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Abstract

Isotopologue deficits of up to 200%. below ideal mixare observed in UOspecies during SIMS gechronological analyses
using the SHRIMP lle instrument. These are idintiby bombarding natural U-bearing minerals with'%, primary
beam. The large anomalies are associated withategrealyses down a single SIMS sputtering cratem{ston et al.,
1984), analysis of high-uranium, radiation damagedon, and analysis of baddeleyite. Analysis iofan under routine
conditions yield UG isotopologue anomalies generally within a few patof equilibrium. The conditions under which the
isotopologue anomalies are observed are also ¢omglin which the U@based corrections, or calibration, for relativerdJ
Pb ionization efficiencies fail. The existencetliése isotopologue anomalies suggest that failutieeovarious UQ species
to equilibrate with each other is the reason thamenof them will successfully correct the U/Pb gatNo simple
isotopologue-based correction is apparent. Howedsetppologue disequilibrium appears to be a memsisive tool for
detecting hi U calibration breakdowns than Ramaecspscopy, which showed sharper peaks for ~37 igh tranium
zircons than for reference zircons OG1 and Temdrdh-Sm/He ages were determined for aliquots oérexice zircons
OGL1 (755+71 Ma) and Temora (32343 Ma), suggestiagthe broader Raman lines for the Temora reéereircons may
be due to something other than accumulated radid@éonage.

Isotopologue abundances for U@nd ThO and their energy spectra are consistent with mioatl molecular species being
the product of atomic recombination when the prinia@am impact energy is greater than 5.7 kV. Tihigddition with the
large UQ" instrumentally generated isotopologue disequiibsuggest any attempts to use SIMS to detect aiigtur
occurring isotopologue deviations could be tricky.

Introduction

Determining the timing of geologic events is a famental constraint for unravelling the history of @lanet. In the 120
years since the discovery of radioactivity, the o$eadioactive decay has been an increasinglyatiées accurate, and
precise way of measuring geologic time. One ofrtiagor advances in this field was the inventionh&f SHRIMP (Sensitive
High Resolution lon MicroProbe), which has beenduse U-Pb geochronology of zircon for the lasty&&rs (Froude et al.,
1983).

The SHRIMP is a large radius, magnetic sector Sikkrument (Ireland et al., 2008). It features w lionpact energy
floating primary column optimized for Kohler illumation of a projection aperture onto the surfacth i mass-filtered
primary beam, a low energy (350V/mm) initial extian field, A quadrupole triplet for matching thecendary ion

emittance to the mass spectrometer acceptancea éarge (1 meter turning radius) CQH mass spectremeith second

1
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order focal aberration correction (Matsuda, 1974 instrument used in this experiment is equippied a single electron
multiplier as a detector; all data is ion countimg sequential mass peaks. The SHRIMP has beentasgavide the
geochronological foundations of thousands of papessally using a methodology best described skdseades ago
(Williams, 1998).

A key requirement for successful SHRIMP U-Pb geonbtogy is accounting for the differential and abile secondary
ionization yields of U and Pb in the Secondary Mass Spectrometry (SIMS) source. The current ntefbodoing this is
the use of a calibration relating the detectedrtio of PB/U" to the ratio of an oxidized molecular U-bearing io a
reduced one. The most widely used calibrationgewer law relationship between " and UG/U* (Claoue-Long et al.,

10 1995), but other calibrations using various comtiames of U, UO, and U@have been used (Stern and Amelin, 2003).
These calibrations apply to both SHRIMP and oth&tSSinstruments used for geochronology.

There are some drawbacks to this technique. ¥irlie covariation is not exact, and after calioratthere remains a
residual error that can be anything from 0.5 to 28pending on the analytical conditions of the isess Secondly, it

15 requires corrections for bulk composition for zimsowith more than 2000 ppm U (Williams and Herd@0@; White and
Ireland, 2012), or for minerals that exhibit compb®lid solution, such as monazite (Gregory et2007; Fletcher et al.,
2010). Thirdly, some simple oxides, such as bagdel and rutile, exhibit orientation-related dewias from the
calibration (Wingate and Compston, 2000; Schmiglgt2010; Taylor et al., 2012).

20 As the relationship between uranium oxide formatow Pb ionization efficiency at the SIMS sputtiée & not clearly
understood, af’O, primary beam was used to determine the sourcheobxygen in the UO species used for calibration
(Magee et al., 2014). Previously, the use®ef implants in non-oxide species has been usedworpurposes. Oxygen
diffusion in either oxide or semiconductor matrites been observed using’8® flood or ion implant (Kilner et al., 1996;
Manning et al., 1997). In additiofO implants have been used for quantifying behavi@puttered oxygen introduced by

25 either a natural primary beam (Sobers et al., 2@04)y oxygen flooding (Franzreb et al., 2004).isT$tudy reverses the
Sobers et al. (2004) method in which 1@ implant is replaced with the stoichiometric natuixygen composition (99.8%
1%0) of the natural target material, and i@ primary beam used by Sobers et al. (2004) is ceplay a0, primary
beam. It is the first labelled oxygen SIMS expemehere an untreated natural mineral target is beoded with an
isotopically labelled primary oxygen beam, andstachiometry defines th€O content of the sputtered volume.

30
A description of the monoxide species formed irséhexperiments (Magee et al., 2014) showed thgpriarary energies
greater than 5 kV, the relationships between uranithorium, and their monoxides were consistenthwibmplete
atomization and recombination (in the case of mdéecspecies) during the sputtering process. Hewehe behavior of
more complicated molecular species, such as theidetdioxides, was not considered there. This paescribes the ion

35 abundances of the actinide dioxide species andisiss the possible meaning of the observed abueslanc

One prediction of the atomization and recombinatioocess is that the isotopologues of the molecdi@xide species
should occur with abundances that are consistetht the isotopic ratio of the monoxide and elemestaittered species.
For example, if (as is the case in standard zigamthronology) O and U®0 are sputtered in equal proportion (Magee et
40 al., 2014), then the predicted ratio off0, to U*0™0 to U0, is 1:2:1. This study tests this prediction ofdgmloguous
equilibrium, and tries to explain the observed dgohs from it. The conclusions drawn are then iapplo practical SIMS

geochronology, in an attempt to propose methodefotfiat will improve analytical performance.
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Methods

The experiments were performed on the SHRIMP Isriment at Geoscience Australia (Stern et al.9R0Following the
first “blank” experiment (see section A, below)ettank of (isotopically natural) high purity oxyggas usually used to feed
the duoplasmatron was replaced with a tank of 99%%gas (Icon Isotope Services, Troy NY). The primaeam Wein
filter electrostatic voltage was then dropped amsmit mass 36, selecting tH©, ion for sample bombardment. As the
samples were all natural oxides, this instrumesgtlip yielded a situation where 99.7% of the spadtexygen originating
from the sample i$°0, and essentially all the resputtered primary beaygen is®*0. No oxygen flooding was used,

yielding a simple two-component system.

The analytical run table included standard uraniead geochronology peak&zr,*°O reference peak, a background
position, 2%Pb, 2°Pb, "Pb, 2°%Ph, *2Th, and®®U. In addition to the standard actinide oxides utedU-Pb calibration
(Williams, 1998), thé®0 isotopologues of those masses were also incldd@dh'®0 (248),22Th'*0 (250),2*U%0 (254),
28180 (256),28U™°0, (270),28U°0"0 (272), and>®U™0, (274). For analytical session 130058, the THe@topologues
were also counted, so additional peak&ath'°0, (264),%*Th'*0™0 (266), and**Th'®0, (268) were collected.

Aside from the additional mass stations, and théoscally labeled primary beam, analyses wereautomatically using
standard Geoscience Australia procedures. A prirnmpact energy of 10680 Volts was used, with seaondbns initially
extracted at 680 volts before acceleration to 10fdvVmass spectrometric analysis. The SHRIMP veasup with a 110
micron source slit and a 100 micron collector glielding a 1% mass resolution (A1) of 5000 or greater for all peaks.
Data were collected in six scans through the rbfetan a single electron multiplier. Data were ietlusing SQUID 2.5
(Ludwig, 2010). Analytical and data reduction prigees are described in detail elsewhere (Mages.eR012). The
mounts analyzed were a mix of standard 25mm mamds35mm “megamounts” (Ickert et al., 2008). Baelglee analyses

were performed using the same instrumental setd@aalytical run table.

The following experiments were performed.

Analytical “blank”.

Before the'®0 bottle was connected to the duoplasmatron, thetahle with the®®O species was run using standard,
isotopically undisturbed oxygen with both zircordamddeleyite targets (zircon: session 110056; élaglife: session
110057). The primary beam Wein filter was useddiedt mass 32, so that the primary beam in thigexent (as is
usually the case in standard SHRIMP Il and SHRIMP &halyses) wa¥0,. The purpose of this was to see if any
unexpected mass interferences existed that woulplicate interpretations of th¥0-bearing species. In session
110056, 25 grains of Temora-2 (Black et al., 20£idjon were analyzed, along with 22 grains of R(B&ck et al.,
2004) and 8 grains of OG1 (Stern et al., 2009118057, an oriented Phalabowra baddeleyite moont the original
orientation work (Wingate and Compston, 2000) waalyzed, with a dozen analyses on each of the doiented

megacrysts.

Standard zircon

Four analytical sessions (110061, 110066, 110088106) were run with standard zircon using’fi@ primary beam.
Two of these contained zircons of unknown age,g&echronological results of which will be publisheldewhere.

The reference materials in those runs consisted of:
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Session 110061: 24 Temora-2 and 21 R-33.

Session 110066: 28 Temora-2 and 26 R-33.

Session 110088: 79 Temora-2 and 49 R-33

Session 110106: 12 Temora, 6 R-33, 4 OG1
5 Session 130056: 14 Temora

Session 130058: 9 Temora

High uranium zircon

The zircon mount used in a recent study of the gkffect (White and Ireland, 2012) was repolistaed reanalyzed
10 using the'®0, beam. These sessions were:

Session 110067: Ten Temora and 16 Red Hill (Willaand Hergt, 2000; White and Ireland, 2012) ziscon

Session 130028: 9 Temora, 10 OG1, and 18 Raumistifkyn et al., 2007) zircons

Session 130056: 37 Bishop Tuff (Ickert et al., 20diEcons.

Session 130058: 8 100 Raumid and 10 119 Raumidrisrc

15
Baddeleyite.
Baddeleyite was analyzed in session 110060 and6B10Q2 spots on each of four oriented sectionRtalabowra
were analysed in session 110060. In 110065, twemtgtomly oriented Phalabowra and 20 randomly ogigturinelli
dolerite (Claoué-Long et al., 2008) grains werelywel.
20

Impact energy effect.

Five sessions were run using primary beam impaetgies between 3.7 and 15.7 kV. The effect of cheaergy on
Pb ionization and the U-Pb calibration is discusgezliously (Magee et al., 2014)..However the,$Pecies are not
discussed there. The sessions, primary energy~@8aV for impact energy) and analyzed grains were:
25 110098: 15 kV, 13 Temora, 6 R-33, 3 OG1.
110099: 12.5 kV, 12 Temora, 6 R-33, 4 OG1
110101: 5 kV, 12 Temora, 6 R-33, 4 OG1
110103: 3 kV, 10 Temora, 5 R-33, 3 OG-1
110105: 7.5 kV, 12 Temora, 6 R-33, 4 OG1
30

Repetitive down-hole analysis test.

Several of the sessions listed above had one ospwets with repeated analyses down a single smgterater, under a
variety of conditions. For Monazite there were: 340(3 down hole analyses), 44069-1.1 (3 down laolalyses),
8153-1 (3 down hole analyses), all is session 1408&ddeleyite (110065) Phalabowra 1.1 (three)dfir 110066:

35 Temora34.1 (3), R-36 (2), R-47.1 (3); 110098 Tef-M); 110099 Tem-14.1 (4); 110101 R33-18.1 (4)010B
Tem53.1 (4); 110105 Tem-65 (2).
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Monazite.

Session 110064 included multiple analyses of tlpgeular monazite reference materials: 1409 (Sagwh Berman,
2001), 8153 (Carson et al., 2008), and 44069 (Meffiet al., 2006) were each analyzed in 11 sepaspots (one of
each had the multiple down-hole analyses descabeste).

ThO, disequilibria

In session 130058, the run table was further expaita include all three major Th@otopologues, with the intention
of comparing U@ and ThQ isotopologic deviations. The run table containthgse additional peaks was used to
analyze the high-U Raumid zircons. The purposehisf éxperiment is to see if the more variable chastate of U

causes different deviations to that of Th.

Raman

Laser Raman spectra were recorded on a Dilor® $apeam spectrometer equipped with a holographichéitter, 600
and 1800 g/mm gratings, and a liquid ¢éboled, 2000 x 450 pixel CCD detector. The samplee illuminated with 514.5
nm laser excitation from a Melles Griot 543 Segdegon ion laser, using 5 mW power at sizenple surface, and a single %O
second accumulation. A 100X Olympus microscope aibje was used to focus the laser beam and cdlecscattered
light. The focused laser spot on the samples wpgoajmately 1um in diameter. Wavenumbease accurate to + 1 ¢has ‘

determined by plasma and neon emission lines.

Helium dating

In order to more fully understand the Raman resflbe reference zircons Temora 2 and OG1, conveati(U-Th-Sm)/He
dating was performed on several whole OG1 and TarAazircons using methodology described in Daresil. (2012).
Euhedral to subhedral single crystals were degassed250°C under ultra-high vacuum using a dieded, andHe was
measured by isotope dilution on a Pfeiffer PrismidS3200 mass spectrometer. Then the crystals wékedspith >**U and
2301, dissolved and analyzed by isotope dilutionoand Th on solution ICP-MS. (U-Th-Sm)/He ages wemerected for
alpha recoil following the procedure of Farley ket(2996) assuming a homogeneous U-Th distribution.

The (U-Th-Sm)/He dating was performed becausepatth the paleoarchean OG1 has a crystallizatiomage than eight
times older than the Silurian Temora 2, it is polssthat for much of that time the OG1 was at avated temperature,
where radiation damage could anneal out. Assunfiisgtémperature threshold is similar to the Hertéde temperature of
~150-220°C (Guenthner et al., 2013), this experimeas performed to see if a (U-Th-Sm)/He age mumimger than the

crystallization age could explain the Raman results

Results

The relation between total UO/U and th&@/U*0 for different minerals is shown figure 1. The relation between total
UO/U and the BPO/U0 based on impact energy was shown (Magee et(d4)2

The predicted ratios of 0, and U®0 0 relative to U°0, were calculated from the observed®0'/U0" ratio, and
compared to the observed ratios. For any obsdd#&@'/U®0" ratio, R, the equilibrium fractions of the dioxigpecies
are:

U0, (1/(R+1)¥;

U0, (RI(R+1)Y ;
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U*0™0: 2 x 1/(R+1) x R/(R+1)

The observed 850, and U%0 *®0 and U%0, were then used to calculate delta values:
272 = (Observed 1500 / U0, - Predicted 00 / U0,)/ (Predicted FO %0 / U0,)
A274 = (Observed B0, / U0, - Predicted &0, / U*0,)/ (Predicted &0, / U*°0,)

Ratios are then typically multiplied by 100 and eegsed as percent (%), as the deviations hereuaye &nd the precision

does not reach the permil level.

A summary of results is listed ifable 1, while the full analysis-by-analysis results aisteld in Table 2 (electronic

dataset)

Experiment A: Analytical blank:

110056: For the Temora zircons, the total UO/U wabsut 6.2. BO'/U 0" ratio averaged about 9.3E-4, about half the
natural*®*0/*®0 ratio (figure 1). This is consistent with abdatf the oxygen coming from the natural abundarmmame,
and half from the puré®0, beam (Magee et al., 2014). The weighted m&an2 is positive, 9.0% * 3.2% ¢).
This indicates an interference ort®0%0" which increases its intensity by about 10%. Hasvew!®0 0" is very low
intensity peak (generally less than 10 cps), ss itfiterference is, on average, less than 1 cpss rot known what the
interfering species is, but YOH)," is a possibility.

As count rates on 900" using the'®0 beam were 1000 times higher, this minor excessigreored when processing the
80 primary beam data, where it will contribute létssn 1% excess.

The expected t50," counts are less than one millionth of th€@}* counts, and only 100,000'%®," counts were collected
Therefore we expect a fraction of &°0," count, and the\274 is dominated by counting noise on the backgtoémy

interfering peak present is negligible.

110057: Although the total UO/U ratio for Baddeteywas much lower (a mean of 3.46, but scattereuh fust under 3 to
almost 4), the same experiment performed on Baylitielgielded broadly similar results; the"40*/U®0" ratio averaged
about 9.4E-4, and the weighted mes272 is positive but somewhat smaller than for zifcé.4% + 4.9%. This puts it
within error of both zero and the zircon value. ®rgain A274 is dominated by counting noise on the backgtpas the

expected value is a fraction of a count.

Experiment B: Standard zircons:

The mean results for typical reference material @mchown zircons are shown in Table 1. These mscshowed a small
but consistent negative D272 deviation, with a meane of -1.4% + 0.5%. There was also a smalldouisistent positive
D274 deviation of 1.8% * 1.0%. The range and umaet of 79 Temora analyses is shownfigure 2. No statistically
significant isotopologue disequilibrium trends tethto age are observed, but only one session §B30tad OG1 grains
analyzed, and the extreme age of this referencerrahiStern et al., 2009) dominates any age-rélatatistics. The
geochronologic results from unknowns M750 and M@B6lyzed in session 110088 are given in Laurié. élra Review)

alongside ID-TIMS results for the same samples. ddgreement between the SHRIMP ages and the ID-TAS for these

samples suggests that fi®, primary beam introduces no detectable geochroimbbias.
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Experiment C: High Uranium zircon

Two of three high uranium samples, the Triassic Réidand the Eocene Raumid, exhibited\&74 excess of up to 10%
(Figure 3- A,B). The Pleistocene Bishop Tuff showed no such dieviaffigure 3-C). The Red Hill and Raumid also
showed apparent excess radiogenic Pb (the "Higffddte (Williams and Hergt, 2000), but this effesas not evident in

the Bishop Tuff samples (Ickert et al., 2015). Enhisrnot a strong correlation between degrea2¥4 anomaly and degree

of excess apparent radiogefi®b Figure 3,D-F).

Experiment D: Baddeleyite

The results of the Baddeleyite experiments are shawigure 4. There are moderate to extreme negat2@2 anomalies
present. In addition, although the me&2i74 is close to zerdT@ble 1), this belies substantial variation, between -#d a
+11%. There is a strong correspondence betweetietiree of negativa272 and sign oA274, and the overall ¥0*/U**0"
ratio. In the analyses of the oriented crystal finagts Figure 4-A), there is good overall agreement between modyses
of each segment, but large differences between.thEmese orthogonally mounted sections (Wingate@mehpston, 2000)
do not show the low HO"/U™ 0", and highA272, A274 results that were revealed from analyzing ramgooriented
crystals Figure 4-B).

Experiment E: Impact energy:

The results of the impact energy experiments aogvshin Figure 5. The 3 kV results have poor counting stats duthéo
low sputter yield and primary beam current. Igngrthese, for the rest of the analyses there welglat trend to more

negativeA272 andA274 with increasing impact enerdyigure 5).

Experiment F: Downhole analyses.

Additional analyses in a single spot were perforraed variety of primary ion energieaple 2). For energies below 10
kV, the additional measurements downhole resutied slight increase in272 and a larger increaseA274 Figure 6-A),
although the poor counting stats on the 3 kV expeni reduces the statistical significance for thesailts.

For a primary energy of 10kV and up, the repeatmdndhole analyses resulted in a slight decreas&if2, and a slight
increase iMA274. So the repeated downhole analyses in bothnicss moved away from the origin, and the locatibn
standard, well-behaved analyses, but in differ@etctons.

Figure 6-B shows that a scan-by-scan breakdownuitipte down-hole analyses can detect when theyanal“fall off" the
calibration, an effect known since the early dajsSBRIMP (Compston et al., 1984). This fall-off cesponds with a
minimum in the J?0*/U®0" ratio. It is these off-calibration analyses whictvé the slightly lowen272 and slightly higher

A274 values, compared to the on-calibration scans.

Experiment G: Monazite.

All monazite analyses showed extrer274 anomalies, which were different between mogaaziif different composition.
As no unlabeled monazite analyses were performemnposition-related interference cannot be ruled so no further
interpretation will be done with this data.

Experiment H: ThO, isotopologue disequilibrium

ThG, isotopologue deviations were calculated in theesamy as the UQisotopologue deviations.
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The predicted ratios of 0, and TR0 0 relative to THO,were calculated from the observed"®0i/Th**0" ratio, and
compared to the observed ratios. For any obseFé¥D*/Th'®0" ratio, R, the equilibrium fractions of the dioxidpecies
are:
Th'*0,: (1/(R+1)¥ ;

5 Th¥0,: (RI(R+1)};
Th**0*0: 2 x 1/(R+1) x R/(R+1)

The observed THO, and TH%0 *®0 and TH®O, were then used to calculate delta values:
1266 = (Observed TfO %0 / Th0,— Predicted THO %0 / TH®0,) / (Predicted THO ®0 / TH®0,)
10 A268 = (Observed TfO, / Th'®0,— Predicted THO, / Th'°0,) / (Predicted THO, / Th'°0,)

As with UG, ratios are then typically multiplied by 100 angeessed as percent (%).

Raman

Raman measurements were made on the high-U Rauro@hg, to determine if they high actinide contemasl produced
15 enough damage to broaden the Raman peaks. Measusewsre also made on the OG1 and Temora graittzeirsame
grainmount, so that the Raumid results could bepawad to U-Pb reference material. The results aengn Table 3 and

Figure 7.

Helium

(U-Th-Sm)/He dating was performed on several Tenzoamd OG1 grains, in order to better constrainréiaation history

20 of these reference materials, and to estimate th&itive radiation damage histories. Single gfalfrTh-Sm)/He ages for
OGL1 range from 677.5+36.3 to 815.5+44.6 Ma (n=@&rage: 755+71 Ma) and are by ~400 Myrs older th&Tf-Sm)/He
ages of Temora 2, which range from 287.9+15.3 10.@719.8 Ma (n=5; average: 323+43 Ma) (Table 4)erEhresults
indicate that OG1 accumulated radiation damagsipificantly longer time than Temora 2.

Discussion

25 In general, the U@isotopologue disequilibrium data show that in miasbwn situations where the SIMS YO based
calibration breaks down, the Qsotopologue disequilibrium also increases. Tlsisconsistent with the long-known
observation that Pb ionization is closely relateaxygen availability at the sputter site (Schuhhaaieet al., 1993; Schmitt
et al., 2010), and that the uranium oxide rati@saar accurate monitor of oxygen availability (Sdtnd Zack, 2012). The
UO, isotopologue deviations show that in the caliloratoreakdown scenarios previously discovered (Ctonpst al., 1984;

30 Williams and Hergt, 2000; Wingate and Compston, @p@he various combinations of uranium and oxygee, by
definition, not in equilibrium with each other. Triefore it is no surprise if they fail to predicetRl ionization efficiency.

Similar calibration problems have been reportednfremaller radius magnetic sector ion probes (Sc¢hetital., 2010;
Schmitt and Zack, 2012; Schaltegger et al., 2015¢. use of oxygen flooding to enhance Pb sengitimithose experiments
35 complicates the repeat of this study in such SIkEruments, as it adds a third oxygen source (thwel¥, in addition to the
silicate/oxide matrix and the primary beam. Howetee reduction of calibration problems in the dheléyite matrix under
flooding conditions (Schmitt et al., 2010) is catent with the U@isotopologue results presented here, which shatthie
oxygen from the matrix and the primary beam hawtlyalifferent behavior from grain to grain (asdamced byA272 and
A274 deviations in the tens of percent). Sadlysingple A272 orA274-based correction puts the baddeleyite datecteti
40 here back on the calibration line to a useful mied, as the spot-to-spot scatter can only be egifrom ~10% to ~5% by

8
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applying such a correction. The physical explamefar the observed UQsotopologue disequilibrium is still unclear, kaut

potential candidate is discussed below.

Molecular ion escape model

If intact U®O" ions from the sample are escaping the sputteriegsithe mass spectrometer without reacting with
5 other species, the®D'/U*0" measured by the mass spectrometer will be lower tifia of the sputtering site. As a result,
the equilibrium mixture of U@species in equilibrium with the (unknown)®0*/U0" of the sputtering site will have
positiveA272 andA274 values relative to the observetf@//u*®0".

Should U°0," molecules escape from the sputtering surface titad be counted, then the®0,"/U®0," and
10 U0 ®0*/U®0," ratios measured by the mass spectrometer wouldvier than the equilibrium ratios in the sputtering

area, and lower than predictions from tH&@J/U*0" ratio, leading to negativé272 andA274 values like thus:

A272 = 1/(1-B) - (1+C) / (1+C)
A274= (1/(1-B)*2 / (1+C) ) +1
15
Where B is the fraction of 0" which escapes without reaction, and C is the ifsacof U*°0," which escapes
without reacting. As the 150" escape curve has a steeper slope than tf@,lescape line, combinations of these two
mechanisms can produf272 andA274 values that lie above thé®0," escape line in the southwest quadranA®72 by
A274 space, to the left of the'i®" escape curve in the northeast quadram\@#2 byA274 space, or anywhere in the
20 northwest quadrant. The southeast quadrant iscésaile via either of these mechanisms in any guwatibn. The
prediction of an inaccessible area (posith2¥2, negativé274) is consistent with the observation that nsingle analysis
lies in this quadrant.
This U0 escape curve, the'tD," escape line, and the measufs@¥2 andA274 values for baddeleyite analyses
are plotted iffigure 8. These results suggest that if the intact moledalaescape for matrix UO and Y@ responsible for
25 theA272 andA274 deviations, the escaped unreactive ions muptdsent at the 5 to 20% level. However, unreadtl®,
species should result in a Y@roduction that is high relative to the Rivoduction, not low, and baddeleyite miscalibrasio
can be either high or low relative to t&b°Pb age. So even at a qualitative level, this hygsithis somewhat lacking.
The trend towards slightly positiv&74 in the UQ" ions is not understood, although for the low epeéogs it may
be consistent with a few % ejection of intacf@' ions from the surface. The negativ®72 of UQ" ions produced by the
30 12.5and 15 kV primary ions is consistent with4J@&nd UQ ions being ejected in a 2:1 ratio.
All UO," isotopologues exhibit gas phase (ion energy tes the extraction potential) tails not presertt @', U*,
or PB ion energy spectra. This suggests that inferpiexgent level or better U/Pb ratios using a calibrabased on U®
may be fraught with unforeseen complications comgawith the traditional UObased calibration. An additional
complication may occur for UM -based calibrations at impact energies greater 10aeV, if intact matrix U@' ejectioris
35 occurring and masking the oxygen availability fariBnization enhancement.

High uranium effect

The ~36 Ma Raumid and ~180 Ma Red Hill (Williamsdarergt, 2000; White and Ireland, 2012) zirconsvstzoA274
excess up to about 10%. However, the 0.8 Ma Bishdp zircons, which do not seem to exhibit this thigranium effect

(Chamberlain et al., 2014; Ickert et al., 2015)ehanly one analytical spot with&274 above 2.5%, and none above 5%. A
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comparison ofA274 andA268 in the Raumid zircons show that both the umanand the thorium isotopologues agree
(figure 9). Thus the effect is probably unrelated to thehbigpotential valence states of uranium.

5 Raman measurements were made on the Raumid gnadtdér to determine whether any lattice damagamaeters could
be identified that may relate to the productionaak274 excessHigure 7). White and Ireland (2012) have shown that
Jurassic high U zircons which show an apparent hbentration effect are metamict, according to thectal featured
described in Nasdala et. al (1995).

10 Depending of the degree of radiation damage, Raspantroscopy can be used to measure the degreetamiatization in
zircons (Nasdala et al., 1995). Well-ordered ziecshhow narrow internal and external vibrationaldsaim the spectral range
below 1100 cnt (for band assignments see Dawson et al., 1971h Wireasing metamictization, all main Raman bands
decrease in intensity, become increasingly broaded, shift towards lower wavenumbers. These chamgesdue to
decreasing short-range order in the radiation-daehagcon (Nasdala et al., 2004). In the case tfrahzircons, decreased

15 short-range order is mainly caused by radiationatggnHowever, the presence of several wt.% U anchdhalso decrease
the short-range order and cause detectable effadtse Raman band width. This has been demonstogt€ddor (1995) for
synthetic rare-earth monazites.

The Raman results show slight 1007 cpeak broadening in the high U Raumid samplesiveldo the low U samples.
20 However, The highest U grains are barely broadsn the OG-1 analysis, and none of the Raumid Raemuits show band
widths as wide as the Temora zircdfigure 10). The (U-Th-Sm)/He data show that the Paleoarch@@nl standard
zircons have a Neoproterozoic He age, making ttating age about twice as old as the Temora graistead of 8 times
older. The He content of the OG-1 zircons is, oarage, about 3 times that of Temofialfle 4). So it is unlikely that
radiation dose alone explains the broader Ramak ipe&emora relative to OG-1 or Raumid. Despite ‘thieU” effect of
25 excess appareft’Ph being present in the Raumid sample, there &vitence of metamictization. The absence of a "high
effect” in the Pleistocene Bishop Tuff, combinedhhe presence of a "high-U effect" and 88¥4 andA268 anomalies in
the Eocene Raumid zircons with relatively low levef Raman broadening, suggests thatAB#&4 anomaly is a more
sensitive indicator of a high-U effect than the 8@@i* Raman peak width, and that the radiation doskdreircon required
to trigger the “hi-U effect” is relatively small.
30
There is some debate as to whether or not therzisetf-annealing temperature is at the “gD6le closure temperature
(Weber et al., 1997), or up in the Greenschisefaeairound the biotite closure temperature (Pidg2dt4). However, for the
Temora and OGL1 results described here, this ieV@at. The Biotite Ar closure time of the Middléel&abbro (host of the
Temora zircons) cannot be older than the crystdibn age of 417 Ma (Black et al. 2004). The Ambintite closure
35 temperature for the Owen’s Gully Diorite (OG1) canhe younger than the He age presented here.sGbkie the He age,
the biotite Ar age of OG1 must be significantly @dhan that of Temora. Further investigation & Baman behaviour of
Temora zircons would be a good idea, to ascerfaihis particular grain was an outlier, or if theea non-radiation
component of peak broadening.

40 In terms of radiation damage, A Bishop Tuff ziragauld have one decay chain per 170G nwhile a Raumid zircon of the

same U concentration would have one per 3708 fiimis is a similar dosage to a 200 ppm zircon @al age, and such

zircons show no trace of the high uranium effect.

10
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Conclusions

When using an isotopically labelled oxygen primaeam, the ratio of beam/sample oxygen in oxideispezan be used to
predict the ratio of dioxide species. For UO ar@,lth minerals of geochronological interest, thesedfutions are close in
systems where SIMS geochronology works well, butwstarge deviations in systems such as baddelelgtang, high
uranium zircon, and repetitive downhole measuremesmhere U-Pb geochronology has poor accuracys iBhtonsistent
with the UQ, term in the U-Pb calibration being a monitor ofyg&n availability for Pbion production, as if various UO
species can be shown to be out of disequilibriuth wach other, then it is unlikely that any patacwne will be useful for
predicting the oxygen-based enhancement of Phoiondtion.

The excess ih274 appears to correlate with the high uraniumcetietter than crystal lattice damage, as deteminiyethe
broadening of the 1005¢hrRaman band. The cost of tH©, gas (~US$ 750/liter) might prevent routine usedoalyzing
zircons where the SIMS high-U effect might be pnésbut as the duoplasmatron uses only a few ténsliditers per day,
it is not inconceivable that this technique coudused on zircons with ages intermediate betweer37 Ma Raumid and
the 0.8 Ma Bishop Tuff, to ascertain when the Higleffect is initiated, and what other crystallognapfeatures can be
associated with it.
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Tables

Table 1: Summary of isotopologue deviations faalgiical sessions.

Sessio uo/ U180+/U16 N272 N274

Experiment n sample mineral feature U + O+ + (%) +% % +%

A: 160 11005 1.00E- -

beam 6 Temora zircon reference 6.2 0.11 9.32E-04 04 8.6 152 1159 1732

A: 160 11005 8.25E- -

beam 6 R33 zircon reference 6.08 0.19 8.84E-04 05 142 148 1645 3219

A: 160 11005 5.08E- -

beam 6 OG1 zircon reference 6.08 0.14 9.14E-04 05 19 12 1052 1792

A: 160 11005 Phalabow  baddeleyi 1.28E-

beam 7 ra te reference 349 0.24 9.35E-04 04 59 127 486 2396
11006

B: Std 1 Temora zircon reference 5.38 0.06 1.00 0.01 -1.9 0.7 1.2 15
11006

B: Std 1 RS33 zircon reference 5.37 0.05 1.00 0.02 -1.8 1.7 0.9 15
11006

B: Std 6 Temora zircon reference 54 0.07 1.00 0.02 -1.1 1.0 2.2 1.4
11006

B: Std 6 R33 zircon reference 5.39 0.06 1.00 0.01 -1.6 0.9 15 14
11008

B: Std 8 Temora zircon reference 533 0.11 1.02 0.01 -1.1 0.8 15 1.0
11008

B: Std 8 R33 zircon reference 535 0.2 1.02 0.02 -1.4 0.7 15 11
11008

B: Std 8 Can zircon unknown 546 0.18 1.02 0.03 -1.5 0.4 15 0.7
11008

B: Std 8 M735 zircon unknown 54 0.11 1.02 0.02 -0.9 0.7 1.6 1.3

11
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reference

reference

all:
average=38
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average=46
00

all:
average=63
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reference

all:
average=25
11
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average=29
52

reference

reference

unknown

15kV
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5kV

3kV
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reference

reference

5.35

5.36

6.3

6.16

6.46

6.67

5.76

5.83

5.82

6.46

6.45

6.40

6.38

6.63

6.57

6.24

6.37

6.37

3.55

3.43

3.59
5.15
5.16
7.19
11.6
6.68
10.4
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12
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0.14

0.46

0.09

0.09
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0.46
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-1.1 0.7 1.9
-1.2 0.6 13
-0.4 1.4 15
-0.9  0.04 0.4

-2.3 0.8 4.2

-1.4 0.9 14

-1.4 0.7 3.8

-2.3 0.8 4.2

-1.7 1.2 35

-1.5 0.8 6.4
-1.4 0.7 6.8

-0.9 0.4 0.4

-13 2.3 0.5
11.3 3.8 1.0

-12 2.7 -0.5
-0.3 13 0.9
-0.9 0.8 11

0.9 0.8 2.5

0.1 1.0 2.3
14 0.3 27

1.4 0.3 21

0.8

0.7

14

0.7

1.4

15

1.2

2.3

2.4

14

15

1.0

1.2

1.8

1.9

0.7

0.7

0.3

2.8

3.9

3.4

11

0.9

1.2

8.0

1.3

2.9

3.4
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0.01 2.0 0.3 25

2.1

Table 2: Complete list of isotopologue analyse& &ectronic supplement
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Table 3: Raman peak positions and widths at hadfitie
936 968 cm- 1001 Correcte 1050 1085 1110 11
Sample No. 0274 906 cm-1 FWHM cm-1 FWHM 1 FWHM cm-1 FWHM d FWHM cm-1 FWHM cm-1 FWHM cm-1 FWHM cm
119C-02 9.3% 906.09  20.097 936.61 49.1277 968.449 124205  1001.1  14.4285  14.15 = 1050.09 32.3049 108585 17.4895 1109.83 30.1047 1143
119C-101 9.0% 920.68  46.3347 970.975 9.28378  1003.97 10.2128 9.81 1052.85 14.553  1086.68 14.9993  1111.5 27.1343  114E
119C-102 4.9%  919.579  43.139 974.486 587495 = 1007.79  11.186 10.82  1055.13 8.55725 1088.42 11.7994 1111.82 11.7222 1147
10012-01 7.5% 924.19 50 970.034  11.79 | 1003.53  17.05 16.81 1052.6  16.5492 1086.34 16.6387 1109.75 30.1011 1144
10012-02 6.0% 974.683  4.12456 =~ 1008.12  5.99615 5.29 1055.29  6.30735 1088.53 10.3381 1112.17 10.8124 1147
10012-03 5.3% 973.637  4.83455 = 1006.71  7.5837 7.04 1054.35 11.0909 1089.48 9.46699  1111.7  13.3114 114
10012-04 5.8% 926.78  47.6052 967.643 17.5074 100154 17.3563  17.12  1050.28 27.2656  1084.6  17.5387 1108.67 40.9032 114
11912-03 9.2%  918.372  44.852 971.864 807466 = 1005.23  8.94675 8.49 1053.61 122088 1087.61 13.0064 1111.28 19.0282  114E
11913-01 6.4%  917.402 50 971.96  9.29099 = 1005.52  9.10216 8.65 1052.8 15414  1086.54 15.2361 111115 27.2963 1144
11913-02 9.3% 937.38 50 968.95 10.1773 1001.81 151778  14.91 10509  29.7652 1086  17.1007 1109.92  30.418 1143
0G1C-01 47%  907.656  20.437 973.62  6.49937 1007.02 10.6665  10.28  1054.64 9.90155 1087.73 12.1064 1112.03 16.2253  114¢
TEMC-01 1.1% 968.464 9.15696 = 1000.74 14.5862  14.31  1052.65 6.30873 1086.59 11.8758 1109.86 24.4392 1144
TEMC-01A  1.1% 937.38 50 998.923 32.8284 3271
Table 4: Uranium-Thorium-Samarium/Helium datingules
Sample 232 238, 147 He Cor.
+ + + + + +
code Th + U + Sm + He * atoms/um 3 TAU Th/U Raw age tlo Ft age +lo
(ng) (%) (ng) (%) (ng) (%) (ncc) (%) (%) (Ma) (Ma) (Ma)  (Ma)
OGC-1
OGC a 0483 14 0.778 19 0006 76 7750 0.7 1.3E+06 1.8 0.62 667.8 11.8 0.84 7944 421
OGC b 0958 2.0 1.797 24 0.007 12.8 181.77 0.7 2.7E+06 2.2 0.53 688.0 152 0.84 8155 446
OGC c¢ 0565 14 1.724 19 0.007 10.0 124.64 0.7 6.5E+06 19 0.33 523.2 10.1 0.77 6775 36.3
OGC d 0553 1.4 1.030 1.9 0.005 134 107.03 0.7 1.5E+06 1.8 0.53 704.7 128 0.85 8329 443
OGC e 0568 14 0.980 19 0.006 13.3 9332 0.7 2.0E+06 1.8 0.58 645.2 116 0.83 7778 413
OoGC f 1745 20 3.194 24 0.040 19 259.06 0.7 6.5E+06 2.2 0.54 558.9 124 0.81 688.1 37.6
. . 75571
Weighted average + 95% conf. interval Mzs
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Temora 2

TEM
TEM
TEM
TEM
TEM
TEM

Weighted average + 95% conf. interval

D Q0T

0.959
1.092
1.017
0.807
0.566
0.310

14
1.4
1.4
2.0
14
15

0.972
2.080
1.733
1.942
1.411
0.804

1.9
1.9
1.9
2.4
1.9
1.9

0.004
0.003
0.004
0.004
0.006
0.003

13.7
13.7
15.7
17.8
14.8
234

36.68
60.94
86.34
83.60
59.55
28.41

0.7
0.7
0.7
0.7
0.7
0.7

9.3E+05
2.2E+06
1.4E+06
9.9E+05
9.9E+05
7.2E+05

1.7
1.8
18
2.3
18
1.9

0.98
0.52
0.58
0.41
0.40
0.38
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246.5 4.2
210.4 3.8
348.5 6.3
313.1 7.2
307.9 57
260.1 4.9

0.79
0.73
0.79
0.86
0.83
0.83

313.8
287.9
443.7*
362.6
370.6
3145

323 +£43
Ma

16.6
15.3
23.6
20.0
19.8
16.8

Ft - alpha recoil correction factor after Farley et al. (1996)
* QOutlier identified based on the corresponding U-Pb age
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Figures

Figure 1: Plot of U*0O/UY0 vs. Total UO (U0 + U®0) / U for various target minerals. Monazite sanpl
identifications are given in the text. Two Kohlgreature sizes were used in baddeleyite analyses.

Figure 2: A272 vsA274 plots for zircon analyses under standard operabnditions for SHRIMP geochronology.

Figure 3: A,B,C: A272 vsA274 plots for analyses of high uranium zircons loké different agedD, E, F
Apparent®PbP*®U ratio vsA274, color coded for U content, for high uraniumcans of three different ages.

Figure 4: A272 vsA274 plots for BadelleyiteA: four oriented megacrysts with repeated measurenmameachB:
randomly oriented unknowns.

Figure 5: A272 vsA274 plots for zircon analyses at 15-3 kV primargrgies. Repeated analyses in the same
sputter crater are lighter colors. Color codingifmpact energy is the same as for previous figutelsl 680V for impact
energy.

Figure 6: A: A272 vsA274 plots for multiple zircon analyses down the samle under a variety of primary
acceleration energies. B:*0/U'0 vs calibration constant on a scan-by-scan basighfee down hole analyses. Grey
ellipses are singe scan data for individual, ngreated analyses.

Figure 7: Raman peak position vs peak width at half heightRaumid zircons and reference zircons OG1 and
Temora.

Figure 8: A: A272 vsA274 plot for randomly oriented baddeleyite, witkedicted trends for unreactive molecule
ejection shown. Note the unreacted molecule ejeatiell in excess of 10% is required to explainégmiogue deviations of
this magnitude.

Figure 9: A: A274 vsA268 plot for Raumid zircon. This plot shows that thoxide disequilibrium is the same for
Th and U oxides, so that the metal phase is upliteehave much of a role in isotopologue formation.

Figure 10: Comparison ofA274 vs Raman peak width for selected ~37Ma Rauricbiz grains. Standard

reference zircons OG1 and Temora are shown for aosgn.
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