
spectrometry) technique made possible the determination of
U-Pb ages from polished zircon surfaces with high spatial
resolution (e.g, Andersen and Hinthorne 1972, Compsfon
et al 1984, Williams 1998). SIMS is a comparative method,
and the determination of accurate isotopic rafios in zircon
requires calibration of the unknown results against the results
of a well-characterised calibration material measured under
identical condifions during the same measurement session. In
principle, either a natural or synthetic reference material can
be used as such a co|ibrcmt; unforfunofe|y, We||-performing
synthetic reference materials for the U-Pb analysis of zircon
are not available. This is due to two main reasons. First, no
synthesis technique is currently available that allows one to
produce homogeneous Pb-bearing zircon crystals, owing to
the exceptionally low partition coefficient of Pb in zrcon.
Second, g|oss reference materials cannot be used due to
their different sputtering behaviour under the oxygen ion
beam, compared with that of the zircon crystals to be
analysed. Consequently, high-quality natural zircon reference
materials must be used and are therefore increasingly sought.

Any potentially suitable reference zircon needs to be
characterised thoroughly to provide users with the best
currently obtainable values, with regard to precision and
accuracy, for the isotope ratios and mass fractions of the
calibrant material. Also, a well-performing reference zircon
needs to be exceptionally homogeneous (Pidgeon 1997,
Kennedy 2000), because each individual chip, and micro-
areas within chips, of the reference material must have the
chemical, physical and isotopic properties of the entire,
previously characterised, bulk material. Another important
characteristic that deftermines the quality of a reference
material is its reliability during analysis. In U-Pb geochronol-
ogy, higher count rates — in particular for the radiogenic Pb
isotope, which is always lower in abundance than the parent
U isofope — lead to better Poisson statistics. This may allow
the operator to shorten the analysis time and/or to decrease

the spot diameter without loss of precision. A suitable SIMS
U-Pb reference should therefore contain sufficiently high
concentrations of U and radiogenic Pb (whereas the
concentration of non-radiogenic Pb should be negligible).
However, higher levels of rooliogenic Pb correlate with
elevated radiation damage and this leads to an analytical
difficulty, as the secondary ion sputtering behaviour under
the ion beam may be different for the unknowns and
reference if the structural states are sufficiently different. In
seorching for suitable U-Pb zircon references, it is therefore
advantageous to find gem-quality specimens that have
some, but not too much radiation damage. Zircon M127
fulfils all of these important prerequisites. Zircon M127
contains notably higher levels of U and radiogenic Pb
isotopes than most other SIMS references, resuhing in a
somewhat higher level of radiation damage. The degree of
damage is, however, similar to that of zircon M257, whose
damage still does not cause any identifiable matrix effects
under the ion beam, which might bias the SIMS results
(Nasdala et al 2008).

The characterisation of zircon M127 began in 2006
2008, as this specimen was among a batch of fifteen
gemstones that were checked for their potential suitability as
future SIMS references. After this early round of analyses,
zircon M257 was preferentially selected as the first zircon o
be characterised as a SIMS U-Pb reference because of its
particularly large size (Nasdala et al 2008), whereas zircon
M127, in spite of its excellent characteristics, was not fu||y
characterised because it was much smaller than M257.
Although small amounts of M127 were used in several
research projects (e.g., Mattinson et al. 2007, Véczi et al.
2009, Mattinson 2010, Guenthner et al. 2013, Lenz and
Nasdala 2015), a maijor fraction is still available. It has
subsequently been discovered that M127 is exceptionally
useful for SIMS U-Pb geochronology, especially for studies
that combine U-Pb with Hf and stable isotope determination
lie, SIMS O isotope and/or LAICP-MS (laser ablation-
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inductively coupled plasma-mass spectrometry)] using the
same somp|e mounts. In this contribution, we therefore
summarise both early and recent measurement results

characterising zircon M127.

General characterisation of zircon M127

General description and preparation

Zircon M127 was a brownish oval shaped gem
(Figure Ta). The cut and faceted stone weighed 2.54 g
(12.7 carats), and its longest dimension was 14.5 mm. The
specimen came from the collection of the Institut fir Edelste-
inforschung Idar-Oberstein, Germany. It was originally found
in a secondary placer deposit in the Ratnapura area, which
belongs to the Highland Complex, Sri Lanka (Munasinghe
and Dissanayake 1981, Krdner et al. 1994, Zoysa 2014).

Prior to preparation, thorough homogeneity checks of the
original gemstone specimen were done by (a) inspection in

white-light illumination under a high-resolution ~ optical

(a)

Figure 1. White-light photographs of zircon M127, a
clear, dark brownish, cut and faceted gemstone origi-
nating from Ratnapura, Sri Lanka. (a) Original stone as
purchased. (b) One half after cutting into five slices.

[Colourfigure can be viewed at wileyonlinelibrary.com].

microscope and in an optical CL (cathodoluminescence)
microscope, and by (b) multiple laser spectroscopy analyses
placed on different faces and under different sample
orientations. The stone was found to be in‘remo”y flawless,
free of noficeable fractures and uniform in colour. Neither
inclusions nor growth zoning or other heterogeneities were
observed. The initial Raman and laser-induced PL (photolu-
minescence) onc1|yses indicated that zircon M127 has a
uniform, moderate degree of radiation damage (Figure 2a)
and uniform rare earth element (REE) emission patterns

(Figure 2b).

The stone was cut in half along its longest dimension,
and halves were cut into ~ 2.5-mm-thick slices (Figure 1b),
using a 200-um, diamond-timmed tungsten wire. Slices
were then crushed in a steel cylinder apparatus. The central
slice pictured in Figure b (maximum dimension ~ 8 mm)
was cut again very close to one of the large side planes, that
is parallel to the initial cut direction. This was performed to
produce one particularly large, doubly polished thin section
for homogeneity tests.

Chemical composition and homogeneity

Contents of major elements were measured by means of
electron probe micro-analysis  (EPMA).  Multiple  spots
(n = 63) were measured across two large slices of M127,
including the ~ 8-mm-thin section. These wavelength-
dispersive X-ray analyses were performed using the Jeol
8900 RL EPMA system at Geowissenschaftliches Zentrum,
Universitat Gottingen, Germany. The accelerating voltage
was 20 kV, and the beam current was set at 80 nA The
electron beam was focussed to a spot area 2 um in
diameter. Analyses of zircon M127 were performed in the
same session as those of zircon M257; hence, experimental
details correspond to the detailed description in Nasdala
et al (2008). Counting times varied between 15 s peak and
2 x 5 sbackgrounds for main elements (Zr—K,, Si-K.) up to
300 s peck and 2 x 150 s backgrounds for actinides (U-
M, and Th-M,). Synthetic calibrant materials were used,
inc|uding Z1SiO (for Zr and Si), HISIO, (for Hf), YAG (yHrium
aluminium garnet, forY), Yb—g|oss (for Yb), apatite (for P),
wollastonite (for Ca), Al,O3 (for Al), haemadtite (for Fe),
ThSiO4 (for Th) and UO, (for U). Data were processed using
the CITZAF routine in the JEOL software, which is based on
the ¢(pZ) method (Armsfrong 1991, 1995).

Prior to EPMA analysis, detailed imaging was performed
using the large, 8-mm-thin section as well as seven smaller
chips embedded in epoxy sample mounts and polished.
First, slices and chips were inspected under a research-
grade optical microscope. Neither inclusion nor growth or
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Figure 2. Spectroscopy of zircon M127. (a) Raman spectra in the SiO, stretching range, showing M127 in

comparison with three zircon reference materials ranging from very well crystallised (Penglai; spectrum this work;
for sample description, see Li et al. 2010), mildly radiation damaged (91500, data from Wiedenbeck et al. 2004) to
strongly radiation damaged (OR1, data from Nasdala et al. 2004). (b) The PL spectrum (473 nm excitation) of M127

is dominated by groups of narrow, REE-related emissions (For assignment, see Gaft et al. (2000) and Lenz and

Nasdala (2015)).

other zoning was found; uniform interference colours were
observed in cross-polarised light. Second, back-scattered
electron (BSE) and panchromatic CL imaging were per-
formed using the EPMA. All BSE and CL images revealed
uniform grey scale intensity, and neither primary growth
zoning nor other inferal heterogeneities were observed. In
view of the particularly high sensitivity of the CL technique to
reveal intemal textures (for a summary see Corfu et al
2003), the apparent absence of any heterogeneity in all CL
images obtained supports the internal homogeneity of zircon
M127.

Trace element analysis of zircon M127 by means of LA-
ICP-MS was performed in 2006 by Jan Kosler (deceased),
University of Bergen, Norway, as part of the characterisation
of zircon M257. Andlyses were performed using a
ThermoFinnigan Element2 single-collector double-focussing
magnetic-secfor system coupled to a NewWave/Mer-
chantek UP213 laser. Analytical details and data reduction
are described elsewhere (Nasdala et al 2008). In addition,
a fairly large amount of M127 (~ 300 mg) was subjected to
a solution ICP-MS analysis at GEUS (Nationale Geologiske
Undersegelser for Danmark og Grenland), Copenhagen,
Denmark. This was performed in 2008, to determine reliably
the U mass fraction of M127. Zircon M127 was then used to

460

recalibrate the U data obtained by EPMA for zircon M257
(for discussion and analytical details see Nasdala et al

2008).

The EPMA and LAICP-MS results are presented in
Table 1. Zircon M127 contains rather moderate levels of
non-formula  elements; only the hafnium-oxide content
(1.50% m/m) is in the per cent range. The uranium mass
fraction was determined by solution ICP-MS at ~ 923 ug g™
U (Nasdala et al. 2008). This value is considerably higher
than in most other zircon reference materials [with the
exception of M257 whose U mass fraction (~ 840 pg g™') is
at a similar levell. The Th/U weight ratio of zircon M127 is ~
045. This ratio is not unusual for Sri Lankan zircon
(Murckami et al. 1991, Nasdala et al. 2004); however, it
should be noted that the value of ~ 0.45 is much higher than
'/6, which was postulated as typical ‘Sri Lankan’ actinide
concentration ratio by Holland and Gotifried (1955). The
homogeneity of the chemical composition, and in particular
of the U and Th mass fractions, was checked by two line
scans across a large polished chip of zircon M127. Results
obtained along a ~ 7.8-mm-long traverse are plotted in
Figure 3. No lateral chemical variations exceeding the

measurement uncertainties were found.

© 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts
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Table 1.
Chemical composition of zircon M127 (EPMA, University of Géttingen; LA-ICP-MS, University of Bergen)
EPMA results (n = 63)° LA-ICP-MS results (n = 24)
Oxide Mass Element Isotope Mass Element Isotope Mass
fraction measured fraction measured fraction
(% m/m)® (hg g7')® (ng g')®
SiO, 326 + 0.2 Y 89 785 + 55 Dy 163 67.1 +20
P2Os 0.057 + 0.006 Nb 93 1.61 + 045 Ho 165 257 £ 1.6
Y,03 0.109 + 0012 La 139 035+ 0.17 Er 166 121 £9
71O, 659 +03 Ce 140 169 + 0.8 Tm 169 280 + 2.1
Yb,O3 0.028 + 0012 Pr 141 0.18 + 0.07 Yb 172 286 £ 19
HfO, 1.50 + 0.02 Nd 146 1.95 £ 0.56 Lu 175 537 +£1.8
ThO, 0.046 + 0.006 Sm 147 3.95 + 0.65 Hf 178 12400 + 500
uo, 0.099 + 0.008 Eu 153 0.39 + 0.13 Pb 206 784 + 42
Total 1004 + 04 Gd 157 156 £ 1.5 Th 232 413+ 17
Tb 159 555+ 0.36 U 238 896 + 36°

< Al,O3, CaO and FeO were not detected or averages were below 0.005% m/m.

b Quoted uncertainties are 2s.

© The U mass fraction was determined by solution ICP-MS at ~ 923 ng g”' (Nasdala et al. 2008), which is suggested to be used as the ‘working value'.
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Figure 3. Results of Raman microprobe and EPMA line
scans across an ~ 8-mm-long traverse. Lateral varia-
tions of observed Raman and concentration parame-
ters were below the measurement uncertainties

(visualised by grey bars).

The REE moass fractions found (Table 1) are typical of
igneous zircon (Figure 4; compare Hoskin and Schaltegger
2003). Also, the REE pattern is typical of unaltered zircon
from igneous crustal rocks (Hoskin and Schaltegger 2003).
First, the HREEs (heavy rare earth elements) are enriched
relative to the middle and light REE (Figure 4). Second, a
positive Ce anomaly (Ce/Ce* = 154) and a negative
europium anomaly (Eu/Eu* = 0.13) were observed. The
former (ie, HREE enrichment) was also evident in the PL
spectrum (Figure 2b) where strong emissions were observed
for the trivalent Dy and Tm, and to a lesser extent Sm (Gaft
et al. 2000, lenz et al. 2015).

© 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts

- - - -
o o o o
= o © *

M127 / C1 chondrite
o

N
<

I N R N I T N N S N MR M B
La Ce PrNd SmEuGdTb Dy Ho Er TmYb Lu

Figure 4. Plot of chondrite-normalised REE mass frac-
tions determined by LA-ICP-MS (University of Bergen).
The grey area visualises REE mass fraction ranges
obtained for unaltered igneous zircon (graphically
extracted from figures 4 and 5 in Hoskin and Schal-
tegger 2003).

Finally, it is important to note that elemental species, such
as Ca, P and Fe that are typically excluded or low in primary
zircon but are often absorbed extensively during alteration
events (Smith et al 1991, Geisler et al. 2003, Pérez-Soba
et al 2007, Nasdala et al 2010), have low mass fractions
in zircon M127 (Table 1). This observation shows that M 127
has not undergone intense weothering or other postcrys-

tallisation chemical alteration.
Structural state and radiation damage

Natural zircon may have appreciable structural damage
created by alpha decay of U and Th and their unstable
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daughter nuclei. The accumulation of this damage leads to
systematic changes of physical parameters, which in turn can
be used to estimate the degree of radiation damage
sustained by an unknown zircon sample. We have therefore
applied a number of measurement techniques for charac-
terising the sfructural state of M127 (by determining specific
gravity, unit-cell parameters, Raman spectral parameters
and shorpness of electron diffraction moximo). This was
performed to check the degree to which the observed
deviation from the ideal structural state corresponds, within
the well-known ‘Sri Lankan trend’, to the calculated self-
iradiation. Obvious mismatches, in turn, could unravel
structural recovery as for instance caused by postgrowth
alteration or synthetic thermal gem enhancement.

The self-iradiation causing the radiation damage is
quantified commonly by the alpha dose (D,), that is the
time-integrated number of alpha-decay events experienced
by the zircon since primary growth (more precisely, since the
time of closure of the U-Pb system). This parameter is
caleulated according to (Murakami et al 1991, Nasdala
et al 2001)

76~cTh-NA. 7~cU~O.OO72~NA.
10° - Mgy 10° - Mags
(1) 4 S LD ()
© 1VI238

Dy

(exmz*_]) +

(M

where ¢y and ¢, = U and Th mass fractions in pg g™
(Table 1); Na = Avogadro’s number; Mazg, Mazs and Mogs,
= molecular weights of isotopes; Anzg Anzs and Aogp =
decay consfants of 228U, 2%°U and 232Th; and t = zircon
U-Pb age (here 524.3 Ma; see below). It should be noted
that the common use of the U-Pb age in calculating D,
adds slight uncertainty, as this practice is based on the —
often incorrect — assumption that the closure of structural
recovery by annealing corresponds exactly with U-Pb system
closure. For natural zircon, D,, actually is not a ‘measure’ of
the structural damage present in a given natural zircon
sample. Rather, D, quantifies the fotal self-iradiation since
the time of closure of the U-Pb system. How much of the
damage has been accumulated or has been thermally
annealed depends on the thermal history of the sample.
Nasdala et al (2001, 2004) and Palenik et al (2003)
found that the Ratnapura, Sri Lanka, gem zircon suite is not
as radiation damaged as expected given the U and Th
mass fractions and ages; only about 55% of the damage
was retained. This is assigned to the particular geological
history of the area (involving slow cooling prior to Ordovician
uplift and perhaps a reheating event; Nasdala et al. 2004).
In summary, radiation damage cannot be compared

among samples of different origin by the simple evaluation
of their calculated D, values. However, infernal comparison
is straightforward with Sri Lankan zircon gems, because —
provided no gem enhancement involving elevated temper-
atures was applied — they all show uniform trends of
parameter changes depending on D, (Nasdala et al
2004). The calculated value of D, = 1.82 x 10'® events
per gram for zircon M127 is rather moderate. It is well below
the first percolation point (for Sri Lanka zircon determined at
~35x%x 108« g']; Salie et al. 1999) that is characterised
by the beginning of three-dimensional inferconnection of
amorphous clusters in the crystalline matrix. The nearly
complete transformation of Sri Lankan zircon to the amor-
phous state requires self-iradiation doses of ~ 10'? o g!
(Salie et al. 1999, Nasdala et al. 2002). The calculated
alpha dose of 1.82 x 10'® events hence suggests a
notable but still moderate level of radioactive self-iradiation.

The specific gravity of zircon M127 was determined at
4625+ 0005g cm™ This was performed prior fo
preparation, by repeated weighing of the original stone
in air and in distilled water. The gravity of M127 is ~ 2%
lower than that of crystalline zircon (> 47 g em™) but well
above than that of mefamict zircon (<4 g cm™; eg,
Sahama 1981, Nasdala et al. 2002), indicating a notable,
but still moderate degree of self-irradiation induced volume
expansion. As zircon M127 has a ‘regular chemical
composition with generally low amounts of non-formula
elements, and as it is free of inclusions, any chemical or
textural effects on the sample’s specific gravity must be very
minor. The moderately decreased specific gravity is there-
fore assigned solely to the moderate degree of radiation
damage present.

Unit-cell dimensions of zircon M127 were determined
from four 50- to 100-um-sized chips, by obtaining ten
frames each on a Bruker Nonius KappaCCD single-crystal
X-ray diffractometer. Analyses were performed with MoK,
radiation. The distance between chip and defector was
35 mm. The measurement time per frame (width 2°) was 3 s.
The dimensions of the tetragonal unit-cell were determined
at ap = 66408(4) A and ¢y = 60367(5) A (Figure 5),
resulting in a unit-cell volume of V= 26622(4) A%, Com-
pared with well-crystallised zircon, zircon M127 is charac-
terised by expansion of the unit cell of ~ 2%. First, this
corresponds very well with the ~ 2% decrease of the specific
gravity (cf. above). Second, the ~ 2% cell expansion
characterises the material as moderately radiation dam-
aged (Holland and Gottfried 1955, Murakami et al. 1991).
Note that the observed expansion of parameters ag and o
is rather ‘homogeneous’ (Holland and Gottfried 1955,
compare also figure 6A in Nasdala et al. 2004). Partially
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annealed zircon, in contrast, is typically characterised by an
apparent ag-co mismatch, caused by preferential recovery of
the original expansion along the crystallographic a axis
(Weber 1990, 1993).

The degree of radiation damage was further estimated
from the full width at halF-maximum (FWHM) of the main
Raman band of zircon [v5(SiO,) vibrational mode; Nasdala
et al 1995, 2001]. Spectra were obtained with He-Ne
632.8 nm excitation (8 mW at the sample surace) by
means of a Horiba LabRam HR Evolution system (focal
length 800 mm). A diffraction grating with 1800
grooves mm’ was placed in the optical pathway, resulting

in a spectral resolution of ~ 0.8 cm.

The system's
wavenumber accuracy is better than 0.5 cm™'; wavenumber
calibration was performed using the Rayleigh line and
emission lines of a Kr lamp. Raman spectra were corrected
for background and fitted assuming Lorentzian-Gaussian
band shapes. Real PWHM values were calculated by
correcting measured FWHMs for the instrumental profile
function of the spectrometer (Dijkman and van der Maas
1976, Nasdala et al 2001, Véczi 2014). The Raman
spectrum of zircon M127 is moderately broadened but
bands are still very symmetrical (Figure 2a). The FWHM of
the v5(SiO,) band (here observed at 999.8 + 0.5 cm™)
was determined at 140 + 04 cm’ (Figure 5), which
indicates significant but still moderate radiation damage.
Raman line scans did not reveal lateral variations of Raman
parameters (Figure 3), implying that the moderate radiation

damage in zircon M127 is homogeneous.

Electron diffraction was performed by means of a FEl
Tecnai G? F20 X-Twin TEM (transmission electron micro-
scope) system at Helmholtz-Zentrum Potsdam. The TEM
system was operated at 200 kV and 0.5 nA beam current.
For TEM analysis, thin foils were cut out of polished mounts
containing oriented zircon chips using a FEI FIB200 (for
details of the focussed ion beam technique see Wirth
2004). An electron diffraction pattern of zircon M127 is
shown in Figure 6a. The diffraction pattern of M127
appears somewhat ‘blurred’ when compared with that of
crystalline zircon, whereas no ‘amorphous’ diffraction ring
(which is typical of highly radiation-damaged  zircon;
Nasdala et al 2004) is observed. The former observation
is visualised in Figure 6b, which shows the diffraction
intensity along the line marked in Figure 6a. The infensity
profile was extracted using the Image) software (Schneider
et al. 2012). The analogous intensity profile of a nearly
undamaged zircon (sample Rata described in Lenz and
Nasdala 2015) obtained with the same TEM systfem under
identical experimental conditions shows notably narrower
diffraction maxima (Figure 6b).

P

GEOSTANDARDS and

‘-~ GEOANALYTICAL
RESEARCH

T
6.08 - L
N -
I o 79 ]
o/OCf
6.04 - o © —
< | o i
UO

N S i
. 7 —

6.00 C}g
N P i

5.96 -
gS Y M127 éy

L | % M257 o -

— 20| O literature //4)__

E T o i

~ = /d u

= | ]
2 $

—~ 10 -7 -

Q = ]

a | o-° i

> N //f) E

o
O I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 1 2 3

Calculated alpha dose (x10'¢ g')

Figure 5. Plots of unit-cell parameter ¢o and the width
of the main Raman band at ~ 1000 ¢cm™' against the
time-integrated alpha dose, for zircon samples from Sri
Lanka. Literature data for unit-cell constants from
Holland (1954), Murakami et al. (1991) and Nasdala
et al. (2004). Literature data for Raman FWHMs from
Zhang et al. (2000) and Nasdala et al. (2001, 2004).
Data for zircon M257 from Nasdala et al. (2008). Note
that parameters of zircon M127 plot well within the “Sri

Lankan’ trends (visualised by dashed arrows).

All of our results indicate that the structure of zircon
M127 is moderately damaged due exclusively to radioac-
tive self-iradiation over geological periods of fime. This
conclusion is supported by the observations that the specific
gravity, the unit-cell volume and the Raman band broaden-
ing correspond well, within the ‘Sri Lankan’ frends of
parometer  changes, with an  alpha dose  of
182 x 10"® g (Figure 5). The degree of damage is
significantly higher than most other zircon references, such as
Penglai (for sample description see Li ef al. 2010), 91500
(Wiedenbeck et al. 2004), and CZ3 (Nasdala et al 2004,
for sample description see Pidgeon 1997). The degree of
radiation domoge in M127 is, however, still moderate, very
similar to the structural disorder of zircon M257 (Norberg
2007, Nasdala et al. 2008). As M257 does not show any

significant matrix effects (such as preferred sputtering of Pb
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Figure 6. Electron diffraction in the TEM. (a) Pho-
tograph of the diffraction pattern of zircon M127
observed along [001]. (b) Plot of the intensity distri-
bution along the line marked in a with arrows (solid
graph), in comparison with an analogous intensity
distribution pattern obtained from highly crystalline
zircon from Ban Lung, Ratanakiri, Cambodia (dotted
graph; for sample description, see Lenz and Nasdala

2015). Graphs are shown with vertical offset for clarity.
from highly radiation-damaged zircon; e.g, Mclaren et al.
1994, Nasdala et al. 2002), such problems are also not to
be expected for M127.

Isotopic composition of zircon M127

U-Pb age determination by TIMS

The U-Pb age of zircon M127 was determined by
thermal ionisation mass spectrometry (TIMS) analysis in the
geochronology laboratories of the University of California at
Santa Barbara, USA, and University of Oslo, Norway. Results
of chemical abrasion (CA) TIMS analyses of one 1.437-mg

chip at the University of California have already been
pub|ishec| elsewhere (Mattinson 2010).

At the University of Oslo, one 0.646-mg chip of M127
was subjected fo isotope dilution (ID) TIMS analysis. The chip
was cleaned with HNOg, H,O and acefone, then weighed
on a microbalance and transferred to a Krogh-fype bomb
(see Krogh 1973), to which a measured amount of
202ppy 209p, 233 spike was added. The spike was
evaporated before adding a mixture of HF and HNO3
(12:1). The bomb was placed in an oven for 5 d at 190 °C.
The solution was then evaporated to dryness and redis-
solved in 3 mol "' HCl ovemight at 190 °C. The solution
was then split with a pipette onto four columns with anion
exchange resin to separate out Pb and U. The latter were
then loaded on zone-refined Re filaments together with Si
gel and HzPO, and measured in a MAT262 mass
spectrometer. The main Pb and U peaks were measured
on mulfiple Faraday cups in stafic mode, and the
207pp/2%4ph rafio was measured by peak-jumping on an
electron multiplier. Other details of the procedure can be
found in Corfu (2004). The spike composition was calibrated
against the synthetic ET100 solution (Condon et al. 2008)
provided by the EARTHTIME inifiative (http://www.earth-
time.org).

The 238U o|ecc1y constant  of Joﬁey etal (1971;
155125 x 107'° o) and the re-revised 2%°U decay
consfant of Mattinson (2010; 9.8571 x 107'° a™"), which is
marginally higher than the revised value of Schoene et al
(2006; 9.8569 x 1079 o), were used for converting
isofopic ratios into ages and for plotting the results. Age
calculations and the preparation of the Concordia plot were
performed using the Isoplot program (Ludwig 2003). Note
that isotopic ratios are reported as measured (i.e, without Th
fractionation correction). The uncertainties reported include
quadratically propagated measurement errors, a minimum
reproducibility term of £ 0.06% amu™' on the fractionation
corrections for Pb and U (based on regular runs of standard
solutions), blank corrections of 2+ 1 pg Pb and
01 £005pg U and uncerainties of 2% on the
206pl,/204ph and 1% on the 2°”Pb/?%*Pb compositions of

the blank.

The U-Pb results obtained in the University of Oslo
|oborc1tory are summarised in Table 2, and a Concordia
plot including both these results and the results of Mattinson
(2010) is presented in Figure 7. From all twenty TIMS
ono|yses, a weighfed mean 2%°Pb/?38U ratio for zircon
M127 of 0084743 + 0000027 (2s) was calculated,
which corresponds to a 2%°Pb/?%®U age of 524.36
+ 0.16 Ma (uncerfainty quoted at the 95% confidence
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= level). The weighted mean 2%’Pb/?3°U isotopic ratio was
1 f=
S EQ N Mo S calculated at 0.67676 + 000023 (2s). The mean Concor-
o o R
29— T o dia age calculated is 524.37 + 0.46 Ma (95% confidence;
o o 9
s errors of decay constants included). The U-Pb system of
= 38988 N zircon M127 is well concordant within the uncertainties of
» S 999 (o]
N:g § § § § +H the decay constants (for further discussion, see Schoene et al
2 2006, Schmitz and Schoene 2007, Mattinson 2010). We
S o NI TR o~ S" recommend the above mean isotopic ratios and
i) — — — 3
o g RRRR Rg 205pb/238 age to be used when applying zircon M127
s 8383838 387
« o 3333 OS5 as reference material in SIMS U-Pb dating.
5
o
T 2 ©n 3 Hafnium isotope determination by solution ICP-
=9 S oo o
a v o MS
e]
(e}
© 0 © O ]
3 S MR R0 S Hafnium mass fractions, and '7°Hf/'“Hfand '7Lu/ "7 Hf
S5 . o . .
&o2 318538 S ratios, were measured by solution isofope dilution analysis.
- O N O — c
] @ SIS0 g Three multi-collector ICP-MS systems at different laboratories
n un uvu v
were used: the Radiogenic Isotope and Geochronology
8 Lo & & Laboratory (RIGL) at Washington State  University (WSU),
C 8888
< 88853 Pullman; the Institute of Geology and Geophysics, Chinese
o Academy of Sciences IGGCAS), Beijing; and the joint K&ln-
e 290 < Bonn laboratory, Germany. To check for the internal homo-
&2 3 'ﬁ g g g geneity of Hf isofopes within zircon M127, each of the three
o « o O o o o
o S o oo o laboratories was provided with five small samples (1-3 mg per
I3I8K sample consisting of one, two or three individual chips). The five
EM:; °5 SR samples were recovered from the five main slices of the original
S« 55 3& Sr, 5 S gemstone (see Figure 1b; one somp|e per slice).
Rt i
_ R, In the RIGL facility, each fragment was separately
&_‘é § g g g dissolved in a mixture of concentrated HF and HNOj in
- SESRCRS) precleaned 0.5 ml Savillex® perfluoroalkoxy screw-top vials.
o The vials were loosely capped and placed in Teflon® linerin a
S Emz I3e83 3 large-capacity Parr dissolution bomb to which ~ 5 ml of
o R g 'g g 'g g concentrated HF was added to provide vapour pressure
:? : within the bomb. The sealed bomb was placed in an oven at
E Ea 250 °C for 48 hr. Following dissolution, the contents of each
':E) —: £ (X33 bomb were transferred to at 7 ml Savillex® beaker, dried and
T\’ E E fluxed ovemight in a mixture of 2.5 mol I'" HCl/H3BO3 to
N convert to chlorides and minimise production of fluoride
z |2 299 = species. Samples were again dried and redissolved in 1 ml
T |F °ces 2 1 mol [ HCl plus 0.1 mol ! HF (precisely weighed). From thi
° 3 mo plus 0.1 mo precisely weighed). From this
3; 2 solution, an aliquot for analysis was removed and added to a
© "o N 3:2 clean 7 ml Savillex® beaker to which a zircon-specific mixed
5 |° R = 1761180 i dded. Furher details of
o o = Lu—"""Ht tracer solution was added. Further details o
e = £
o 5 sample preparation, column chemistry and Hf and Lu mass
' 2
> = 3 spectrometry are described in Vervoort et al (2004) and
(%] ' R
s |2 g RRRR o Goodge and Vervoort (2006). The purified Hf of samples (and
- <]
'QT = > calibrants) were run as 50 ng ml™" solutions and infroduced o
= g 5 the RIGL ThermoFinnigan Neptune MC-ICP-MS using an
. O o] D
N, e <m0 £ iy Aridus desolvating nebuliser. Mass fractionation was intfernally
o= |53 2333 < 3 17940177
<2 |5E L8eY = © corrected using Hf/""7Hf = 07325, and all sample
=
Pe g2 2222 g S analyses were normalised using the Hf isotope reference
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Figure 7. Concordia plot of U-Pb data obtained at the University of California at Santa Barbara (CA-TIMS; sixteen
plateau steps, data from Mattinson 2010) and at the University of Oslo (ID-TIMS, four individual analyses). All ellipses

represent 2s uncertainties. The uncertainty of the mean age quoted includes uncertainties of decay constants.

material IMC 475 (Patchett and Tatsumoto 1980; with a
presently accepted value of '7°Hf/'"7Hf = 0.282160). Five
analyses of JIMC 475 were interspersed between samples
and yielded a mean '7°Hf/'77Hf = 0282132 + 0000004
(2s;n = 5).

For analyses at the IGGCAS, single chips of zircon
M127 were weighed and dissolved in HF-HNO3 in 3-ml
vials placed in high-pressure bombs at 210 °C for 1 w.
Afterwards, the samples were dried down and redissolved
in 3 mol I'" HCl. Each sample solution was then split
About 20% was spiked with a mixed '7°lu and "&Hf
tracer for determining the Lu and Hf mass fractions. The
spike solution used was calibrated beforehand against @
standard solution made from pure metals (Yang et al.
2010). It was fested on several international calibrants
(BCR-2, W-2) and yielded results corresponding to refer-
ence values (Minker et al 2001). The remaining ~ 80%
of each initial sample solution was used to determine the
Hf isotopic composition. The chemical purification proce-
dure described in Nebel-Jacobsen et al (2005) and
Morel et al. (2008) was applied. Isotope measurements
were performed on a Thermo Scientific Fisher Neptune
MCHCP-MS following the protocol listed in Yang et al.
(2010). Instrumental mass bias was corrected offline using
the exponential law and '7?Hi/'7Hf = 07325. For
possible interferences of '7°Yb and '"°lu on '7°Hf,

466

isotopes '"3Yb and '"°Lu were monitored and corrected
for, applying '76Lu/'"*Lu = 002655 and '7¢Yb/'73 Yb =
079631 (Vervoort et al. 2004). The '7°Hf/"7Hf results for
M127 are reported relative to a value of 0282160 for
JMC 475.

The procedure in the Kaln-Bonn laboratory was broadly
similar. Lutetium and Hf isotope measurements were per-
formed using a Thermo Neptune MCICP-MS and a
procedure after Nebel-Jacobsen et al (2005), employing
a mixed '7°Lu-"8°Hf tracer specifically designed for zircon.
Results for '7°Hf/'"Hf are given relative to a value of
0.282160 for the Minster AMEs standard solution that is
isotopically indistinguishable from JMC 475.

Al results are presented in Table 3 and Figure 8. They
indicate that zircon M127 is fairly uniform in Hf mass fraction
and "7°Ht/"77Hf ratio. Considering all eighteen individual
analyses (but without consideration of re-analyses which are
merely reported for comp|eteness), the unweighted mean
176Hf/'77Hf ratio is determined at 0.282396 + 0.000004
(2s), which we suggest be used as a 'working value'. The
176Hf/'7’Hf rafios determined in Kéln may seem to be
slightly higher compared with data produced in the two
other laboratories. Differences among the three laboratories
are, however, within measurement uncertainties and hence
cannot be considered systematic.

© 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts
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Table 3.
Results of Hf isotope determinations by solution ICP-MS
Laboratory Analysis Lu Hf V76Lu/V77HE [176HE/ 177 HE® 2s V761§V 77HE B
number (ng g™ (ng g™ (abs.)
Academy of M127 #1A 467 12497 0.00053 0282393 0.000006 0.282388
Sciences, M127 #1A re-analysis 0.282385 0.000007
Beijing M127 #2D 780 12441 0.00089 0282392 0.000006 0.282383
M127 #2D re-analysis 0.282385 0.000005
M127 #3D 679 12239 0.00079 0282396 0.000004 0.282388
M127 #3D re-analysis 0.282392 0.000005
M127 #4B 81.1 11493 0.00100 0282388 0.000006 0.282378
M127 #4B re-analysis 0.282388 0.000006
M127 #5B 60.8 12227 0.00071 0.282390 0.000009 0.282383
M127 #5B re-analysis 0.282400 0.000008
MI127 #6Y 51.6 12301 0.00060 0.282391 0.000006 0.282385
M127 #6Y re-analysis 0.282388 0.000007
Mean observed '7°Hf/'77Hf ratio of six® analyses: 0.282392 + 0.000006 (2s)
Washington 11-chip 3 64.5 12616 0.00073 0282397 0.000006 0.282390
State 11-chip 3 re-analysis 0.282402 0.000006
University, Chip 12 103.1 12590 000116 0282401 0.000009 0.282389
Pullman Chip 12 re-analysis 0.282395 0.000006
Chip 13 48.8 12529 0.00055 0282394 0.000008 0.282389
14-chip 1 787 12578 0.00089 0282395 0.000008 0.282386
14-chip 2 68.7 12604 0.00077 0282388 0.000006 0.282380
15-chip 1 69.6 12539 0.00079 0282385 0.000007 0.282377
15-chip 2 1.5 12546 0.00013 0282394 0.000005 0.282393
Mean observed '7¢Hf/'77Hf ratio of seven® analyses: 0.282393 + 0.000010 (2s)
Universitat zu M127-1 (# 6) 55.8 12970 0.0006102 0.282406 0.000004 0.282400
Koln M127-2 (# 7) 56.8 12956 0.0006223 0.282407 0.000005 0.282401
M127-3 (# 8) 56.1 12847 0.0006198 0.282403 0.000004 0.282397
M127-4 (# 9) 549 12840 0.0006066 0.282401 0.000004 0.282395
M127-5 (# 10) 547 12631 0.0006142 0.282407 0.000004 0.282401

Mean observed '7¢Hf/77Hf ratio of five analyses: 0.282405 + 0.000005 (2s)

Results of replicate analyses are quoted but were not considered in the calculation of means.
Note that additional results of Hf isotope determinations, performed by LA-ICP-MS at the Chinese Academy of Sciences, Beijing, are listed in Table S1.

@ M127 data are corrected to analyses of JIMC 475.
b Age-corrected '7HE/77Hf ratfio (524 Ma).
¢ In the calculation of means, results of re-analyses were not considered.

Hafnium isotope determination by LA-ICP-MS

To check the infernal homogeneity of the '7°Hi/!”7Hf
ratio, 130 individual LAICP-MS analyses were performed
using the Neptune MCICP-MS system of the Institute of
Geology and Geophysics, Chinese Academy of Sciences,
Beijing. The JMC 475 standard solution with 200 ng g™ Hf
was used for evaluating the reproducibility and accuracy of
the instrument prior to laser ablation analyses. During laser
ablation determinations of Hf isotopes, the isobaric interfer-
ence of '"®Lu on '7®Hf was relatively small compared with
the interference of '7°Yb on '7°Hf, which must be carefully
corrected since the contribution of '7Yb to '/°Hf can
profoundly affect the accuracy of the measured '7Ht/ 77 Hf
ratio (e.g., Fisher et al 2011). Here, the mean 'Yb/'”Yb

© 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts

ratio of all individual spot analyses was used to calculate the
fractionation coefficient (By,) and then to calculate the
contribution of '7®Yb to '7®Hf using an isotopic rafio of
178b/V72Yb = 0.5887 (Wu et al. 2006). Reference zircon
91500 was used for ‘extemal’ correction. During the
measurement sessions, the '7°Hi/'”7Hf value of 91500
was 0282294 + 0000039 (2s, n = 436), which was
adjusted to 0.282305 (correction of 0.000011), a reference
value recommended for 91500 (Wu et al. 2006). During
data acquisition, analyses of GJ-1 as an unknown yielded a
weighted '7¢Hf/'””Hf ratio of 0.282018 + 0.000048 (2s,
n = 116), within error the recommended value (Morel et al
2008). Data are not presented in detail here; they are
available online (Table S1; see link given at the end of the
paper). Analyses did not yield any significant variations
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Figure 8. Results of Hf isotope determinations (solu-
tion ICP-MS) performed at University of Cologne (five
individual analyses), Washington State University,
Pullmann, WA (seven), and the Chinese Academy of
Sciences, Beijing (six). Error bars represent 2s uncer-

tainties.

within and among chips, underlining the homogeneity of
zicon M127; the mean '7°HI/'”’Hf value of all 130
analyses was 0.282392 + 0000031 (2s).

Hafnium isotope determination — discussion

One puzzling observation related to the solution isotope
dilution results (Table 4) is the diversity of Lu mass fractions
(and, connected with that, of '7®Lu/'""Hf ratios). Fairly
uniform Lu mass fractions were measured in Kéln-Bonn
whereas the results of the other two laboratories show a
comparably large scatter. These differences could point to
sample heterogeneity. Recall, however, that all three labo-
ratories received corresponding fragments recovered from
the same areas in the five gemstone slices, so samples may
be assumed tfo represent a nearly identical set. This implies
that sample heterogeneity is most likely not the cause of
scattered Lu mass fractions, because otherwise similar
scatters would be expected to have been found by dll
three laboratories. Possible other reasons for Lu data
variations include difficulties relating spiking subaliquots
some time perioo| after dissolution (as done in the RIGL
facility and at the IGGCAS). This practice may have resulted
in differing behaviour of Hf and Lu during the chemical
treatment. For instance, it may be speculated that REE-
fluoride complexes might have formed that prevented the
spike and sample from equilibrating completely with respect
to Lu. We therefore cannot be sure the variations in
176Lu/""7Hf observed by the RIGL and IGGCAS laborato-
ries are real. Rather we assess the Kdln-Bonn results as
reliable, which suggest the true '7°Lu/'"7Hf is homoge-
neous. Thus, we suggest the Kéln-Bonn result of '7°Lu/""7Hf

= 00006146 + 00000130 (2s) be used as a ‘working
value' in Hf-Lu studies. It is, however, clear that the possibi|ity
of interlaboratory variations needs to be resolved in future

measurement campaigns.

Oxygen isotope determination by laser
fluorination

Sixteen fragments of zircon M127 (masses in the range
1.83-3.98 mg) were analysed for oxygen isotope ratios at
the University of Wisconsin, Madison. Analyses were per-
formed in four separate sessions. The routine procedure at
UW is fo treat zircons in cold HF for 8 hr before laser
fluorination and analysis for oxygen isotope ratios. This
procedure removed non-zircon impurities and also dissolved
intracrystalline domains that were severely radiation dam-
aged and thus susceptible to postcrystallisation alteration of
3'80 (Valley et al 2005, 2015); it has been shown not to
affect §'80 of Unclctmctged zircon (\/a||ey 2003). Two chips
that were HF treated for the 10 December 2015, session lost
14% m/m, which is more than expected for such clean
fragments. The fragments were then pretreated at room
temperature in a BrFs atmosphere for 12 hr, and each was
heated in the presence of fresh BrFs, using an infrared laser
n = 106 um). The evolved O, gas was cryogenico”y
purified, converted to CO, and analysed by dual-inlet gas
source mass spectrometer as described by Valley et al
(1995). Gamet reference material UWG-2 (Valley et ol
1995) was analysed four to six times in each analysis
session of M127. The §'80 values obtained for M127 were
normalised to the recommended value of 5.80%. VSMOW
(Vienna Standard Mean Ocean Water) for UWG-2 (Valley
et al. 1995). Nine analyses of untreated fragments yielded a
value of §'%0 = 826 + 0.06%0 VSMOW for zircon M127
(Table 4), whereas seven analyses of HF-treated fragments
yielded a value of 8'80 = 8.49 + 0.05%0 VSMOW (2s;
unweighted means). These data are systematically higher for
the HF-treated zircon grains by an average of 0.23%.

The difference obtained by laser fluorination analysis of
M127 between untreated and HF-treated zircon is smalll
and comparable to the measurement precision obtained by
in situ SIMS analysis. We interpret the HF-treated value as
most reliably reflecting the original composition of the M127
zircon. If the HF treatment has selectively removed zircon
domains that are slightly higher in §'80, then the untreated
value for §'80 best represents the bulk composition of the
M127 crystal. Any higher 3'80 domains will be included in
a SIMS analysis and if present, the homogeneity of SIMS
analyses suggests that higher 3'80 domains are submi-
crometre and rcmdom|y distributed. Thus, the untreated value

5'80 = 826 + 0.06%0 VSMOW (29) is recommended for

468 © 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts
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Table 4.
Oxygen isotope determinations by laser fluorination (University of Wisconsin at Madison)
Analysis No. Sample/ Material Mass (mg) 3'%0
reference analysed
name Raw (% VSMOW)®
Measurement session on 22 January 2014
5 UWG-2 Garnet reference 2.00 5.86
6 UWG-2 Gamet reference 209 586
8 UWG-2 Garnet reference 3.11 576
9 UWG-2 Garnet reference 281 5.83
10 M127 Zircon (HF treated) 3.00 8.50 8.48
11 M127 Zircon (HF treated) 2.40 8.53 8.51
12 M127 Zircon (HF treated) 2.52 8.47 8.45
13 M127 Zircon (HF treated) 3.16 8.54 8.52
14 M127 Zircon (HF treated) 3.16 8.49 8.47
M127 average: 8.49 + 0.06 (2s)
15 UWG-2 Garnet reference 274 5.83
16 UWG-2 Gamet reference 212 577
Measurement session on 7 May 2014
1 UWG-2 Gamet reference 292 598
2 UWG-2 Garmnet reference 226 6.09
3 UWG-2 Gamet reference 237 6.02
4 UWG-2 Garnet reference 1.86 599
5 UWG-2 Garnet reference 2.90 596
26 M127 Zircon 349 8.54 8.32
27 M127 Zircon 2.54 8.47 8.25
28 M127 Zircon 3.98 8.44 822
M127 average: 8.26 + 0.10 (2s)
Measurement session on 1 December 2015
2 UWG-2 Garnet reference 290 5.80
3 UWG-2 Garmnet reference 2.37 577
4 UWG-2 Gamet reference 274 578
5 UWG-2 Garnet reference 214 5.85
6 UWG-2 Garnet reference 1.72 579
7 M127 Zircon 262 8.20 824
8 M127 Zircon 242 8.24 8.28
9 M127 Zircon 2.60 8.19 823
10 M127 Zircon 245 822 826
11 M127 Zircon 247 825 829
M127 average: 8.26 + 0.05 (2s)
12 UWG-2 Gamet reference 294 5.65
13 UWG-2 Garnet reference 2.00 574
14 UWG-2 Garmnet reference 2.60 573
15 UWG-2 Gamet reference 231 576
Measurement session on 10 December 2015
2 UWG-2 Garnet reference 276 5.80
3 UWG-2 Garmnet reference 222 576
4 UWG-2 Gamet reference 175 573
5 UWG-2 Garnet reference 1.51 576
6 M127 Zircon (HF treated) 197 8.44 8.48
7 M127 Zircon 2.09 821 825
8 M127 Zircon (HF treated) 1.83 8.45 8.49
Summary:

Zircon M127 (HF treated; seven individual analyses): Average 3'80 = 8.49 + 0.05 (2s)

Zircon M127 (non-HF treated; nine individual analyses): Average §'80 = 8.26 + 0.06 (2s)

Note that additional results of O isotope determinations, performed by SIMS at the Chinese Academy of Sciences, Beijing, and the Helmholtz-Zentrum Potsdam

(GF2), are listed in Table S2.

“ M127 data are corrected to the respective UWG-2 reference analyses.

© 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts
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calibration of SIMS analysis with the caveat that there are
currently no estimates for the effect of radiation damage on
the instrument bias (or instrumental mass frocfionoﬁon).
Although it is usually recommended to use a zircon with
less radiation damage for determination of oxygen isotope
ratios, such as KIM-5 (Valley 2003), M127 mighf be a better

reference for samples with comparable amounts of damage.
Oxygen isotope determination by SIMS

To check the homogeneity of the oxygen isotope ratio,
SIMS analyses were performed at Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, and at
the Helmholtz-Zentrum Potsdam (GFZ). In Beijing, a total of
thirty point analyses placed in six chips originating from five
slices of the original stone were performed using a Cameca
IMS 1280. The primary Cs* beam was accelerated ot
10 kV, with a current of 1.2 nA The spot size was about
20 um in diameter (10 pm beam diameter plus 10 pm
raster). Low-energy electron flooding was used to compen-
sate for sample charging during analysis. Secondary ions
were extracted with a -10 kV potential. Oxygen isotopes
were measured in multicollection mode with two off-axis
Faraday cups. Each analysis consisted of twenty cycles per 4
s counting fime. The instrumental mass fractionation factor
was corrected using the Penglai zircon reference (with §'80
= 53%0 VSMOW; see Li etal 2010). Measurement
repeatability was better than 0.4%o (2s) for §'80. Calibrated
against the Penglai reference, the data set yielded a mean

of 3'80 = 8.34 + 0.34%0 VSMOW (2s).

The Potsdam Cameca IMS 1280-HR performed a total
of forty-one point analyses on a total of five chips. These five
chips were recovered from the five main slices of the original
gemstone (see Figure 1h; one chip per slice). These analyses
employed a ~ 2.5 nA, mass filtlered '*3Cs* beam with @
Gaussian density distribution, which was focussed to a ~
5 um diameter on the polished sample surface. The fotal
impact energy of the Cs* ions was 20 keV. Each analysis
was preceded by 20 pm x 20 um rastered presputter for
60 s. The total pressure in the sample chamber was
1 x 107 Pa at the time of analysis. Charge compensation
was achieved with low-energy, normal-incidence electron
flooding using a current of ~ 1 pA All analyses were
conducted in duplicate in sequence with an offset between
the two onc1|yﬁcc1| locations of 50 um, to assess the short-
term stability of our technique. To suppress within-run dfift in
the isofope ratio, a 10 um x 10 um raster was employed
during data collection, thus assuring a crater geometry with
a flat bottom. Secondary ions were accelerated by a -10 kV
potential applied to the sample holder. The mass spectrom-
eter was operated in static multicollection mode, with the

180" being collected in the 12 Faraday cup and the 80"
signal being collected in the H2' Faraday cup; the amplifier
system employed thermally stabilised 10'© Q and 10" Q
amplifiers, respectively. The mass resolution of the instrument
was determined to be M/AM = 1670 on the '°O mass
station and M/AM = 1970 on the 80 mass station. This is
effectively full transmission for the tool and fully suffices to
eliminate both the '"®O'H, and the '®O%H isobaric
interferences from the '80 mass stafion. A single analysis
consisted of twenty infegrations of 4 s each. Using white-light
profilometry, we determined that the test portion mass for our
analyses was equivalent to ca. 150 picograms. Data for
M127 were corrected for instrumental mass fractionation
using the 91500 reference (with 3'0 = 9.86%0 VSMOW;
see Wiedenbeck et al 2004). Analysis on M127 yielded a
mean of 8'80 = 7.96 + 0.20%0 VSMOW (2s) for forty-one
deferminations on the five fragments, meaning this data set is
consistent with being a homogeneous population.

Data are available online (see supporting information
Table $2). No systematic variations or ‘outliers’ were found
among the thirty analyses in the Beijing laboratory. Among
the forty-one analyses in Potsdam, two measurements in @
single area gave results 0.25%o lighter than the remainder
of the population, and suspiciously, these were the first data
acquired during our measurement series. Discarding these
two, seemingly discrepant, values yielded a measurement
repeatability of £ 0.16%0 (2s) on n = 39 deferminations,
indicating that M127 is at least as homogeneous as the
91500 zircon, which we presume to be homogeneous in its
3'80 confent. We therefore conclude that M127 is well
suited for use as a reference material in SIMS studies that
correlate U-Pb age and 880 of unknown zircon samples
(see Cavosie et al 2005, Valley et al 2005).

Oxygen isotope determination — discussion

Unlike the homogeneous Sri Lanka zircon references
CZ3 (Cavosie et al. 2011) and M257 (Nasdala et ol
2008), the 580 value determined for zircon M127 is not
remarkably high and hence does not fall outside the range
typical of igneous zircon (Figure 9). Unlike CZ3 and M257,
the oxygen isotope ratio of M127 does not provide a clear
indication of the formation environment (whereos the
particularly high 8'80 values of some Sri Lanka zircon
samples are presumed fo indicate formation in a marble or
Ca silicate metamorphic rock; Cavosie et al 2011). We
can therefore merely speculate that the remarkable homo-
geneity (ie, absence of dll signs of ’igneous’ growTh
zoning) of zircon M127 might be explained by (a)
metomorphic formation that, however, did not result in a
very high 8'80 value or (b) igneous formation that must

470 © 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts
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Figure 9. Plot of 5'20 data for zircon M127 (laser
fluorination; University of Wisconsin, Madison) and
data for references KIM-5 (Valley 2003), M257 (Nas-
dala et al. 2008) and CZ3 (Cavosie et al. 2011) in
comparison with those for igneous zircon from local-
ities world-wide (Valley et al. 2005).

have resulted in the formation in particularly thick growth
zones. As zircon M127 was derived from a gem gravel,
with the original host rock being unknown, the formation
environment remains uncertain.

Lithium isotope determination by SIMS

Lithium isotope determinations were performed using the
Cameca IMS-1280 HR at the Insfitute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing. A
detailed description of the procedure followed can be
found in Li etal (2011), and therefore, only o brief
description is given here. The primary O ion beam was
accelerated at -13 kV, with a beam current of 28 nA The
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beam was focussed to an elliptical spot ca. 20-30 pm in
size. Positive secondary ions were extracted with a 10 kv
potential. A single ion-counting electron multiplier (EM) was
used as the detection device. The mass resolution was 1300
(at 10% peak height). Each measurement consisted of eighty
cycles, with a total measurement time of 20 min. The M257
zircon reference (Li = 0.86 pug g™ and 8’Li = 2.1 + 1.0%0;

see Li et al. 2011) was used as calibrant material.

A total of fiftyfive analyses were performed on six
fragments of M127 that were embedded in a polished
epoxy sample mount. The mean Li mass fraction of zircon
M127 is 10 £ 0.1 pg g™ (2s), and the mean &’Li value
was defermined at -0.6 + 0.9%o (2s). This can initially be
used as a working value for M127, although there is an
urgent need for further characterisation of this system using
other, independent analytical methods (i.e, solution ICP-MS).
In view of the low 8’Li variability observed in this study,
M127 may be a useful reference material in SIMS studies
that use Li as a petrogenetic tracer (Ushikubo et al. 2008, Li
et al 2011, Bouvier et al 2012).

(U-Th)/He analysis

The refention of the radiogenic “He was evaluated by
(U-Th)/He analyses at the University of Arizona, Tucson. Our
experimental details are described elsewhere (Nasdala
et al 2004, Reiners 2005), and our results are presented in
Table 5. Analyses on chips M127zA and M127zB were
performed in 2006, in the course of the characterisation of
zircon M257; the other chips were analysed in 2015. All five
analyses yielded a weighted mean He age of 426 + 7 Ma
(2s) for zircon M127. This value is well within the range of
typical helium ages for unheated zircon samples from Sri
Lanka (Hurley 1954, Nasdala et al. 2004). It also confirms
that zircon M127 has never been subjected to heat
treatment, as this would have caused near total loss of
radiogenic helium (Reiners 2005).

Table 5.

(U+Th)/He age of M127 (University of Arizona at Tucson)

Sample “He (pmol) U (ng) Th (ng) Age (Ma)

name

M127zA 116 £ 0.2 441 +0.16 2.04 + 006 425 £ 17

M1272zB 242 + 0.6 9.24 + 0.34 426 +0.14 423 +18

15B346 0.809 + 0010 0.303 + 0.008 0.133 + 0.004 432 £ 12

15B347 205 + 006 0.772 + 0.024 0.341 £ 0.010 428 + 17

15B348 0.227 + 0.006 0.088 + 0.002 0.041 + 0.002 417 £18
Weighted mean age of five analyses: 426 + 7 Ma (2s)

All analytical uncertainties are 2s.

© 2016 The Authors. Geostandards and Geoanalytical Research © 2016 International Association of Geoanalysts

471



GEOST,

/’ﬂ.i = \\

ANDARDS and

. GEOANALYTICAL
RESEARCH

Conclusions

Zircon M127 is a suitable reference material for the
SIMS U-Pb analysis of unknown zircon samples, especially in
studies that subject the same sample mounts to the
additional analysis of oxygen (SIMS), lithium (SIMS) or
hafnium isotopes (LAIICP-MS). Zircon M127 is homoge-
neous in ferms of chemical and isotopic composition and
has a remarkably concordant U-Pb isotopic system. There-
fore, M127 is suitable for calibration, quality control and
method validation purposes for analytical techniques work-
ing at the low- to subnanogram sampling scale, and its
broad acceptance by the SIMS community would greoﬂy
improve the metrological traceability between facilities. A
particularly advantageous property of M127 is the fairly
high uranium mass fraction of ~ 923 ng g (and
correspondingly high levels of radiogenic Pb), which will
result in exceptionally high count rates and good counting
statistics for SIMS analyses.

The material will in future be used and distributed by the
Beijing SHRIMP Centre, Institute of Geology, Chinese
Academy of Geological Sciences (contact:  liudun-
yi@bishrimp.cn). Zircon M127 is reserved as SIMS reference.
In particular, it will not be provided for only U-Pb
geochronology in LAICP-MS laboratories. Despite  this
decision, it will of course be possible, and worthwhile, to
subject repolished SIMS mounts containing M127 to
subsequent analyses by means of LAICP-MS, including Hf
isotope or LASS (laser ablation split stream method for
combined U-Pb and Hf 0no|yses; Fisher et al 2014). This
decision was made fo reduce the consumption of zircon
M127 to a minimum and ensure that the material will be

ovoi|c4b|e fOI’ SIMS WOFI( fOI’ severo| more years.
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