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ABSTRACT

Diagenetic and hydrothermal xenotime typically occurs in rocks as tiny crystals (520
um}, either individually or as outgrowths on a zircon substrate. Currently only large
radius ion microprobes such as the SHRIMP or Cameca 1270/1280 have the high
sensitivity and spatial resolution necessary to analyse these crystals for U—-Th—Pb
isotopes. However, such analyses are prone to significant matrix effects (ME}) related
to the large natural range of U (0 to ~9 wt%) and REE (CREE: ~12 to 22 wi%)
abundances in xenotime.. Consequently, the *®Pb/”*1J calibration procedure for

xenotime differs significantly from that employed for SIMS dating of zircon.

Contrasts in U, and to a lesser extent Y REE, contents between the primary calibration
standard and unknown xenotime can result in SHRIMP “*Pb/**U-2*Pb/”*Th ME of
up to ~20%. The matrix correction technique developed requires the concurrent
analysis of three xenotime standards with a range of U and Y REE concentrations on a
session-by-session basis, The *“Pb/Z2U-*®pb/*Th ME is monitored by the analysis
of two secondary standards, a high ¥ REE xenotime (BS1) and a high U xenotime
(Z6413). Additionally, the chemical composition of each spot is determined by
EPMA (WDS) prior to SHRIMP analysis. Each spot is corrected for ME by defining a
series of simultaneous linear equations that relate the fractional 2*Pb/*U-**pb/**Th
ME of the secondary standards to their U and YREE concentration contrasts with the
primary calibration standard (MG1). On average, every 1 wit% contrast in U between
the primary calibration standard and the unknown results in a ~11.9% difference in
the “**Pb/®U and *™Pb/™Th ratios, whereas a 1 wit% contrast in REE results in a
difference in the **Pb/”*U and *™Pb/**Th ratios of ~0.9%.

SHRIMP RG was used for these experiments because the analyses on that instrument
are not prone to the molecular interferences or *scattered ions” that affect the My,
peak when xenotime 1s analysed on SHRIMP . Matrix uncorrected Woppy U ratios
were determined from the raw “*PbA"(UO,") ratios as suggested for zircon analyses
by Stern & Amelin (2003). Additionally, matrix uncorrected 208ph/A 2 h ratios were
determined from the raw “*Pb”*}(ThO") ratios, however, this calibration appears to

only be effective for xenotime with > ~1000 ppm Th.



The technique developed is broadly similar to the SHRIMP xenotime U—Th~-Pb
correction procedure proposed by Fletcher et al. (2004), Whereas Fletcher and others
related SHRIMP xenotime “*°Pb/~U-2*Pb/**Th ME to contrasts in U, Th and
YREE, this study indicates that the effect of Th on the *®Pb/”PU-*®Pb/”2Th ME is
minor to insignificant. It appears likely that for xenotime, it is the matrix sensitivity of
the emission of the Pb* secondary ions, not U or Th species that is the principal cause
of the *Mpb U Ppb/~*Th ME. Using the new matrix correction procedures
developed here, it is possible to measure “"Pb/”*U and **Pb/’Th ages of

Phanerozoic xenotime with an accuracy and precision of about 2% (95% confidence).

Three application studies of SHRIMP U—Pb xenotime geochronology using the
matrix correction procedures developed were undertaken as a part of this study as
well as a SHRIMP U--Pb detrital zircon study of the principal sedimentary units

within the Tanami Basin, central Australia.

SHRIMP U—Pb analyses of xenotime that occurs as outgrowths on detrital zircon
from a sample of quartzite from the Serra da Mesa Group, central Brazil, has the same
Neoproterozoic age within error to that of SHRIMP U—Pb monazite analyses from
the same sample, both giving *°Pb/Z*U ages of ~570 Ma. This latest Neoproterozoic
age may be related to metamorphism associated with the final stages of the Brasiliano
Orogeny. Further U~Pb studies are required on other rocks from this region to
establish its regional extent. The identical SHRIMP eph/H ages for both monazite
and xenotime in this study lend strong support to the matrix correction protocols

developed.

SHRIMP U—Pb analyses of hydrothermal xenotime from the Callie and Coyote Au
deposits in the Tanami region has demonstrated that they formed between ~1.81 and
~1.80 Ga. The ~1.81 Ga age for the Callie deposit contrasts with the results from an
earlier **Ar/?Ar study of hydrothermal biotite from the Callie deposit by Fraser
(2002), which suggested that mineralisation occurred at ~1.72 Ga. Mineralisation
between ~1.81 and ~1.80 Ga occurring in the Tanami region is coincident with the
~1.81 to ~1.79 Ga Stafford event which was a period of widespread magmatism
across tnuch of the North Australia Craton in which Serimgeour (2006) suggested was

il



linked to a long-lived north-dipping subduction system active at the south-east margin

of the craton.

A preliminary isotopic dating investigation of the Molyhil scheelite-molybdenite
skarn deposit in the north-eastern Arunta region, central Australia has determined that
it formed from fluids associated with the crystallisation of the Marshall Granite
during the ~1.73 to ~1.72 Ga Strangways Oregeny. Rhenium--Osmium dating of ore
stage molybdenite has an age of 1720.7 + 5,9 Ma which is also coincident with skarn-
related hornblende which has an **Ar/*Ar age between ~1.72 and ~1.73 Ga (G.
Fraser, unpublished data; Geoscience Australia). Importantly for this study is that one
of the xenotime grains has a concordant SHRIMP U-Pb *Pb/*%Pb age of 1714 % 26
Ma which is well within error of the ages determined by the other two isotopic
methods adding further support to the SHRIMP U-—Pb analytical protocols and
*%pb AU matrix correction techniques developed during this PhD. Younger
xenotime components from the Molyhil sample investigated have SHRIMP 2ophAty
ages of ~760 Ma and ~650 Ma and probably crystallised in response to far-field

tectonothermal events.
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PREFACE

In choosing to focus my PhD on both the analytical aspects of SHRIMP U-—Pb
xenotime analysis and also its practical application, I had two aims in mind. Firstly, I
had identified two projects in the Tanami region of central Australia where SHRIMP
U~Ph xenotime analysis could potentially solve some outstanding geological
questions. These were, the timing of mineralisation at the Callic Au deposit and also
the timing of deposition for two key sedimentary units. I also recognised that the
significant SHRIMP 2Pb/U matrix effects that stifle xenotime “**Pb/**U
determinations had, at that stage, only been addressed in one paper, that of Fletcher et
al. (2000). Subsequently, soon afier starting my PhD project, researchers at the
University of Western Australia improved on their earlier work and published a
second paper dealing with SHRIMP *®Pb/2*U xenotime matrix corrections (Fletcher
et al. 2004). However, with the aim of developing my expertise in all aspects of
SHRIMP U-~Pb xenotime analysis 1 decided to pursue my interest in Xenotime
2%pbA*U matrix corrections and hopefully build on the work of Fletcher et al.
(2000), and Fletcher et al. (2004). This task turned out to be the most difficult, time
consuming but ultimately most rewarding aspect of this project {(see Chapter 3).

For my planned SHRIMP U—Pb xenotime dating experiments in the Tanami region,
I was only able to undertake work on the Callie Au deposit and also the Coyote Au
deposit (see Chapter 5). This was because no diagenctic xenotime was located in
either of the two sedimentary units T had chosen to investigate, which were the Mount
Charles Formation and the Gardiner Sandstone. It was hoped that diagenetic xenotime
SHRIMP U—Pb analysis of the Mount Charles formation would resolve an
inconsistency of 100 m.y. that exists between its currently accepted stratigraphic
position and the results of SHRIMP U--—-Pb detrital zircon studies of this unit (see¢
Chapter 1), SHRIMP U-—Pb analysis of diagenetic xenotime from the Gardiner
Sandstone was planned to test the reproducibility, over a large region, of a previously
reported SHRIMP U-—Pb diagenetic xenotime age for this unit that was sampled from
a region of U mineralisation and reported in Vallini et al. (2007). A field trip to the
Tanami region was conducted in 2005 to collect material for both of these projects.
Samples of the Gardiner Sandstone were collected from widely dispersed locations

across the Tanami, whereas samples of the Mount Charles formation were collected



from diamond drill core. Despite extensive XRF screening for Y, P, U and Th, and
also manual, detailed backscatiered electron SEM investigation of these samples, the
presence of xenotime was neither indicated nor seen. It is for this reason that these

proposed projects were abandoned.

Therefore, two alternative projects were chosen. These are SHRIMP U—TPb xenotime
case studies of xenotime and monazite from the Serra da Mesa Group, Central Brazil
{Chapter 4) and also xenotime and Re-Os molybdenite dating of the Molyhil skarn in
the eastern Arunta region of central Australia {Chapter 6). The most significant of
these studies is that of the xenotime and monazite from the Serra da Mesa Group
where the resuits of SHRIMP U—Pb monazite analyses were used as a check against
the SHRIMP U—Pb xenotime results and therefore the ““Pb/**U matrix correction

procedures developed in this PhD study.

Chapter 1 of this thesis is presented here in the form of a re-print of a research paper
that I had published with my co-worker Andrew Crispe, in Mineralium Deposita
(Cross & Crispe 2007). For this Chapter, Andrew Crispe provided some geological
background and Figure 3. This Chapter presents the results of SHRIMP U-—Pb
detrital zircon analyses of 12 sedimentary units and one velcanic unit from the
Tanami region, which was subsequently used by me te help interpret the
Palacoproterozoic evolution of the Tanarni Basin. It was planned as a pre-curser to the
SHRIMP diagenetic xenotime investigation of the Mount Charles Formation and
Gardiner Sandstone that, as described above, was unable to be undertaken. Included
are eight SHRIMP detrital zircon studies from four major Tanami units undertaken
prior to starting this PhD project, while an additional four SHRIMP detrital zircon
studies and a SHRIMP U-—Pb study of a volcanic unit were conducted during the
course of this PhD. The eight samples carried out before beginning this PhD were
undertaken by me as a part of a joint Geoscience Australia — Northern Territory
Geological Survey geochronology project. A brief interpretation and the individual
SHRIMP U-—Pb analyses for these samples were presented in Cross et al. (2003).
However, in the process of writing this Chapter, the results of the eight samples
presented in Cross et al. (2003} were completely re-interpreted and re-written by me
and subsequently incorporated with the additional samples from the Tanami region

that were analysed in the early stages of this PhI) project.



The other Chapters in this thesis are arranged in logical order. Chapter 2 deals with
xenotime occurrence and geochemistry and is followed by a full analysis of SHRIMP
U-—Pb xenotime dating detailed in Chapter 3. The next three Chapters are case
studies, which apply the SHRIMP 26ph AU xenotime matrix corrections developed
during this study to: dating metamorphism and possibly diagenesis in the Serra da
Mesa Group, central Brazil; the timing of mineralisation at the Callie and Coyote Au
deposits, central Australia and the timing of skarn formation at the Molyhil skarn, also
located in central Australia.






1. SHRIMP U-PB ANALYSES OF DETRITAL ZIRCON: A
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Abstract Poorly exposed Paleopioterozoic tebiditic w
shallow marine sedbmentary rocks of the Tanami Basity, NT,
Australia are largely the erosional products of either the
~1%7-1.85 Hooper Omgeny andlor magmatisns essocinted
with the ~1.87 Ga Nimbuwah Event, Dating of detrial zircon
from six of the prnecipel sedimentary wmits shows that
deposition spanned at least the period ~1R4-1.77 Ga.
Collectively, e detrital zireon ages zevenl a progression in
provenanee that s arecon! of the development of the mogen.
The basal Dead Bullock Fomation contains ondy zircon
derived from Archean basement and no contompotanecus
procucts of orogeny. ¥s depositiorage is ivferresd to be ~1.87.
184 Ga. Orogesie ~1.86 Ga zitcon appears In the ovardlying
Kiili Xiili Formation, deposited hetween ~1.84-1.82 Ga and
persists, probably due to recyeling in all overlying units except
ang, the Mount Charles Formation. The accepied stratigraphic
position of this unit might be incorrect,
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Hutroduction

The Tammemd Reglon in WW central Australin §s one of te
richest gold-bearing Proterozeic regions in Australia. Guld
production from the major mines (e.g. Callie, Tanpmi, The
Cirardtes) over ihe Inst 20 years hus exceeded 4.8 Mox, with
proven reserves of over 7.7 Moz {Wygralak et al. 2003),
The province is & part of the North Australia Cratoo (NAT;
Fig. 1} and has similarities with othér norh Auasialiom
Paleoproterozoic termanes such as the Halls Creek Orogen,
the Pine Creek Orogern and the northermn Ammta Inlier
However, becaose rauch of the Tanami Region is covered
by regolith, s geology remains poorly understood.

The stratigraphy of Paleoproterozoic sequences of the
Tanmmi Region has been established principally on the
bagis of drill core logging and mine exposures. The studied
areas me widely scattered, however, and the peucity of
intervening surface outerop has made comehtions tenuous.
The only dizect indtammation about deposition ages has been
provided by peochronelogy of felsic voleanic units that
have yielded zircon U-Pb ages of approximately 1.52 Ga
(Sroith 2001).

Foor knowledge of the stratigmaphy and basin archites-
tare has been a major hindrance o effective expioltation
of the Tamam!{ Region’s mineral potential, Therefore, in
1998, 5 geochronnjogical stady of the repion was included
it the joint Northemn Tersitory Geological Survey--Austra-
Ban Geological Survey Organisation {pow Ososcience
Austrslin) age detemnination program. The aims of the
study were to document the history of sedimentation and
jgneous activity in the Tapamé Region, providing a time
framework for busin development and improved basin-wide
sorrelations.

In this papey, we yeport the resalts of 2 SHRIMP U~
wotople study of detrital zitcon fromn 12 sedimentary racks
representing each of the major stratigraphic anits from the
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Fig. 1 Location of the Tapam]
Region

Tanami Region. These age determinaticns provide dizect
information both om the provenances of the sediments and
their maxioom deposition sges, An addiions constraitt on.
the deposition ege of the Dead Bullock Formation was
ebtained by dating igneons ziroen from s indercalwied
felsic twff This study has egtablished that depositien
aocurred ot least betwesn the perdod L84 ® 1777 Ga, and
that the sediments were probubly eroded from seurcss
the nerth {Pine Creck Grogen) and northwest (Halls Creck
Orogent in responss o uplift before ~1.84 Ma,

Geelogy

Ths foliowing 13 a brief supvaary of the major peological
Teatures of the Tenand repion, The reader Is reformred o
Crispe ef al. (2008) for & move complete discussion.
Figge 2 is a poneralized goological map of the Tanami
region showing SHRIMP U Ph sbrcon geochrenclogy
simapls sites discussed in this paper, aad Fig 3 i a
generalized tme event colunan for the Tanami region.

The Tangmi province consists of a thick sequence of
predominarndy low grade Paleoproterozoic marine sedimen-

&) dpringer

tazy voeks and rare voleanic rocks depogited on e Archean

prantis gneiss sod Dtuded by gratite mosdy st ~1.82

179 G (Hendricks ot al. 2000; Page ot al. 1995), Recent
unpublished work supgestt that the oldest known Paleopro-
temzoic rocks cconr in the Bakl Hill sequence in Western
Australiz. A high lovel rhyodscite fn this unit has an
ferpreted zizeon U Pb SHRIMP orystilization age of
~1,864 Ma {cited in Hustoa 2t al 20061 The sedmentary
saquence hag heen subdivided fxto i moin unis. These
fom base o top, arel the Dived Bulledk Formatian (lewer
sandstone, upper catbonacepus siitsione with lewer imon
feemaationy; the Kilk Killi Formation (turbidite) of the Tanami
Group; the Wire Group (coarse sandstone, Rlsic voleanic
rocks); the Mount Charles Tormation  (predominsniy
tuthidite, arkosic sedimentary rocks with interlavered basalty,
the Parpes Sandstonie {smndstone and conglomennte); sud the
Birridudu Group (aarine o fudial sandsione, conglomerate,
and calcarous sedimentmy Tocks), There Is & progression
within the sequence from deeper to shallower water fhcies.
The principal hosts for Aw mineralization are the Dead
Bullock mnd Mount Charles Fomoations.

Rocks of the Tanami Group were fntruded by doleritic
sills and subssquently deformed by the ~ 1,830 Ma Tanami
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Fig. 2 Gmenlized geology

map of te Tanssm Region,
showing ssmple locations
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Beent {I; M), This event lovally causad mese- and
macrescopic disharmonic folds and greenschist facies
metamorphistn, A sscond period of compressionst defor-
mation {Dy) is broadly svnchronous with ~1.82 1.79 G
grazits hrusion and 3§ the first seant 1o alffact Ware Group
rocks. A further cotnpressions] svent (D) is imerpreied o
have sffeeted rocks of the Ware Group. An extensional
svent is interpreted, multing inthe deposition of sediments
and basals of the Mouor Charles Farmation before Iy, a
SSE-directed shortening event [, wangpression resulted in
the dovedopnient of shear zones and faul. Many of the Au
deposits in the Tanami rogion are assoclated with D
structures (Huston et al. 2006).

] ARCHAEAN

Materials and metheds

Zronn separates were Shtained vsing magnetio and density
techniques fromn crushed gamples, Detrital zircons were not
handpicked, but sprinkled onte % mount sarfice to ensare
an uabissed range of zircen graing. Zirsons wefe mownted
in epoxy resin, togetwr with standard ziteons SL13

1] abundance zircon) snd QONG (PWU pge standard).

The epoxy mount was pelished to reves) zircon interiors
and phefomicrographs were taken in transmitted and
reflected Hght Cathodolunninescence {CL) imapes were
taken using a Hiach] 3 2256 N SEM &t the ANU-RSHES
Elootron Microscopy Unit

£ springer
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Fig. 3 CGeneralised time-gvent DEFORMATION STRATIGRAPHY IGNEQUS
cotummn for the Tanami Region. EVENT EVENT
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Isotopic analyses reported in this study were camed out
on the SHRIMP I SHRIMP I and SHRIMP-RG ion
micropzrohes at the Australian National University, Canberra
and SHRIMP B at the Custin University of Technology
in Perth, Western Austulia. Ansbtical procedures are
described in Compston et al. (1984), Wiliams and
Claessan (1987) and Claoué-Long ot al. {1995},

The primary oxygen ion beam ranged between ~2 fo
~6 mA in intensity for a spot diemeter of beswesn ~20 to
~40 wm. Jonized particles were eximmcted into the mass
speetrometor with a 10 kV potential and counted by a single
elegtron wnultiplier. Ions were focussed into the collector by
a eyclic stepping of the magret. Each analysis represents

€ Springer

the average of five to seven scans through the different
mass siations.

Calibration of Pb/U ratios was by comparison fo the
zircon standard QGNG and the power law relationship of
Pb'/U’ and UYA (Claoué-Lowg et al. 1993}, The Pb/U
ratios were normatized to an assumed value for QGNG of
03324 (equivalent to 1,850 Ma). Ursnlum ond thoriom
atundances have been caleulated with reference o L3
(238 ppm U) and are subject to uncertainty of at least
#20%, this being the range of U abundence within that
reforence materisl, Cemmen Pb corrections were based on
individual messured “™Ph abundances and assuming
crustal comimon Pb of the smne age in the zircon as
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modelled by Stacey and Kramers (1975). Diata reduction
was carried out using the SQUID 1 and ISCPLOT 3
Microsoft Exoel-basod macros of Ludwig (2001, 2003).
individial analyses reported in this paper hawe
uncertainties listed in the tables and ploited on concordia
diagrame as shaded ellipses af the 1o level; unfilled ellipses
represent mompositions that are greatér tun 10% discor-
dant. Final ages are quoted in the text with 93% confidence
limits. Analyses of the QGNG standard were interspersed
with the wiknowns at the rate of spproximately one in four.

Detrital zircon maximurn deposition age caleulation

Deefrital zircon 17-Ph age studies by either fon micraprobe or
laser ablation KCPME routinely provide a lesge number of
age determinations on individusl zitcon grains recoversd
from clastic sedimentary rocks. The zircon ape distributions
generated by thess methods can beused o infer sediment
provenance, and to make correlations between discontinuous
sedimentary sequences. In additiony, the youngest zircon(s)
can be used to estimate the mdddmun deposition age of a
sedimentary wnit, Maximum depogition age estimates
obtained in this way have the potential fo ptovide fmportant

siratipraphic constraints for sibiclastic sequences, especially

those fom Proforozoic basins where interlayersd felsic
voleanies are rare and fossil control absent.

There are two broad approaches in estimating a magimwm
deposition age fiom the isotopic ages of the youngest detrital
scon graing i a population. These ae to use the age
delermination from the youngest zircon grain analyzed
{Cross et al. 2003}, or to deterroine a pooled age from the
youngest statistivally coherent =ireon age population
{Wilkams 2001; Black et al. 2004},

Maoxiprum deposition ages derieed from the sge of the
youngest zireon praids} Fom a defvital popalation are based
on & number of assumpiions, First, the minlyrzed zivcon
oraing are assumed o bave experienced no Pb loss. Second,
all zircon grains are considered as individuale, Finally, in the
shsence of aiy morphological or chemical similarities, no
sssumption of age-group membership is mede. Using this
approach, the age and wnceriainty of the yvounpest zireon is
used as'an estimate for the maxinun deposition age. The
uncertainty of this age estimate can be improved by
caleulating a pooled age from the youngest few analyses,

The above dpproach can involve sampling of individual
zitcon ages from the younger fail of a Gaussian, near-
Gaussian or composite age distriburion. Individual ages may
be stagistically indistingoishable from oldor meinbers of the
population. Tn addition, when the youngest few apparent
ages are pooled o orease the precision of the age estimate,
the resulfing mean squared weighted deviation (MSWIF cm
he well below unlty, and therefiure indicals based sampling
of the detrital Zircon popukation (e.g. Cross o al. 2003).
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In the clivumstince where the voangest deiiial sitcon
from an age digiribuotion is statistically distingnighable from
older grains, multiple apalyses will hoprove the precision of
the age and shouid be performed to ensure that Pb loss has
ool accnrred. Nelson (20015 was shie o show that in some
situstions, the voungost gains can be a relisble estimate of
the depositional epe of 2 clastic wnit. However, the
possibility of contamination during saniple processing must
be bome in mind when inferpreting the significance of a
maximum depositional age based on the presence of a
single zircon.

Many researchers (z.g. Black et al. 2004; ‘Williams
204)1; Smithies ef al. 2001; Trendall et al. 2004} establish
the age of the youngest detital wiroon component in an
age distrbution, wsing the age and wancersindy of the
youngest datistically coherent zircon age population. This
appreach hrvolves an leratlve process of culling individoal
wircon ages (points) from the older ammlyses in an ape
distribution, until the ege of the youngest grouping of
zircofni grafs has an MEWD valug that approsches the
upper 95% confidence interval boundary for a given
mimber of poinis (Lo, degrees of freedom) This methed
of defining z statistically coherent population from either a
Gaussian, near-Gaussian or composite pepulation {s treated
on A sample-by-sample basis and Is an entirely appropriate
meihod to wse when a momhological and/or chemieal
similatify between zitcon praing is recognised. However,
when no such shilarity is observed, the youngest
statistically defined population of zircon grains is assutmed
to have orginated from 2 single crystallization event, sven
though it could represert sz mix of different protolith
sources with a range of overlapping zircon crystallization
ages. This Is an jmporfarnt point t consider, as most
defrital zitcon analyses on SHRIMP typically ase fow to
five seans. The welatively reduced cowd rages have lwer
pregisions in companison %o six o seven scin analyses
which ‘are typieally used for SHRIMP U-Pb deting of
igreous rocks,

Meximum deposition age sstimates caloulated from the
youngest zircon(sy on the younger tail of a larger
distibution may result in an underestimation of the
e deposition @gé, whereas maximum déposition age
estimates calculated from the youngest statistically coberent
population may result in an over-estimation of the trus
depositional age.

A crclal difference between the two approaches is that
by calculating the age of the youngest statistically coherent
Zreon component, $he rescarchier scknowledges that the sge
ayd pncertainties of the -analyses on the younger tafl of 8
farger distrfoudon camnot be siatiadeally separated fiots
plider zireon i the sainé distribition. We believe this 1o be
the comservative approach and have adopted it in this
contribution.

&) Springe:



Mirer Depasita

Sample selection

Samples were selected from the Tanami basin sequence
with the aim of consiraining the deposition agé of each of
the major stratigraphic units. To maximize the recovery of
defrital heavy minerals, sandstone samples were chosen
wherever possible in preference to shale samples. The
samples collected included: (1) an arkose and feldspathic
arenite from the Ferdies Member of the Dead Bullock
Formation, (2) a graywacke, quartz arenite and two quartz
wackes from the Killi Killi Formation, {3} a lithic arenite
and graywacke from the Ware Group, (4) two arkoses from
the Mount Charles Formation, (3} a quattz erenite from the
Pargee Sandstone and (6) a quartz arenite from the Gardiner
Sendstone. Most of the samples were collected from
outcrop or 1mine exposures; four samples were selected
from drill core provided by Newmont Mining. At each
outcrop sampled, the material collected was the most
coherent, least altered and least weathered available.
Particular care was taken to avoid veining and obvious
alteration. Veining and mineralization were also avoided
when selecting sampies from drill core.

Resulis

Dead Bullock formation—Tanami group

Ferdies Member, arkose (2003082647)

Sample 2003082647 was collected from a massive bed of
irnmature, pootly sorted arkosic conglomerste exposed in

the southerm extension of the Groundrush Pit on the eastern
wall about 60 m below ground level (Tabie 1). The arkose

consists of coarse-grained microcline, quartz and plagioclase
in a quartz-hiotite matrix. The zircon grains recovered are a
mixed population with a range of sizes (30-200 pm
dizmeter), shapes and colours, consistent with derivation
fiom o variety of sources. Most are clear, colouriess,
relatively equant, subhedral to achedral grains with few
fractures or inclusions. Many are angular crystal fragments
and a few have pitted surfaces resulting from sedimentary
transport and reworking. Rare grains are more prismatic with
sharply euhedral terminations. Some of the more equant
grains ‘also have some well-preserved erystal faces, and
about 205 of the grins have faint intemal zoning visible in
transmitted light. CL imaging shows the zoning patterns
more clearly, although the hminescence in most cases is
dark. Conceniric oscillatory and sector zoning predominates.
Relatively few grains have obvious textural cores. Some
grains have thin, irregular, very weakly juminescent
overgrowths.

One hundred and twenty grains were analyzed (SI,
Fig. 4). With two exceptions, U contents are moderatc o
low (28-500 ppm) and ThU moderate to high (0.2-1.9,
median 0.9). Most of the analyzed areas, although appear-
ing clear, plassy and free of fractures or inelusions, contain
significant amounts of commen Ph. These range from just
detectable (~0.15 ppm) to very high (300 ppm), median
2.5 ppm. There is, however, no systematic correlation
between the common Ph content and radiogenic
27'ph/2%ph or Pu/U. The preat majority of ages are
concardant or near concordant within analytical nncertainty,
although the uncertainties on the analyses with large
common Pb corrections ate much higher than normal. Four
exceptions are more than 20% discordant (A100.1, A63.1,
A71.1 and A19.1) and are not considered further in the age
assessment (Fig. 4). Five other analyses (AS3.1, A42.1,

Table 1 Location and other information for samples analysed as o part of this study

Unit Lithology OZCHRON nmumber Location GDA 94 Analyses >30% concordent
Ferdies Member Arkose 2003082647 604082 7819984 11z
Ferdies Member Feldspathic arenite® 2003082645 571390 7710386 87
Callie Member Tuff 2001082511 590477 7198371 27
Killi Killi Fornation Quartz wacke® 2001082021 599116 7730736 58
Killi Killi Formation Quartz arenite 2001082505 560827 7767424 55
Killi Killi Fermation Quartz wacke 2001082515 07360 7790816 69
Killi Kiili Fermation Greywacke® 2001082036 600796 7756265 56
‘Ware Group Lithic arenite 2001082519 523028 7782433 82
‘Ware Group Greywacke 2001082527 615954 7884346 66
Mount Chardes Formation Arkose 2001082644 564775 7770935 91
Mount Charles Formatinn Arkose 2001082507 374953 7792874 31
Pargee Sendstone Quartz arenite 2001082517 525686 7826720 65
Gardiner Sandstone Quanz arenite 2003082642 80942 7804774 74
*DHill core sample

*Magmatic zircon

€] Springer
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023 b Ferdies
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Fig. 4 Concordia plot of dewrital zvcon U-Ph analyses for arkose
sample 2003082647 from the Ferdies Merber of the Dead Bullbck
Fermation

A75.1, AU19C.1 and A12.1) have very large wncertainties
in 2P APb (>15%). Thes are not plotted in Fig. 4 and
are n1oft considered further

The remaihing 112 analyses scatter in radiogenic
257phA%%Ph more than expected from the analytical uncer-
taintes (MSWD=4.6). The entire excess scatter is due te one
analysis higher than the rest (All.1). Omitting this analysis
leaves 111 determinations that’ form a single pepulation
{MSWD=L.1). The weighted mean radiogenic *"PvA™Pb
(0.16750=0.00030) is equivalent to an age of 2,533+3 Ma.
Taking inte account uncertainty in decay constants (Ludwig
20000, the uncértainty in the age is £7 Ma.

Ferdics Member, feldspathic arenite (2003082649)

Sample 2003082649 was a section of half core from Officer
Hill (OHDO0O02, 217.5 2257 m) (Table 1). The arenite
selected is the coarsest wnit within an otherwise fine-
gainad sequence of carbonacecus giltstone, The sample is &
fine- to mediim-grained, grey green, feldspathic arenite
with 2 promounced foliation defined by anastomosing
chlorite. The zircon graing recovered are a mixed population
of gizes (160 A00 wm dismeter) and. shapes consistent with
derivation from a wvariety of sources. The majority of the
graing are subhedral, rounded to subrounded, stubby
prismatic crystals with few or no preserved crystal faces.
Rare grains are suhedral. Most graing are clear and weakly
coloured, with relatively few mclusions or fractures, Scmes
larger graing are highly fractured and discoloured About
20% of the grains have faintly visible internal zoning and/or
cores and rims in transmitted light Some =zircons have
surface pitting but in moest greins, the surfaces are coversd
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by a thin (<5 um) layer of vounger zircon that partially
obacures this xture. Thers iv a wide rmge in uminescence
from dark to lpht with the average CL much stronger than
that seen in the zircon graing from sample 2003082647,
Many of the grains (~30%) have little or no obvious growth
zoning. Zoning in the remainder rampes from bread banding
to fine ascillatory zones. Truncation of the zones by the grain
marging shows that mest graing are fragments of larger
crystals. The thin late overgrowths are dark in CL, a feature
often typical of zircon rims.

One hundred and four grains were analyzed, eight in
duplicate and twe in triplicate (S2, Fig. 5). There is a very
wide range in U comtent (24 2,135 ppm), but low U
contents predominate (median 100 ppm). This range is
skewed only to a small extent by the decision not to analvse
those graing that are in poor crystallopraphic condition. Th/U
is mostly moderate (0.1 1.5) with just a few prains lower
{0.01 0.05) and higher (1.8 3.1). In contrast to those from
gample 2003082647, the zircon grains have a very wide
range of isotopic compositions; many (~20%) are signifi-
cantly discordant 2¥PhA%Pb spparent ages rangs Fom
~324 to ~1.57 Ga. The main clusters of apes ars at ~3.20
and ~2.70 Ga There are very few grains with apparent ages
less than 2.20 Ga. With four exceptions, the 31 grains in the
~320 Ga group are concordant within analytical wicertainty,
but there is 8 significant range in radiogenic 207pp 298P
{MSWD=4¢). The population is broadly bimodal with &
main group at ~3.20 Ga and minor group at ~3.05 Ga.
Considering only the cencordant analysss, the 11 oldest
grains have the same radiogenic 2*'Pb/” 9Pb within analytical
uncerainty yielding a weighted mean age of 3,219+7 Ma
With four exceptions, the 16 yownger graing also form a
coherent group with a weighted mean age 3,168+10 Ma.

[ Ferdies Member,
nzs |2 ) . i Teldspathic
i | arpnita
2003082649
020 | o
o b
24
g
018 F 5
012 b
ovs;gmytjg; - . e
1805 + 11 Ma P 306 1400
UFA%eh
G-_O.B i " i - X i x L
1.2 1.8 2.0 24 2.8 a2 3.6

Fig. 5 Concoerdia plot of detrital zircon U-Pb analyses for feldspathic
arenite sample 2003032649 from the Ferdies Member of the Dead
Bullbck Formation
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Twelve of the 50 praing in the ~2.70 Ga group are more
than 10% discordant and are niot comsidered furder The
rexnaining 38 greing have a broadly trimodal age diskibution,
with peaks g ~278 ~2.70 and ~2.45 Ga Each of these
Broups is composite. There are only four praing with an age
similer 10 that of fie 2.53 Gu zircon, which is dominant in
sample 2003082647,

Dhe to their possible imporaace in placing a Hmit on the
deposition age of the aranite, the gig gming on which
appacrent ages lesg than ~2.20 Ga were analvzed mosthy in
duplicete or tripticsts. With one excepticn {prain 82), these
orysials are subbedral peigms with distinot votes and
euhedrally zomed overgrowthis. Bt is the overgrowths that

give the graing their prismate form and orestal Daces. The

cores of these graing, in shape and size, closely resemble
the bulk of the roumded zitcon grains in fhe rock. Tt ig
peaisible that thede overprowths are the same material that
forms a very thin coating on those rounded pming, The
overgrowths are rich in U 855 2,135 pom) and mostly
have high to very high (~2 25 ppmy) common Pb contents,
It i1 the overprowihs that yield the younger ages but thers is
no direst corselation hetween discordance and sither U o2
comminy Pb contents, Three of the eight oversrowths are
less than 5% discordant and combine to ghve s 27Ph2%5Ph
ageof LEOS:11 Ma. The other two analyses in e younger
group hoth come from corss One has a largs analyioal
uncertainty (253 M), but the other is relatively precise and,
if there has been 10 Pb logs fom the grain, places an mper
timit of 2,109%:18 Ma on the deposition age of the arenite.
Thus, the deposition sge for this uniy must be betwesn
2169£10 and 1,805£11 Ma.

Callie Member, tuff {2001 082511)

Sample 2001082511 was collescted from 8 thin oxidized,
feldspathic laver within o low lying ouwtorop of more maturs

sandstone in the Rlack Hidls region, kocatad abowt 15 k.

northeast of the Hurricane-Repulse Vit {Table 1), The tuffis
friable, fne- to medien-grained, bleached orange, weakly
folisted and deeply ‘westhered. It consiste of quartz and
aitered feldspar in & clayrich niateix. The folistion i3
defined by weathered chiorite. The zircon praims reoov-
ered ars 8 homogeneous pepulation of fine (~40 8¢ um
diemeter), predominantly eubedrsl, clear, colourdess,
orismatic praing with aspect ratioy of 1 8. Consldering he
highly weathered stole of the rock, the zireon graing wre
rerparkably unaltered, coharent, and Des fom iron oxide
discolouration. Many (~20%) have the Irvegular axial
cavities commonly found m zircons fromn volcankc rocky
(MNutmen ot al. 1997), Verv fow have faint visible internal
zoning of cores i transmnitted light The pgraing have a
moderate o bright lumnescence, which roveal that the
population is dominated by broad oscillatory growh
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zoning. Textuarally discordant cores are very marec All these
foatures are consistent with the zircon graing belng derived
from a siagle igneous souros neck.

Thirty-tso graing were analyzed (83, Fig. 6), cach
selected to be a best possible examiple of woeous growth
No atiempt was made te analyse inherited cores. The
anafyzed wrens have moderats U contentz (~70 200 npm)
and ThU ratios (~0.4 L.15, median 0.55). Two grains have
higher TU ratics of ~1.71 {(A1d.17 and ~1.74 {(A20.1)
Commen Ph contents are low <0.5 ppm) and all but ene of
the ages are sencondant to near concerdant The discerdant
grain (4617 was not included in the pooled age caleulation.
The remaining 31 graing have the sams radiogenic
PP within enaltytical wncertainty {MSWD:=1.2),
vielding a weighted mear age of 1,834.546.5 Ma, However,
there i & ganarnl trend towards groing with higher measured
APy having lower radiogenic “0 PbAUPl, implying a
grnalt jsobaric interference stmass “Ph. The four analyses
with the highest mass 204 counts are the most affectad.
Omitting these, the weighted mean “UPo/2%Ph ape
becornes 183845464 Ma (MSWD=0.99), which is our
best egtitaate of the crystallization age of the 0

Kifli Ktk Formation, quartz wacke (2001082021

Sample 2001082021 was collected Fom diamond drill core in
the Dead Bullock Seak goldfield (IBD 422, 17095 178.5;
Table 1} The sainple was selected fom a long section of
monitonous nemmmeralized matee quare wacke, F gonsists
of surrounded to sub-gngulen, mederastely sered quartz, and

feldepar in & segioftised clay matrie. Zircons are a mixed
population of sizes, shspes and oolowrs consswmnt with
destemion from a ramge of sowces. Most (~70%5) of the
graing are of relatively wniform size (80 100 pm diameter),

a.119
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¥ig 6 Concordiz plot of zimon U-Fb anelyses for tnffecents ok
sample 2001082511 fom the Calie Memder of the Tead Buliock
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The full size range iz 40 200 pm in dismeter, and equant
sub-rounded grains prodominate. About 10% of these have
surfaces pitted presurosbly by mechanical sedimentary
sbragion, Approsivestely 5% of the gmins are gubhedral o
cubedal, with some wall-preserved crystal faces. The zircon
grains nre colcuriess o pale-boown, olear, with relatively few
fractures and Ewelusions. Many of the grains have visible
comeentric growh zoning in dansmited light. With very few
exceptions, the CL i¢ unifermly dark and provides lide
information on the internal zening textures.

The 94 zircon graing analy=ed have, with o axceptions,
a very limited renpe of U content (160 400 ppm) and
noral felsic 1gasous Thll 0.2 0.9 (84, Fig. 7). Comunon
Pb contents are wniformly low, but sbout 30% of the
analyees are moderstely to sirengly discordant (Fig. 7). Moat
of the anslysey (67%) define o discondance line with an
upper coneeadia intercept of ~1.86 Ga ‘The reusinig
analyses have 2YPpA"Ph apparent ages in the rangs 3.2
2.0 Ga, with a cluster gt ~2.530 Ga. The discordance ling
defined by the 63 analyses in the youngest proup is
modemtaly well defined MSWI=4, with concordia internept
ages of 1, B6E.628.5 and 99471 Ma, indicating that most of
the Pb loss has mken place very revently. The best estimats
of the zircon aryatallizatich ape I8 given by the radiogenic
HIpRAtph of the least discordant analvges. The 38 analyses
thut are less than 10 disoordant have a rangs of mdicgenic
WpRAYPh that is slightly grester than expested fom the
anefytical uncestsinties (MSWD=2.6). Even omitting the
analysis with the Jowast *“Po/*™Pb, which has the highest
common Ph sorrection, some scatter rernainy (MSWD=22}.
There are, however, no remaining idemtifiable outliers.
The *7piy"™ P obust median age (Ludwig 2001) of the
remaining 37 amalyses s LBG56H3/~0.5 Ma, with the
Agymnielric uncertainties reflecting the asymmetric distibution
of the data,

- Kif Kigi
g0 b Farmation,
] ey quattz wacks
200082021
€18 | o - W
1 % 2400 o ZAGE #1425 Ma
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15656 +3-T.5 Ma
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Q‘gg 1, ") E e k 1 .
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Fig. 7 Concordia plot of detital ziroon U-Ph analyses for quanz
warks gample 2003082021 from the Killi Kil Formution
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A loose cluster of IE analyses dominates the older group
at ~2.50 Ga. Five of these sr¢ more than 10% discordant,
Although there is noe correlation between discondance and
adinganic 2" PbAPh hecause the age of the Pb loss is not
Inewn, thess analysey wre of no value i asgessing the age
distribntion. The 13 remaining grains have 27"PbA%pn
apparent ages in-the range ~2.53 2.41 Ga and are digpersed
beyend analyticn! uncerteinty (MSWD=10). Most of the
analyses (11} cluster a3 ~2.50 Ga but are still scattered
(MSWD=4.8). This scatier son be reduced, but not elimi-
nmed, by omiting one ether low anslysis (MSWD=3.8). No
other omiicny ¢ be justified The median ape of the
rezosining graig is 2496+17/-25 Ma, $he large uncerainty
reftecting the residual goatter.

Killi Killi Formation, quurty arenste (20010825035)

Sapple 2001082505 was collegted from outeron in-the
Tuikey Bore region, approximately 5 km southwest of Jims
Pit (Table 1). The sarople is o moderately sorted quartz
arepite wih roumded fo subroumdsd quariz grains and
gericitised marix. The zivoon grains recovered are s mixhore
of sizes, shapes and colowrs consistent with dertvation from
a range of touzess. The graing mage in diametey Som ~40
to 200 1 and the majority #2e equant and sub-roundad.
T.ess than 5% of the prains are subbedral with some
retaining well presecved orystal faces. Approxinately 50%
of gming have pited surfces indicative of mechanical
sedimentary abrasion and ~20% have what is predonainan-
ly fuintly visible growth rones in cansmited light. The
zitoon grains sre mainly clear, coleurless to pale brown and
many graing have frachures thet ae ghained by ron oxides.
Most pratng have a datk 1o modesate lurinescence. Twe
contragang tynes of zoning, finely cscillatory and broadly
diffuse, are about equally repregented

The 64 zircon graing anslyzed have a Hmdted range of
ages. U7 contents are mostly 100 350 ppm (85, Fig. £). The
full range is 25 6135 ppm. TOAS is 0.14 to LE, with mest
values in the range 0.3 1.0. Common Pb contsnts are
consistently low Most of the analyses (~80%) are
cotncerdant or near concopdant. The grins have s Wwide
range of 2TPbAPh anparent sges. The maia chster is at
~1.8% Ga and there we smaller groups at ~2.50 and
~2.10 190 Ga. Most of the dissordant praing are included in
the youngest proar. The 29 analysss in the youngest group
nlet almost within emor on & single discordance line
(MSWD=1.8}. Omitbing one concerdant low wvalue
{C22.1) reduces the scatter IMSWD=1.5). The resulting
line has concondin imtercep ages of 18702461 and
210488 Ma. The 24 anslyses that are concordant of
nexr soncondant bave 8 range in rediogenic 207 A0y
that i Darely larger then expected from the mnebytical
uncertainties (MSWD+1.9), Omiting the samie low value

B springer
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araite sample 2001082508 fom e K K3l Fomnation

that was an ocutlier it the mgresgion reduces the scafer
(MSWD=1.6), yielding a weighwed mem 2VPh“Pb age
of 1,864 4453 Ma.

The remasining analyses cluster ab ~2.50, ~2.0 snd
~1.97 Ga. The 1.97 Ga chuster is consis® of 14 goaing that
have a ramge & 2V TP ages of ~1.99 to 194 Ga. One
snalyds s significently discordant and is not included in
assessing the sge distbution. The remaming 13 analyees me
dispersed bevond anslytieal uncertainty (MSWD=3.4). Omit-
ting e voungest grain reduces the scatier (MSWD=2.1), bt
does not sliminate & snd ne other smdsslons csn be justified.
The robust median 7 Ph/ P age of the remaining grains is
1L975+6.8/22 Ma, the lrge yncerminty reflesting the
residoal seatter. The ~2.03 Ga group consists of seven
anslyses with 3 range of disoerdance thar plot within: error
{(MSWD=1.09) on 8 #ingh: discordance line with concondia
intereept ages st 2050412 and 1742130 Ma, The lower
imercept mdicates very resent Pb loss. The ~2.50 Ga grouy
consists of six grains that mnge in age fom ~2.54 o
~2.44 Ga.

Kt K5l Formation, quartz wocke 2601052515

Samuple (RO0L082515) was collacted sbout 5 km northesst of
the Maverick pranite, The guarty wadke consists of well
sorted, sub-rouaded to sub-angular guariz graing in s
serioitived, fine-grined matiix. The zircon gaing raeovered
range in size from ~30 to 200 wo in dismeer They are
meostly equant, roimded to sub-rounded, clsar and colouriess.
Sutface abrosion is sommon, but a fw greina still preserve
some orystal focss, Relatively fow graing («<5%) have faintly
visible growth zoning in transmitted light Dark CL and faint
ascilatory growth Zoning predeminete, Most graing are
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fragments of largee orvsiels. A few groing {~10%) have
stronger CL and In soms the zoting i weak ar sbsent.

One honidred and twolve anabvses are listed in 86 and
plotted in Fig. 9. The zircon prains have mostly Jow io
mederate U contents {54 500 ppm), with a full ranpe of
20 1,000 ppm. ThU 15 mostly mederate to high 0.1 3.1),
and an unusually lacpe facdon of the prains {50%) have
wahies in the rangs 1 3. More than 36%% of the anslyyes we
greater than 10% discerdant, The *"Po/™™*Ph appacent ages
are digpersed over the mnge ~3.50 to ~1.70 (Ga, with
nrominent groups at~2.50 and 186 Ga. The 5% analyses In
the youngest proup are very poorly fitted to & discordance
ling (MSWD=11) comsistert with dominantly recent Ph
iogs. Considering enly the 38 Isast discordant amabyses,
there i3 nevertheless a significant range In radiogenic
PRSPy (MSWD=17). The seatter is malaly duc to 3
group of seven anslyses with, aged sipnificantly higher
than tha main population. Omiting these, he scatfer (3
not elipinated MSWD=27). Omitting the lowest value
{1696::63 Hia) makes litle difference because of its largs
analytical uncertainty (MSWD=2.0) and there arc ne
other obvious outhiérs, The median *Pb*™Pbage for the
rernaintng 30 values is 1,868+3.3/-4.1 Ma. The seven older
grains aze dispensed over the tangs ~L.98 130 Ga and do
not forin & discrete age gronn.

The 26 snalvies inthe ~2 .50 Ga group do fict even loosely
define o discordance Hze Congidering just the 16 leagt
discordant points, thers is a significant range in radicgenic
Fpb Y Ph (MSWD=16). This group can be divided inwo
ihree subgroips. Nine of the analyses have equal “Pr ™ ps
within amer (MSWD=1.3), with & weighted mean age of
2499+0 Ma, Frve of the gming are younger, with a weighted
mean age of 2, 443417 Ma (MEWD=1.4) aned twe grains ore
aldar with ages of ~£.58 Ga
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Killi Kitli Posmation quartz warke (2001082634

Sample 2001082036 wes » section of half sore Fom the
Tizania Au prospect (TDHO, 1106 11646 ), localed
about 40 km nerthwest of The Grandies Goldfleld (Table 1)
The sample was a piece of vein-free quartz wacke from a
long gection of menotanous non-mineratised quarte wacke.
1t congists of moderately sotied, sub-rounded to sub-mgular
queriz graing and minor feldspir in s serivitised, fine-
gmined matnix, The zireon graing reooversd range from 40
to 180 um in dismeter. Most are sub-roimded equentt praing,
~5% are cleagate prisms with aspect ratios of 2 3.
Approximstely 5% of the greing aze subhedral to vuhodes!
wiih zome prosarved orystal facos. The majority (6096 have
predeminanily wall-defined vigible growth zones in rans-
mitted light shd many (~40%0) have pitied abraded susfaces.
Many of the growth zones are mebmict, The zircon graing
are clear, colenrless to brown and many have faciures that
are irom oxide ¢hined They predominemtly show faint
osgitlatory prowth zons in CL,

Seventy-nine analyses are Jisted in 87 and plotted i
Fig. 10, The zircon graing have low to moedorate U coments
(50 500 ppm) with a full range of 9 2383 pom. THU
renges fom 0.06 1.80, with most vahed in the range
0.2 1.1. Commen Pb contents are mostly low (<8.6 pom)
but about 365 of the isctopie compesitions are moderately
to strongly discordant. Most amalyses cluster ot ~1.86 Ga,
with smaller groups betwesn ~2.50 and 1.96 Ga. The 37
analyses in the dominant L6 Ga group do not define a
discordancs Hne. Congidering only the 27 concordant and
near-conernisg analyses, the dats are sliphtly dispersed in
radiogenic “*PA™Ph (MSWD=2.03. This scotter can be
raduced, but not elimingted by omitting the twe highest
values (MSWD=1.7). Ko ofter omissions can be fustified

. K Killi
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Fig. 18 Concordia plot of demtital zrcon U-Phb analyses for quane
warke sample 2001682036 fom the K Kil Farmation
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The median *“"PbA"Ph age of the remaining grais is
1,867.248.5/~13 Mba.

The other age olusters ars at ~2.50, <230, ~2.00 and
~1.9% Ga. The ~1.85 Ga group congists of 15 graing that
have & constant ““Fo R Ph within emor (MSWD=1.6),
piving a weiphted mean “PbA7Pb age of 1,948 10 Ma,
The ~2.6 Ga proup consists of 10 graine thar have s
gignificant range in tadiogenic VPR A Ph (MSWD=13.2).
By omitting two of the higheet valueg, the scatter is
elimiretad (MSWD=0.57) leaving cight snalyses which give
3 weightod meat Z'P5A™Ph age of 2001412 Ma The
~220 (e clusior comprises six apalyses that have the
same madiogenic “VPhACPh within snslytical uncerainty
(MSWD=0.98) giving a weightad mean ags of 2,197+15 Ma
The sight smalyses in the ~2.58 Gs group He within arror
(MSWD=092) on a discordance Hne, with concordiz
imteroept ages of 2520410 and 250466 Ma.

Ware group
Century Formation, Bthic arevdte (J00108231%)

Sample 2001082518 way collected from a low Lying, isolated
outerop of silicified, mediung w ccarse grained ssadstone,
located about 15 km scuthwest of the Pendragon deposits
{Table 1). The rock comprises approvimately 70% rooder-
ately sorted roundad to sub-rounded quartz grains in a matrix
of peorly sorted mosty anpular Hide Dapments. Zircon
graing recovered rangs i diatweter Fom 55 200 g, They
are mostly sub-rounded o rounded equarg gratns b ~30%
are evhadind to subhedral crvstals ot arysial fagments with
some well preserved faces. The zicon praims se clear,
colourices to pink with fow Enctuess or inchigions. Lesy than
~55 have faingly vighle growth zones in transmdtted lght,
and ~10%4 have abraded surlbces, The roajority are dull in
{1, and well-developed oscillatory gowth zones predomi-
nste ovar lesser sestor zoming and diffuse bandmg.

The 99 zircen graing analyzed have untiomly low U
coptents {14 250 ppm, median 115} and low to modersie
T {811 1.75, median 0.57, 8%, Fig. 11). Common P
contents are alyo low, and about 17% of the analyses are
more than 108 discordant. The “7PoP"Pb anparent ages
i seattered through the range of ~3.50 L.8G Ga, There ir
# magjor group at ~1.83 Gs, a seoondary group at ~1.88 Ga,
and minor chusters at ~2.50 and ~340 Ga. Enhedral %
subhedral grains and fragmenis with preserved crystal faces

“predomingte in the ~1.83 Ga group, Two analvses are more

fhan 10%% disciedant and have not been used in agsessing
the age distribition. The remaining 38 soncordant snd near-
concondant analyses have the same radiogenic *° Ph/ " °Pb
within analytical unceriwinty (MSWD=0.96} and vield o
weighted mean ape of 1.523.2:43.7 Ma. The 18R Ga group
congists of 20 analyzes, six of which ere mere than 10%
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Fig, §1 Cenvordia piot of dewital Zroon U-Pb analyses for liRie
apsrite sampie 2331882519 from the Cenmury Fopmaton

discordant but all have the same radiogende #7Ph%Py
within error (MSWD=1.4). The weighted mean ¥ Po/ 2 Pn
age of tae 14 near-concordant analyses s 1,877 8493 Ma.

The ~2.50¢ Ge group consisie of 3 loose cluster of 14
walyses, Two of these are more than 15% discordant and are
not copsidered further The remaining 12 ansbvses are
dispersed in madiogenic PPl beyond enalytical error
(MSWD=2.4). The scatter iz eliminawd by removing the
two lowest values (MSWD=1.5) kaving 10 that give s
weighted mean age of2 5126283 Msa. The ~3.40 Ga group
consiz of seven graing that range in apparent ape from
~3.45 % 336 Ga.

Wilson Formetion, gpraywacke (2001083527}

Sample 2001082527 was eollected from o low Iving outerop
of tightly folded, thick-bedded, graded, pranular conglomer
ate and gaywacke locsted about 2 km vast of the Crusads
Au prospest (Table 1). This praywacke i poody sorted,
sopsisting of rounded © sub-rounded moncorystalline quars
graing with lesser Hthde Tapments, polyerysalling quartz zad
feldspars ~4 mitn in diamcter, in a matix of finer grained
angular falispars and quartz grains in a sericite groundmassy,
The ziroon grams recovered rangs m dinnetsr fom 40 o
150 wm. Most are sub-rounded o reunded, turbid, frachired
and metamict with well-defined visible growth zones in
trargmeited light Approxipately 20% of the gpming are
subhedral to suhedml, clesr and colowrdess with scme
well-preserved orysial Taces. There is also a miner population
(~10%%) of rounded to sub-rounded clear, colowless graing
that have abraded swefhces.

Tine hundrad and twenty grains were analyzed (59,
Fig. 12). U contents mre mestly low to moderate, (60
550 pom medisn 1800, with the full rengs being 29
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Fig. 12 Concordia piot of detritd zircon U-Pb ansiyses for
graywarke saeapiz 20601082527 from the Wilson Fenmation

2,664 ppmy THU iy moderste to wery high (03 7, median
114} Common Pb conten's are moderste to high {~8.05
6 oo end ~45% of the prains are modemtely o strengly
discordan. Most of e graing (~80%) have “"Pb"™Pb
apoarent ages that chuster between ~1.98 md ~1.76 Ga. There
is a minor group at 236 Ca and seattering of apes betwemn
~244 md ~1.99 Ga. Three grains have “'Po " Po apparent
ages leas tan 1,72 Ga but none pive a reliable estdmae on the
primary ape. Two of e poalng (B327.2, B45.1) are Usrich and
their ages are exremely duccrdant {~80%5), the third (B42.1)
has 2 high comomon Pb codent

Tha dominant grouping consist of 93 snalyses tat ae
dispersed beyond avwlytical uncerminty (MSWD=3.1). This
popuistion is bimodal with 2 domiment cluster at ~1.83 Gamd &
minor chister gt ~1.8% Ga The ~L83 Ga cluster consists of 57
apalyses ~35% of which =e greater than 10% discordant. All
anahyzed compogitions in tHix group, plot within exor i a
singie digeordance line (MEWD=0.97) with concondis intereept
ages ab LAILTH61 and 3440 Ma The lower concordis
intercept age indicates hat Ph loss has kan place very recently.
In thet case, the begt egdmuge of the ziroon crystallizanion ape
can be ohtined from the radiopenic *Ph*Dh of the least
discardant anolyses. The 36 myalysse that ane fess than 1094
dissordant are witin analytical eor (MSWD=1.08) and give o
weighted mean age of LES0.926.5 Ma

The 189 Ga cluster comiprises of 36 analyses, ~55% of
which ate preater than 10% discordant. The 16 soncordant
and mear concordant amalyses from thiz group have the
same sdiogenic *PbA™Ph within analytical wncertointy
(MSWD=0.48) and yield a2 weighted mean age of
1,883 8484 Ma. The elder ~2.50 Ga group consisis of
four concordant and pear concordant analyses that have
tae same radiogenic *7'Pu*™Ph (MEWD=0.39) and give
a welghted mesn age of 2,350215 Ma.
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Mount charley formation, arkose (2003082644}

Samiple 2003082644 was coliected from & rmasaive bad of
madium-grained skose exposed in the western side of Jiros
Pit located about 30 m below ground leeel (Table 1), The
sample is 8 dack grey medium-prained arkose with rare
ronpded cher: and/or siltstone intoaclasts up to 8 mew in
diameter. It is vety strongly sericitised, containite 8 ponrly
sorted matrix of angular and sub-angular abiered feldspars,
quartz, Hthic geaing, rounded polycrysiaitie quartz and
20 30% opaque Fe Ti oxidas.

Ziroom praing recovered compriss 8 mnge of shapes and
stzes, T the mmpe of ~40 to ~200 wmn in diseter The
majority are stubby, subliedral to suhadzal, clear, cofourless
prismns and orysial fragments with few fracturps or
inclugions. Abowt 30% of the grains have abrodad surfaces
and slmost 4l have gomoe preserved erestal faces, Lesy than
5% have finily vigible growth zones in wapsmited fight
Loumuinescence ranges frotm dull to bright but roost are
moderately lumescent, Fine oscillatory sud broadly
diffuse growth zonés predominate.

Une hundeed and fwo grains were analyzed (216,
Fig. 13). U contents are low to moderste {18 250 ppm),
with ane value higher (8242, 390 ppm), amd Th/U
moderate o high {0.14 2.%, wedian 0.6). Commen Pb
cogtents are uniformly low (<001 0.8 ppm} and 10% of
the analyses are moderately to steongly discordant The
sample comprises three distinet age clhusters, a dominant
grousing at ~2.50 Ga and o ming grouns at ~3.50 332
gnd ~1.91 Ga. The dominant grouping consists of 6
amalyses, nine of whivh are grestsr than 10% discordant
and are not constdered fizther The concordant and near-
comoeniant praig scatter in radiogenic 2 Ph/A"Ph more
wxpected Femn the analydeal wpesmminties (MEWDw29).
Thiz statter can be reduced but not elimingted by omitting

Mount Charles Formation,
arkoss
200308644
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Fig. 13 Concordia plot of detrital zireon THPE malyses for adose
sumple 2003082644 Hom the Mount Charles Formstion
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twir of the highest valaey MSWD=1.8). No other omissions
can be justified. The median ape for the remaining praing is
25303644458 Ma. The eldest zircon graing in this sarnple
comprise soven prams that have appatent Z7PbA™Pb ages
between 350 sond 3.32 Ga, Fowr of these graing are within
analytical uncerminty (MSWD=0.66) and have a weighted
mesn age of 34218264 Ma. The ~1.21 Ga proup 8 nad
up of eubednad crystals and coystal Bagnaents with presereed
faces. Zircon praing from fuis group penerally has Th/U>1.
Nine snabyses on elght grins have the sarme radiogenio
“P o A%5p within analytical uncertainty (MSWDI=1.7), and
give a wetghted mean age of 1913418 Ma,

Mount Charles formation, avkose (2001082567)

Saraple 20010825407 was coliectad Fom a messive bed of
conrse-grained akose exposed in the westem side of the
Hutricane-Repulse Pit appeogimately 20 m below ground
Ievel (Table 1). Powogmphically, it k sunilar ®© sample
2003082644, The sample sonsiss of sagular and sub-
angular quartz, Feldspar and rounded pelyerystalline guartz
gming in a matrix of strongly sericitised, mostly angular
lithic fragments.

Ziresm grains recovered comprise a mixed population of
shapes with a wide ranpe in size (0 200 um dimpets)
The majority (~70%) are sub-rounded, optically turbid,
metamict, highly factured with well-defined visible growth
zones in trangmited lpght and shreded surfaces. Other
zircon prains arg olzar, colourless mnd sabhedral to
euhedral, many have preserved cryssl fices and only rarsly
do they show signs of abragion. The CL response from the
turbid, metsmiet Zircon graing i dek and provides litde
infortastion on the incernal zoning characteristics of these
prains. The slear, colowrless zircon graing however, are dull
to brightly luminescent and reveal a predominance of fine
concentric growth zoning over sector-zoned oryvstals,

Sixty analyses weare made on ziroon graing fom this
samnoke (311, Fig. 14). There is a large range in U comtent
€36 2281, median 150) and, with ene sxcepton, modersia
to high TaA .42 42), Common Pb contents wre
moderate te high (~0.05 € prm) and ~30% of the gmins
anzlyzed ars modestely o sboaply discordant These
analyses €how no cortelation betwesn radiogenic = PhP%Pb
and discondanee, and bocauss the age of the Pb loss is not
knewn, they have heen excluded fom the age assessment for
this serrple. The remaining 30 concerdant and near cemces
dent anatyses principally chaster at ~3.42 and ~1.91 Ga. The
older prouping consist of eight graing that have consmnt
radiogenic “Po~"Pb within analytieal unoertainty and give
a weighted mean age of 3419.2£3.6 Ma. Zircon gming In
the youngest ~1.%1 Ua grouping consists of euhedral to
gubhedeal praine with proserved crystal fees and T
gauigally »1, Thess 10 analyses have the same mdiogenic

£
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Fig. 14 Conecordis piot of detrital rirson U-Ph sralyses for srkose
saonpln Q001082557 fom the Mount Charlss Formation

27pbA%PY within analytical ungentainty (MSWD=1.8) and
give a welgived mean ape of 1,505:612 Ma,

Pargee Sandstone, quart; arenite (2001082517)

Sample 2001082517 was collected in the Pargee Hills ares,
from a low lying sequence of thickly bedded medium to
seurse grained sandstone sud conglomerate, Jocatxd about
250 m south of the comtapt with the unconfommably
overlying Gardiner Sandstons (Teble 1). The sample is #
red, medium-grained, moderately wall-sartad guartz arenite,
with rouaded to sub-rounded quartz grabng and Zare gab-
ronded lithic frapinents. The zircon graing recovared
comprise s wide rangs of shapes, colours and sizes thar
rangs Homn ~5¢ 6 150 um in diameter. The vast majority
ave equand, submurded to rounded graing and range from
tirbid and brown in selour to olear end colowdess. Many
graing are highly fractured which in the majority of cases
made SHRIMP-spot overlaps ento these fractures unavoid-
able. The zitvon grains have well-defined visible prowt
zanes in temsndited light and almost sl have abraded
gurfaoes. Most prains have a moderate o bright CL with
oscilfatery growth zonss, and ~20% have rounded cotes,
Approzimately 20% are dull in CL and give htde or 5o
informetion on their internal growth wones.

One hundred snd eleven grains were analysed from this

sarmple (812, Fig. 151 Many of these analyses (~40%6) me

mederately to stronply discordant which iz consistent with
the highly fractured nature of many of the zircen prains in
this smmple. Forty-five anslyses that are greater than 10%
discordant sre not considersd further, The remaming 66
analyses lwve low o moderate U contents (27 250 pom),
moderate ThAT (0.4 L4}, snd low to modorats comenon Ph
comtents (<G.01 2 ppm). The 'PWA%Pb apparent apes are
scatered between ~3.37 and L.73 (G with clusters at ~2.53
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Pargse Séndmme,
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Fig. 15 Concordiz piot of detriml zxcon U-Fb anulyses for quartz
aranite gample 2001082317 fom the Perges Sandstone

and ~1.80 Ga. The youngest cluster comprises 25 analyses
that are dispersed in radiogenic *P'PH TP apparent ages
(MSWD=28). This mopulation is bimodsl with & dominant
grouping ot ~1.8% Ga and a minor one gt ~1.77 Ga, The
dominant grouping copdiats of 13 snalvees that are
dispersed in radiogenic *VFoA%Ph (MSWD=2.1). This
goatter can be elimingted by removing the highest value
(MEWD=1.23), the remaining analyses combine to give 2
welphted mesn age of 1,835.449.8 Ms. The minor group is
made up of 12 snatyses that all heve the same madicpenic
HIphA9%pY (MEWD=1.7), and combine to yield an age of
1,768:414 Ma. The oldest groupiag comprises nine snalyses
that have the same radiogenic “7PhA™PL (MSWD=1.6)
and oceabine to give a weighted mean ago of 2524510 Ma.
There are also mines peaks av ~2.70 gnd ~2.21 Ga.

Gardinar Sandstope, sublithavenite (2003082642]

Sample 2003082642 was collected from an outcrop of
thickly bedded, massive, purple sandstone i the Coomaric
Range (Tabie 1) The sample is well sorted and consists of
about §0% sub-anpuler to sub-rounded quarts and about
15% fme-grained sedimentary snd meta-sedimentary Hiic
clasts. The zircon pming resovered ars remarkably unifomm
in diammeter (70 100 pm). They sre clear and Colourless,
with relatively fosw Iactures of inchusions. The majority as
equant, roumded to gub-rounded, and 70 0% have abraded
surfaces, Rare grains (<5%) have some preserved corystel
faces. CL imsaging shows that Moyt grains have fine
oscilistory grow'h zones. Thare i also a lesser populstion
of erystals fhat show diffuge banding and sector zening.
Ninsty-fres analyses s liged & S13 and plotted in
Fig. 16 The ahabyzed =ircon grains have low fo moderate U
comtents (~30 270 ppm, median 130) and ThAY (015 168,
median 0.5, Common Pb cordeots are miformly low



Miner Deposits

Gardiner Sandstona,
sublithayenits
2003082642

e o \\ ~3.25 Ga
[<h-g 3R \\

&40 *3309 b

017
0.t5

8.3

0.1

0.09

13 25 35 48
Fig, 16 Conzordie plot of detrital zircon U-Pb anelyses for
gubiitharenite sampie 2003082642 Fom the Gardingr Ssndestons

061 0.6 pom) and approsimately 20% of e analyses ara
modemrely discordant The *Ph/A%Ph apparent ages ranpe
between ~3.23 and ~174 Ga with 8 dominant chister at
~1.83 Go (76%3) and & miner chuster gt ~2.50 Ga. The 65
malyeas in Hhe youngest prouping do not define a single
discordance line. Congidering only the analyses that are less
then 10%: discordant, there is significant dispersion in
rattiogenic 2Pu"Ph (MSWD=4.1). This population is
birnodal, forming a domivam group at ~LEL Ga and &
subordingte ong at ~1.87 Gs, The dominant group comprises
36 apalyses that hove equal “U'PHA%Ph within error

(MEWD=1.4) and combine to give 8 weighiad mean age
of L,812247.9 Ma The subordinate proup comprises 18
armalyses that have the same radiogenic 5 PPt (MSWD =
1.7y and combine to give a weighted mean ags of 1,872%
LE Ma, The 2.50 Ga group compnises six analyses that ranpe
in apparen: *PoA%Ph ape betwaen 2.53 and 2.4 Ga.

Trigeassion

The detrital ziroon age disteibutions displayed i Fig 17
comprise |2 sapapies froma the six princinal sedimentary wnbs
in the Tanami Region, and the depositional age ostimates for
thege units sre shown in Table 2. The dats in Fig 17
demongirate that ol unite vouin ziccons with an ape maods
0% ~2.50G Ga In addition, with the exception of the Mount
Chiarles Formation, all unis younger than e Fedies
Member of the Dead Bullodk Formation are dominated by
Paleoproierozoic detritus with an ape moeds between ~1.89
ard ~1.84 G, Tho Ware Group samples contain a younges:
zircon component between ~1.83 and ~1.8Z Ga and only in
the voungest Parges and Gardiner Sandstone do ~1.B0 (2
zireon compenents appear The Ferdies Member containg
zircim gratns wih age groups of ~3.20, ~270 gnd ~2 50 Ga
(Fig. 173 Thess apes contrasr matkedly with yvounger

sedimentary units in the Tanana Ragion. The Mount Charles

Formation is also demingted by zircons with Archean ages
wat in addition, comaing 8 voungest detritel somponent at
~1.91 Ga, which is abowt 100 Ma clder than i depositional
age 83 suggested by Crispe ot al (2006,

Table 2 Depositionsi sge wtimates for the principal sedimentary sequences in the Tanardd Reglon

Unit OZCHEON Nurmber M age (M=) (demril sircon) Max Age (Gu) Min gge (Ga)
Ferdies Membar 2003082547 258343 ~311* ~1.84 (ia®
Ferdize Member 2003082643 2,100420 e 1t ~1.84 Ge*
rrrrr KiE Killf Formation 2001082021 1,564 8 wl St ~1.82 Qzf
K&t Killi Formation 2001082503 1.86445 ~] 54" ~1.82 Gg*
KAl Kills Formation 2001082318 1858457 6 ~1z4* ~1.82 Gia*
Kl Kk Formation B01087036 1,86749/ 13 ~1 54" ~1.52 O
Ware Group 2001082519 180044 ol 828 b B0 Gab
Ware Group ZH01982527 183147 ~3 53 ~ 18 e’
Mount Cherles Foration 2030876544 1815418 w1 EE 1,80 Ga'
Mown Charles Formation 2001082507 1,905+12 ~] 82 ~1.80 tiaf
Pargee Sandstens 2001082517 1768234 ~p T ~1.64 Gt ®
Gzrdiner Sandstons ol 64 G B

203I0R2EAT 1,818 w1

€ Age of younges dewritsl zireon in Ferdies Member pample 2063082649 (this study)

¥ Crvetallisssion age Bor sample of ff in Calile Member fthis study)

£ Contempotuneons flsic voloanism in Wae Croup

“ Age of youngest detrits] ziroen poprlation from Pergee Saudstone, sarmple 2061982517 (this snudy)

*Age of goss satting ignenus intusion (Crspe ot sl this volume)

Uinferencs from ages of oross sapting fgneons iatrusions (Crispe et al thiy volume}

2 SHRIMP U-Ph deting of dlagemetic xenotime Fomn Qurdiner Sandstore {Vailini et al. this voiume)

Enmistion of Gardiner Sandsione with rocks in the Vidoria River Basin which ae overigin by the ~1.64 Ga Limbanya Growp (Cutovinos et al, 20020
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Fig. 7 Probability density dis-
tribution disgrams comparing
detrital Ziyoon U-Pl dges for
anslyzed samples from this
study with dats om: Cross et
sl ZOEL)Y for the Lander Rock
b (2002082504, Cross ot al
{20050} for the Prickls Hill'
suridstone (2001082549% Cross
eral (20054) for the Apacia Gep
Quartzize (20010323423 and
Beesinns Formation
{2001082533). Gray vertical
{ines wre cororeon maior age
peaks at ~2.50 and ~1.87 Ga
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The mffaceons sample from the Callic Momber of the
Dead Bulleck Formation (2001082511} represents the only
voleanic rock to have been isotopivally deted fom the
Tanami Group. Rare angular and eshedral graing of quarte,
feldspar and zitcon ndicate a teffacacus origin. The zoned
zircons strempthen this imterpretation. Isotopically, they
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record a single U Pboage. Morphologically they are
homogenous, pristine, suhedral zircon praing with axial
inctusions s fature typical of voloanio zircon. Features that
would indicate an intrusive origin Tor this unit, such as
contact metamoTphism in local rocks, or chilied mpargens
with adjacent wnits were not observed 3t the sumple site, It
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is for the above ressons that we interpret this sample as
fuffsceous i origin and Lkely fo have been deposited
contemparaneously with sediments of the Callie Member.
The SHRIMP U-Fb age for this unit of 1,838+6 Ma
provides an important constraint for the depositional
chronology of the rocks incladed in the Tanami Group
and early basin development.

Dewrital wizcon depositional age estimates
Fevdies member of the dead bullock formation

Zircon grains from the Ferdies Member arkose
(2003082647} sampled frome the Jreandmsh region define
a maximuns deposition age of 253323 Ma, whegens
feldspathic arenite (2003082649} frora the same unie at
Dead Bullock Soak contalng zircon graing that mply a
deposition age after ~2.11 Ga. A minbmum age of
sedimentation for the Perdies Member is provided by the
overlying Callie Member felsic tudf (2601082511), which
contains zivcons that erystallized at 1,83826 Ma (Table 23

The timing of deposition for the Ferdies Member is poorly
constrained between ~2.11-1.84 Ga. Themfore, estimates of
the frue age of deposition reraain speculative. Two altsmmatives
are possible, Pistly that there may be an extended deposi-
tional histas (e cryptic sreonformity) between the Fardies
ardd Callic Members of the Dead Bullock Formation lasting up
1o a mnaximom of approximately 270 Ma. A similar soenatio to
this bas been detectad in the Paleoproterozoic Hurwitz Group
in the western Cluschill Provings of northern Canada, Using
U-Pb dates fiom baddeleyite and detrital zireon, Aspleretal
{2001) detected a previously mrecognized time break of
approximmately 200 Ma across an internal cryptic wneonfor
mity. The second alternative is that the Archean defrital
zircons found in the Fardies Member were dertved from the
upkEft of pither Archesn basement rocks or sedimentary rocks
darived from Archean souree rocks. In this scepavio, uplift
of these souces before ~1.84 Ga, duting either the ~1.87-
1.85 Hooper Omgeny, the ~1LET Ga Nimbuwah Event or
the early stages of the ~183 Ga Tanami Bvent shed
detritus into the proto-Teoami basin, If this model i
adopted, Ferdies Member sedimentation wonld have
ocoured between ~1.86 and 1.834 Ga, Of the two models
presented in this study, we prefer the later as the most
Bkely ag the Dead Bullock and Killi Kl Formations share
z sinilar stuctaral history and have been interpreted es
sonformable in oumeroas dull core intersections {ses
Crispe et al. 2006).

Killi biHi formation

The youngest ziveon component in ali four samples forn
the Kill: Killi Formation, provide a consistent maximum

22

depasitional age estimate of between ~1.87-1.86 Ga.
However, this unit is wel constrained between the
conformably underlying 1,838+8 Ma, Callie tuff
{200T0R2511), and an intrsive contact with the 182 Ga
Water Tower Tonalite (Crigpe st sl 2006}, Therefore, the
Kilii Killi Fornetion was depostied 4t least 20 Ma affer the
age indicated by i youngest desgrital zircon component.

Ware group

The voungest deirital ziccon component i the Century
Formation (Ware Group), lithic arenite {2001082319)
indicates a maximam deposition age of 1,823:4 Ma,
whereas a graywacke from the Wilson Formation
(2001082527} contains a youngest zircoh eoinponent at
1,831+%7 Ma. Similar ages have been measured In felsic
volcanic wndis within the Ware Group. For example, =
saple of rhyolite from the Mount Wirmeeke Fonmation
has a SHRIMP U-Pb age of [824+5 Wa (Page 19935)
and z dacite and felsic volcanic fom the Namy Gosat
Voleanic Complex have SHRIMP U-Ph ages of 181627
and 1,821+3 Ma, respectively (Smith 2001). Crispe of &L
(20063 saggest that minimum age constraints for sedimen-
tation in the Ware Group can be inferted from the ~1 .82~
1.7% Ga, age of Iy deformsdion, and the infrusion of the
L3133 Wihnecke Granophyrs,

For the two samples of sedimentary units in the Ware
Group considered . this study, the voungest zhvon graing
comstifute a minor population of enhedral and unabraded
gralns, Given thel relatively pristine state, we consider
thern to be first-cyels sediments, and fo have probably been
derived from either one or a combination of nearhy ca.
~1.82 Ga felsic volcanic rocks and granibes. This indicates
that sedimentation and valanism assoviated with this
group was broadly contemporaneous Accordingly, we
consider the mexinmon deposition age estimates for the
two Ware Group sedimentary rocks analyzed for this stady
to be good approximetions for their troe depositonal ape.

Mount Charles formation

The ages of the youmgest zircon. component in both samples
frome the Mount Charles Fermation are indistinguishable,
Sample 2003082644 hax & voungest cornponsnt at 1,913+
18 Ma, while the voungest grains analyzed from
2601082507 crystallmed a 1005212 Ma Page (1998}
obtained similar results to these in apother detrital zircon
SHRIMP U-Pi stady of a sediment fom the Mount Charles
Fotmation. In ihls stady, Page (1998) caleulated & masimum
deposition ape of 1,2164% Ma, (MSWD=1.66) from the
yourgest 14 grains anadyred

The ~1.91 Ga detrital zircon from our Mowm Charles
szmiples and that of Page (1998) share similsr morphological

€ Springer
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and chemical characteristics. They all have preserved crvstal
faves with no sipns of sedimeary abrasion and have Th/U>
1. The youngest component from all three samples have the
samie radiogenic 2Y'PbA%Py within analytical uncertainty
(MEWD=1.1¢} ard combine © give an age of 1,913+6 Ma
The ahsence of I3-D; deformation in wcks included n
the Moumt Chardes Formation, aplite dyke intrusions, and also
corfact metamemphism assecisted with Grimwade soite
grarites have led Crispe & al. (2006) to sugpest 2 depositional
age for the Mount Charles Formation at ~1.86G Ga. This s
100 Ma younger thao the ~1.91 Ga age of the voungest
wireon prams in the three samples cxamined in this stody.

Fargee Sandvtone and Gardiner Sandsione

The youngest detvital zircon component analyzed from the
Pargee Sandstone {2001082317) crystallized at 1,768
14 Ma. In contrast, the youngest zizcors from the anconform-
ably owverlying Gardiner Sandsione (203082644 records an
age of 181248 Ma, about 45 Ma older than zireons from the
Parges Sandstone. Cleaddy, the detrital zitcon snaximumn
deposition age sstimate for the Gardiner Sandstone does 1ot
approximate the tme age of sedimentation.

There are no diveet mnimum age constraints for the
deposition of the Pargee Sandstone. Therefore, controls on
the tining of sedimentation for $e Gardiner Sandstone
offer the only geological constraints for the minimum age
of deposition for the Pargee Sandstone. The wpper Hmit for
sedimentation in the Grrdiner Sandstone is cotstrained by
disgenetic xenotime growth at 1,63243 Ma [Vallinl e 4l
20063 and the ~1.64 CGa age of Limbunya Group rocks,
which were interpreted in drill core by Cutovinos ef al
(2007} to overlie Birrindudu rocks o the Victoria River
Basin, north of he Tarami Region. Therefore, the tming of
sedimentation for both the Purgee Sandstone and Gardiner
Bandstone s cwrrenfly loosely constrained tw bebween
~1.77 and ~1.64 Ga, The depositional age constraints from
the six principal sedimentary units from the Tanami Region
outlined above show that sedimentation ocowmred at least
between the peried ~1.84-1.%7 Ga.

The sbove examples emphasize the lmportance of
Isotape stadies of infercalated voleanic unifs fo reliably
determine the deposition age of non-fossiliferous sedimen-
tary rocks. An aliwmative to this apptoach, is to date
diagenietic minerals (such as monazite and genotime) (zee
Vallind et al, 20043

Spurce of detrital zircon
Ferdies member—dead bullock formation

The detrital zircon age distributions in the basal Ferdies
Member samples discussed in this study are romarkably
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different compared fo other Tanmmi sedimentary wnits,
Ferdies Member samples are almost entirely composed of
Archesn aged detrites and lack the ~1.86 Ga zrcon that s a
principal component in most younger samples (Fig. 17),

Detrital zircon graing flom the Ferdies Member arkose
2003082647 constitute & unimodal age peak at ~21.53 Ga,
This rock is clearly derived from & restricted late Archean
source, Known rocks of this age in the NAT oceur in the
nearby Bitlabong Complex, where Page of al. {1993) have
interpreted an age of 2,5314:43 Ma, and in the Ram Jungle
Complex where the carliest phase of prapite infrusion
occurred at ~2.533 Ga (Cross et al. 2005s). The wide range
in torphalogy of these zircon grains {euhedeal © rounded
and sometimes pitted) probably reflects both proximal and
more distal sources. Therefore, we consider it possible that
these zircon grains conld have been derived from either of
the above regions, a combination of both or an exofic
source. Detrital zircon SHRIMP stadies frorn two sedimen-
tary rocks from the Pine Creek Orogen share similar ziroon
age distributions to the Ferdies Member arkose
2003082647, The Acacia gap Quartzite Member of the
Wildmarn Siltstone, and the Beestons Formation which rests
meonformably on the Archean Ruam Jungle Complex are
both domiinated by defrital ziveon appeoximatziy 2.50 Gu
old {Fig. 17; Cross et 21 2005a). This could indicate the
onge widespread occurtence of RecArchean crust across
much of northern Avstralia

Yeldspathic aenite (20030826487 from the Ferdies
Member hwus age modes at ~320, ~278, ~2.70 and
~2.45 Ga. It is possible that a large percentage of these
zivcon grains ave derived from the Pilbara Craton in Western
Australin, The ~320 Ga zieon grains can be correlated with
the ~3.27 10 3.23 Ga Cleland Supersuite of the western part
of the Pilhars Craton (Vim Krandendonk et al. 2004) and the
~2.78 age mode with mapmatism assockted with the
Fortescue Group (Nelsen 1999, The ~2.45 Ga age mode
may in part be derived fow the Pine Creck Owmgen, or
alternitively from magmatizm in the Pilbara region between
~2.60 and 2.45 Ga that wus associaied with the Hamersley
Group (Thome and Treadall 20013,

Killi kil formation

Detrital wireon age distributions fromn four smnples of Kills
Killi Formation are renwitkably similar, Each is dominated
by a zircon population that crystallized at ~1.87 Ga, with a
subordinate age group af ~2.5¢ Ga (Fig. 17). The dominant
zircon component could have been derived from one or 4
combination of shmdialy aged rocks in Notthern Austealia
These nclude magmetic rocks from the Pine Creek and
Litchfield provinces (Worden ot al. 2004, Negdhiam et al.
T98R), the Halls Creek Orogen (Blake of al. 26007 and
Tennant Creck Region {Compston 1995 and Smith 2001},
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The domiriant ~1,87~1.86 Ga zircon grains fom the four
samples of Kith Killi Foomation are likely o represent fhst-
cycle sedimentary components because they are typically
equant subromnded prisms with ~3% having retuined their
cryatn] faces. Furthermore, when sedlmentary pitting on
zitcon exteriors s present, it is usually faint. This is &
contrast to the NeoArchean zitcon graing that are fypically
well ronnided and have 8 marked pitting on grain exteriors,
which iy indlcative of 2 longer history of sedimentary
wansport andfor recycling, The Archeun zircon graing in the
Killi Killi Formation saminles were probebly recyeled from
undderlying unzs such gz the Ferdies Maember, which
conkain a high perecntage of zircons of this age. Alterma-
tvely, these zirdom grains may have been devived frdm
similarly aged granites and also clastic units that are
dominated by late Archean zircon grains fom the Fine
Creek Orogen (see Cross et al 20034y,

The detrifal zircon age distributions in the Four XilH Kili
semaples (this siudy) share elose similarities fo detrital zitoons
from the Lander Rock beds, southem Arumta (Cross ef sl
2005b) and the Prickle Hill' sandstone, northern Arunta
(Cross ef al. 20032) (Fig. 17). The sipslatides in the detrital
zheon age distributions between these widely separated
samples irglieates that the Kith Kl Pormation may have
once been a part of a wuch larger depositiony] syster.

Hore group

Degital zircon prains from two sampies of sadimentary
mwcks from the Ware Group have similar sge distributions.
Both are dombted by ~1.83 Go detrital wircons, and like
other units snelyzed in this stody, bave » minor agze
population at ~2.50 Ga (Fig. 17} The detrital zircon age
distributions for the Ware Group samples 2001082527 and
2001082519 are broadly similar to that of the Killi Killi
Formation samples discussad ahove, Like the samples from
the Killi Killi Formation, samples from the Ware Group
contain a sighiffcant proportion of ~1.88 Ga defrital zincor,
‘These zircon prabss are charasteristically satare with roanded
to well-rounded morphologies. Only the younger, ~1.82 Ga
enhedral, non-abraded zircon grains present in sarmples fom
the group can be used to motopically distinguish befwesn
sedimentary vocks in the Kifli KilH Fopmaton and Ware
Groug. We interpret that the similarity of detrital ziveon age
patterns in these smmples inclicates that the yoonger Ware
Groop may be largely detved from the recycling of the
underlying, Tenasst Group, The sbraded morphology of the
~1.86 (ia, and Awhean-aged wircon grains in the samples fiom
the Ware Group supporis this interpretation. Therefors, we
consider that the Ware Group has mostly been dexived from
the recyeling of sedimertary rocks in the Tanzmi Group witha
relgtively minor wpwt of ~1.83-1.82 Ga velcanics and
gravites derived Foan toeal sources,

Mount Charles formation

Detrital zircon age diswibutions from twe samples of arkose
fom the Mount Charles Formation are distinctive. Both aze
largely comprised of Archean-pged zivcons. Sapple
2003082644 i3 dominated by ~2.50 Ga zircons, while
2001082507 containg only a minor age group at
~2.50 Ga amnd 5 domenated by zicons that crystallized
ak ~3.40 Ge. Both sumples also have a voongest compobent
at ~1.91 Ga (Fig. 17} The older Archeanaged zircon
grains i these tocks are rounded Wwith pitted sarfaces. The
~2.50 (Ga zircon grains may have been derived from
simdlarly aged granifes in the Pine Creek Orogen of
resycled from mxderlying units such a3 the Ferdics Member
The well-tounded morphology of Archesn zircons fom
these two samples probably excludes a local granitic
protolith sach 28 the Billabong Complex s 4 soarce. The
~3 40 (u gireon grains from sarmple 2001082507 represents
the oklest zircon component measured duting this study,
These zircon gralns may indicate s provenance from
sunilarly aged rocks in the Pilbars Craton (Nolson 19925,
A possible sowrce for the 1.91 Ga zircem component
common to all Mount Charles samples examined i the
Ding Dong Downs Voleanles, These rocks are comprised of
mainly mafic and also felsic voleanics and form the
hasement to the eastemn zone of the Halls Creek Orogen,
The Ding Dong Tlowns Voleandes have a SHRIMP U-Ph
ape of 190746 Ma and a granophyre from the same unit
has & SHRIMP (SPh ape of 191223 Ma {Blake ef al
19953, Fircons from the Ding Yong Downs Volcanics have
ThAU ratios that are distinctively high and are often 1.
Given that the youngest Mmmi Charles defrital zicon
grains crvstattized at ~1.91 Ga and also have Th/TT mtion
>1, we suggest that they may have been derived from the
Ding Dang Downs Volcanics in tlie Halls Creek Orogen.
In contrast to the rounded and pitted surface textures of
the Archean-aged zircon grains in the Muount Charles
Formation, zircons from the 191 Ga pepulstion bave
retained crystal faces with no signs of sedimentay
abrasion. The praing are therefore tikely to represent fivst-
cyele sedimentary detritus. Their pristine condition and
presence in fthree sarmiples from the Mount Charles
Formafion suggests that they may record the true age of
sediment deposition, cither tepresenting the producis of
source region uplift and coeval mbgmatism, or contenpo-
rareous  volemesm. In addition, Archean zireon age
distributions fem the Mount Charles Formation, i
particular sample 2003082644, are similar to the bassl
Ferdies Member arkose (2003082647 (Fig, 17} Significant
also is the lack of any ~1.87 Ga zircon component in
sedimentary rocks analyzed from the Meount Charles
Formation. As pomted ool eurdier, this component is o
major feature of the Killi Killi Formation, Ware Group,

D pringer



Miner Deposita

Pasges Sandstone and (Fardiner Sandstone. We interpret the
presemce of ~1 B7 Ga zircon in sedimentory rocks younges
Pt the BN Kith Formation to be the regult of reworking of
utiderbying clagtic units. Given that Cxspe et sl 2006) place
the Mount Charles Formaton as overlying $e Wars group
end deposited at ~1.80 Ga, the spparent absence of ~1.87 Ga
zircon graing b this untt is puzzhing. If the Mount Charles
Feppation was deposivad at ~1 91 Ga, it would requirs that
this unit was in some way pactitioned 2o the effectg of
three significant deformatiosal events (I W D) i the
Tanami Region., The inference thet the Mount Charles
Feormgtioch mgy have been deposited beftre ~1.88 Go s
obviows implications for explosation. Thst s, that the
Au-gieh Mount Charies Formstion may in et wnderie either
the Callie Member, Killi Killi Formation or Ware Group.

An alterndve explmation for the 1.91 Ga detrital zirden
somponent in the Mount Charles samples is that they de
not approximate the ape of sediment deposition and were
derived from a very rostricted catchment that only eroded
rocks of the Ding Dong Downs Voleanics, or age
equivalents, together with older bagement endowed with
Archean zircons. Clearly firther studies of the Moum
Charles Formation are requised to establish its true
depositional age and stratigraphic position.

Pargee Nandstone and Gardiner Sandsione

Principal sge groups o samples foon the Parges Sundstone
{2001 682517 and Gardiner Sandstone (2003632644) ooour
a ~2.76, ~2.0 and ~1.80 (3o A younger population at
~17H Ga was only detectsd in the Parpes Sandstone
sample. Serimgeour (2003) has suggested that this compo-
ne was probably related to maepmstc events associsted
with the Late Strangways Orogeny in the Anmta Region.
Older zircon gming from e Pargee and Garding Sand-
stones s predorninantly well rounded with pitted surfboes
indicative of a long history of sedimeniary tmmaport and
reworking, These praing were probably derived Fom
underlving sedimentary rocks i the Tanami Group.
Considered colidetively, detriml zircon paing fom the
Kilti Killi Formation, Ware Group, Parges Sandstone and
Gardiner Sandstone are chamecterized by a high pereontage
of ~1.3% Ga gmins with 8 minor componeri at ~2.50 Ga.
The ~1.86 CGs component from these saraples shows a
progression in zircon rounding from their appesrande in the
Eiill Killi Formatien 4o the op of the seguence i the
Gardiner Sandstons. Detrdtal zirgons in the Eilli Kil
Formation is predominantly sub-rounded with rare signg
of surface abrasion, whereas zircon grains fremd the Ganliner
Sundswone is predominantly rounded and 70 80% of grains.

have abraded surfpces. We imterpret the presence of the

~1.86 Ga ardd ~2.50 Ga age populations in all of these units,
and the suocessive rounding of the ~186 Ge zircon
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compouent fom older %o younger units, o indicats that
recycling of underlying sedirnents has played & major rolein
supplying destitus to younger sequences.

Barty development of the Tanarsi Basin

Reassessment of Browns Range Dome granite sample
88445008

A sample of granite (88495008} from the Browns Rangs
Dome in the north west of the Tanami Region was
interpreted from a SHRIMP U Pb zircon study by Page ef
al. {1995} 10 have crystallized at 2,510:222 Ma and to have
undergone bigh-grade metamorphism ot either ~1.97 or
~1.88% Ga. The latter (~1.88 Ga} age interpretetion for this
sample has besn used by Hendrcke et ol (2000} as
evidence for the inftal extension associmed with the early
developmeant of the Tanami Bagin, To acpess the svidence
for this proposed ~1.88 Ga metaniorphism, the origing
SHRIMP mount with zircon from the granite saropled fom
the Browns Range Dome was io-examined using CL
imaping, & echnique unavailable t¢ the origined researchers.

Zircons Fom this satnple have a diverse wray of sizes and
shapes. They dominanty constitute rounded 1o well-rounded
concenrically sand sector-zoned zivcon cores that am
ovargroven by highly metamnict, dark luminescense response
overprowths up to 100 pm m thidiness. Conoordant and
near-concondant compositions ange In apparent age betwem
~342 %0 ~1.87 Ga and fall into three Joosely Jefined proups
of ~3.15 10 3.04 Ga {a=6), ~2.67 to 244 Ga (7=8) and
~1.99 to 1.87 Gu (n=9). There are alse two zircon graing at
~231 and ~2.26 Ga and two older graing at ~3.42 and
~324 Ga (Fig. 18) The nine concordant and near-
concendant compostions that tange in CPHZPb age

39
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Fig 18 Concordis plot of zircon U-PE analyses for Browte Tange
Dome granite sample 23495048
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hetween ~1.99 and ~1.87 Ga (Table 3) were interpreted by
Page et al. {1995} as recording the age of metamorphism in
Browns Range Dome.

The preciss Iocation of each SHRIMP spot for analyses
that ranged hetween ~1.99 and ~1.B7 Ga were examined
with reference fo the new CL fmages. These images showed
that each SHRIMP spot was entirely contzed on concerdri-
cally ar sector zoned, lominescent, youndead to well-rounded
ziroon poms (for example, Fig. 19). We interpret these
interre! zoning featores and bigh degree of rounding of
these cores to be more chamcteristic of zircon grains thet
bave crystaliized from an igneous melt and later rounded
during sedimenizry wansport, zather ¢han zircon that has
prown andfor ve-crystallized under metamorphic condifions.

Zircons that have grown or re-crysialiized under
metaporphic conditions generully bas Th/1I<] (Hoskin
and Black 2000; Williaras 2001) and is ofien very poorly
lanminescent. Regions in zicons that have been re-teyseal-
lized can appear as lobafe, pooly honinescent patches
diseardant to the primary growth zones (e.g. Hoskin snd

fack 2000} In confrast, new zhrcon growth under
metamorphic conditions usually forms poody lumnescent
new crystals {Williams 2001) or precipiates as an over-
growth onto & profolith zircon core (Wilkiams 2001, Teleret
al. 1999). Alhough almost ali zircon grains from this
sagaple bave thick, poorty huwinescent overgrowths, these
are highly metunict and when targeted with the SHRIMP,
yiglded grossly discordans ages,

ThT ratios for the nine analyses batweent ~1 501,88 Gy,
are generally low, ranging from G.18-0.02, Four anzlyses
have ThAI less than 0.1, amd the remaining five renge
between 0,13 and 0.19. Although some of these Th/U ratios
are <01, by themselves, they cannot be used to diagnose a
metarnorphic osigin. The majority remain within the normal
wmnge for ziteems fom felsic ignecus socks (1-0.1:Williams
2001}, Futhernore, Th/U satios for the older, Armchean

wircons in this sample vary widely between 0.04 and 1.66
with ho apparent pattem,

The morphological characteristics of these zircon graing,
as seen in the CL images, Is thought to be diagnostic of
therr otigins. The interpretation of Page of al. £1995) that
these zircon graimz formed by wmetamorphic processes
within thetr host granite is inconsistent with these new
observations. They are Detier interpreted to repressnt
inherited eomponents possibly fom a mefs-sedimentary
protolith. By inference therefore, the Archean crysinlliza-
tion age attributed to this granite must alse represent
ars irherited component. The youngest theee analyses
from this sataple commbine fo give a weighiad mean age of
18743 15 Ma, and can be used as a maxinum emplacement
age for this ok,

Proposed model for the early evalution of the Tamami Basin

With the rermovsl of the evidence for a ~1.88 Ga event to
have affected Tmuwnl rocks in the Browns Range Dome,
the moxdel dor the early evolution of the Tunavs Basin can
be revised. To do this, understanding the timing of the
carfiest sediment deposition of the Ferdles Member is
crucfal. However, fhere are no divect constiaints on the
timing of sedimerdation for dis wit The oldest direct
constramt for the minimum age of sedhmentation for the
Ferdies Member is the 1,838+6 Ma age of the overdying
Callie taff (2001682511}, Therefore any ideas regarding the
trog deposition age of this sequence are speculative.
However, as previously stated, wee believe that the early
development of the Tanami basin to have occurred berween
~1.87 arad 1.B4 Ga, This interpretation iz partly supported
by the ~1,864 Mo age of the Bald Hill sequence in Western
Austratia (cited in Huston et al. Z006). This unit may
represent one of the eavliest sedimentary units in the
Tanami Region.

Table 3 SHRIM® 1P isciopis datn for Zircone {~1.87-1.99 Ga) forn grasdte i Browns Bange Thorae (83495008)

Spotmame U gppm)  Thippmy  TWO P%hgpby  FR14%pp G e PRIy gpe  Diseordance 95}
celar %) (e %) (Mat1a)

LAY 240 a5 0.19 13 43469 00043 0103 00007 1868 11 i
41 6511 166 .17 3533 03401  o00at 015 Q0008 &7 T -3
71 4i% 55 13 838 603245 0O0D40 0.1155 00008 1288 12 4
IR3 R 43 ¢G0S 2085 03154 DLG04Y7 01162 20007 1,960 14 7
431 33 a7 G418 204 223316 00031 11188 GO010 1,003 16 2
441 F0r 27 0.14 43 02372 00032 SHIsT 00007 910 11 2
81 E{Es) 33 0.04 jiH 03570 00043 03202 0.8003 %60 5 [¢]
231 979 23 002 4 03385 00031 01213 80088 1,975 7 &
EX N} 1003 28 G603 ZR46 63498 00652 0.5220  0.00606 S

1,988 2

Isutope matics are correcied Tor commeon ¥b by reference 1o the measured abundance of ***Pb

el

P denctes the amount of comenon b measired
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Fig. 19 Cathodoluminescence
images of zircons from sample
88495008, which Page et al.
{1995) used to interpret meta-
morphic events at ~1.99 or
~1.87 Ga. The SHRIMP spot
locations are shown to have
targeted reunded zircon cores
{see text for discussion)

Initial uplift caused by either the ~1.87 1.85 Ga Hooper
Orogeny (Halls Creek Orogen) and/or the Nimbuwah Event
(Pine Creek Orogen) or alteratively, the very early stages of
the ~1.83 Ga Tanamni Event caused Archean basement rocks
or sedimentary rocks derived from Archean sources to bhe
shed into the Tanami basin forming the basal Ferdies
Member of the Dead Bullock Fortnation. Between ~1.84
1.82 Ga the ~1.86 Ga voluminous products of the Hooper
Orogeny and magmatism associated with the Nimbuwah
Event were exposed, eroded and transperted to form
turbidite of the Killi Killi Formation. A similar significant
age contrast in detrital zircons between basal and overlying
sediments shed from an oropen has been observed by
McLennan et al. (2001) in the lower Paleozoie rocks in the
New England region of North America. These researchers
also reported that the oldest sedimentary sequences do not
record contemporanscus oregenic activity, but rather
reflected older recycled continental margin rocks. Detrital
zircon studies thus suggest that the first sediments shed from
an emerging orogen might not record contemporaneous
magmatistn, but rather represent the eroded products of
uplified basement rocks.

Conclusions

The Paleoproterozoic Tanami bagin probably developed
between ~1.87 1.84 Ga in response to either the Hooper
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Orogeny (Halls Creck Oregen), Ninbuwah Event (Pine
Creek Oregen) or very early stages of the Tanami Event.
Initial uplift and erosicen of Archean basement probably
cceurred between ~1.87 1.84 Ga and produced sediments
now represented by the Ferdies Member of the Dead
Bullock Formation. Its deposition age is loosely constrained
between ~2.11 and 1.84 Ga. The extensive trbiditic
sandstone umits of the Killi Killi Formation can be
correlated with the Lander Rock bheds in the adjacent
Armta repion. Killi Killi Formation turbidite was largely
derived from the erosion of ~1.86 Ga orogenic granites and
deposited at ~1.84 Ga. Detrital zircon ~2.50 Ga old,
appears m all Tanami sediments investigated and with the
possible exception of the Mount Charles Formation,
~1.86 Ga zircon components are present in all sediments
younger than the Killi Killi Formation. The persistence of
these age modes throughout the various units shows that
recycling has played a major role in the development of the
sedimentary successicns of the Tanami basin.

Based primarily on structural grounds, the Mount
Charles Formation is interpreted by Crispe et al. (2006) to
have been deposited at ~1.80 Ga. However, this unit lacks
the ~1.86 Ga component so prominent in sequences
younger than the Killi Killi Formation and is dominated by
Archean detritus with a youngest zircon compoenent defining
a maximum deposition age of ~1.91 Ga. One possible seurce
for this component is the similarly aged Ding Dong Downs
Voleanics in the eastern part of the Halls Creek Orogen. The
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unabraded nature and preserved crystal faces of this zircon
component indicate that they are firstcycle sediments and
may record the timing of contemporaneous volcanism and
by inference the depositional age of this unit. Alternatively,
the youngest 1.91 Ga defrital zircon component in the Mount
Charles Formation may not approximate the timing of
sedimentation, but represent a derivation from a restricted
calchment, that only eroded rocks endowed with Archean
and ~1.91 Ga zircot components.

Detrital zircon grains from the Pargee Sandstone define a
maximum deposition age of 1,768+14 Ma, whereas the
youngest zircons from the overlying Gardiner Sandstone
ate ~40 Ma older, and crystallized at 1,8i2:+8 Ma.
Therefore, detrital zircons from the Gardiner Sandstone do
not approximate its depositional age. There are no
minimum age constraints for the deposition of the Pargee
Sandstone other than the ~1.64 Ga constraint provided by
the Gardiner Sandstone (Vallini et al. 2006; Cutovinos et al.
20002). Hence, timing controls for sedimentation of the
Pargee Sandstone currently span ~40 Ma. Without fitm
minimum age controls for the deposition of this unit, the
accuracy of the ~1.77 Ga, defrital zircon max deposition
age cannot be determined. Clearly, further isotopic and field
studies focussing on locating intercalated volcanic units
and/or diagenetic minetals are needed to establish the
depositional age and stratigraphic setting of the Mount
Charles and Gardiner Sandstone units.
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2. XENOTIME OCCURRENCE AND GEOCHEMISTRY

2.1 lntroductioﬁ

Xenotime (YPOy) is a widespread but volumetrically minor mineral that can occur in
granites (e.g. Forster 1998; Wark & Miller 1993; Schaltegger et al. 2005), pegmatites
(Amli 1975; Demartin et al. 1991), metapelites (Franz et al. 1996; Bea & Montero
1999), hydrothermal quartz veins (Brown et al. 2002; Cross et al. 2005), siliciclastic
sedimentary rocks as authigenic overgrowths on detrital zircon (Rasmussen 1996} and
also as a detrital mineral in placer deposits (Van Emden et al. 1997). Xenotime
preferentially incorporates the HREE which substitute for Y and can also contain
appreciable amounts of U, Th, Ca and Si. Xenotime has the zircon-type tetragonal
structure and forms solid solutions with tetragonal thorite (ThSi04), zircon (ZrSiOy),

coffinite (USi0j), hathon (HfS104) and pretulite (ScPQy) (Forster 2006).

Xenotime crystals commonly have dipyramidal forms (similar to zircon). They occur
as individual crystals or radial intergrowths, fine grained aggregates and also as
pyramidal overgrowths on a zircon substrate. Colours range from yellowish, reddish,
and brown to greenish. It has a perfect cleavage (100), a hardness of 4 to 5, specific
gravity of 4.4 to 5.1 and is moderately paramagnetic. Optically it is uniaxial positive
and weakly pleochroic (Vlasov 1966a).

With its low initial Pb concentrations, high U and Th contents, ability to self anneal
radiation damage (Harrison et al. 2002) and closure temperature similar to that of
zircon and monazite of approximately 900° C (Cherniak 2006), xenotime has many
attributes of an excellent geochronometer. Xenotime in metamorphic rocks can also
be used as a geothermometer. When xenotime coexists with monazite or garnet, the
partitioning of Y is temperature dependant i.e. the monazite-xenotime miscibility gap
(Gratz & Heinrich 1997; 1998; Andrehs & Heinrich, 1998; Heinrich et al. 1997) and
the YAG—xenotime thermometer (Pyle & Spear 2000).

Recent applications of xenotime geochronology have been focussed on the U-Pb
dating of hydrothermal and diagenetic xenotime which typically occur as overgrowths
on detrital zircon, aggregates and individual grains < 20 pm in diameter. The mimute

size of these crystals has meant that the preferred method of in situ U—Pb analysis is
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SIMS (Secondary lon Mass Spectrometry), for which a spatial resolution of ~5 pm
can be achieved (Fletcher et al. 2000).

2.2 Xenotime structure and chemistry

Xenotime has a tetragonal symmetry (ditetragonal dipyramidal) with the space group
14,/amd (identical to zircon). Each Y and/or HREE atom is surrounded by 8 oxygen
atoms (Y/REOg polyhedra). The Y/REOjg polyhedra are separated by an intervening
PO; tetrahedron. Each of the O atoms in this structure is coordinated to two Y/HREE
atoms and one P atom. The xenotime unit cell contains four polyhedron-tetrahedron
chains which are linked laterally [in (001)] by sharing the edges of adjacent Y/REOg
polyhedra. The xenotime structural unit therefore comprises chains of alternating POy
tetrahedra with intervening Y/REOg polyhedra (Fig. 2.1) (Ni et al. 1995). This
structure preferentially accommodates Y and the similarly sized HREE (Ni et al.
1995).

Fig. 2.1. Xenotime polyhedron-tetrahedron chain. Ball and stick depiction rotated about ¢ axis
(Ni et al. 1995).
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The HREE elements (in particular Gd, Dy, Er, and Yb) substitute for Y owing to their
very similar chemical properties. Indeed some authors as recently as the 1960’s refer
to the HREE Dy—Lu as the yttrium earths and/or the yttrium group lanthanides (see
Vlasov 1966b). Electron microprobe analyses of natural xenotime show it to be
variable in the relative proportions of Y and the HREE. Y,Q; concentrations typically
range from ~33 to ~37 wt% and total REE contents between ~14 and ~22 wt%. UO;
concentrations can range from <0.01 to ~9.4 wt% and ThO; from <0.01-3.1 wt%.

The incorporation of Th and U into the xenotime structure is govemned by two charge

balanced substitution mechanisms involving Si and Ca (van Emden et al. 1997):

(Th, Uy + Si** = (REE, Y)** + P* (1; Thorite; ThSiO4)

(Th, UY*" + Ca®" = 2(REE, Y)** (2; Brabantite; CaTh(POy)2)

Size restrictions imposed by the xenotime structure favour the incorporation of Th
and U by substitution mechanism 1 (van Emden et al. 1997). This is because the Si**
ion is smaller than the Ca®" jon and is therefore preferentially partitioned into the
lattice where it replaces the P** ion. Although Forster (1998), in noting the
predominance of substitution mechanism 1 over mechanism 2, suggests that factors
such as the availability of the charge balancing cations Si** and Ca®” may also play an
important role in controlling the mechanism of actinide incorporation into the
xenotime structure. Typically, size restrictions imposed by the xenotime structure
favour the incorporation of the U ion over the larger Th ion. Hence U/Th ratios in

xenotime are commonly greater than 1 (van Emden et al. 1997; Forster 1998).

2.3 Metamorphic and igneous xenotime

2.3.1 Metamorphic xenotime
Xenotime occurs in greenschist to granulite facies rocks, and is typically relatively

abundant in metapelites with low Ca contents (Franz et al. 1996; Spear & Pyle, 2002).
However in the garnet zone, Xxenotime is removed by garnet-forming reactions (Franz
et al. 1996; Bea & Montero 1999; Spear & Pyle 2002) but can remain as inclusions
within garnet crystals (Spear & Pyle, 2002). Xenotime can reappear in the migmatite

zone due to melt crystallisation, and as a result of garnet breakdown reactions
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(releasing Y and HREE), can precipitate during retrogression (Spear & Pyle 2002).
Xenotime exsolutions have also been reported in monazite (Petersson et al. 2001) and

zircon (Spandler et al. 2004).

23.2 Igneous xenotime

Xenotime can occur as a minor accessory phase in a wide range of igneous rocks of
felsic and alkaline composition. For example, xenotime occurs in the alkaline
granites, pegmatites, syenites and nephelinic syenites of the Kola Peninsula, Russia
(Belolipetskii & Voloshin 1996) and also carbonatites such as The Hicks Dome
carbonatite complex, USA (Mariano 1987, as cited in Wall & Mariano 1996), Mt
Weld, Western Australia (Mariano 1984, as cited in Wall & Mariano 1996) and
Kangankunde, southern Malawi (Wall & Mariano 1996). Although xenotime can be
present in metaluminous (Casillas et al. 1995) and peralkaline igneous rocks (Bea
1996), it is commonly most abundant m peraluminous, Ca-poor fractionated

leucogranites (Bea 1996; Casillas et al. 1995; Forster 1998).

The relative abundance of xenotime in peraluminous igneous systems is linked to the
increased solubility of apatite at high ASI values (A/CNK = 1.2-1.4) (Pichavant et al.
1992; London 1992; Wolf & London 1994) which contributes P and REE to the melt
fraction. The subsequent crystallisation of plagioclase then serves to lower the Ca/P
ratio of the melt below that of apatite, which allows for the crystallisation of monazite
and/or xenotime (Wolf & London 1995). Xenotime crystals in peraluminous igneous
rocks are typically between 10-40 pm in diameter and rarely >100 pm. More
typically, xenotinie is intergrown with other accessory minerals including biotite,

zircon, monazite and rutile (Férster 1998; Wark & Miller 1993; Bea 1996).

Similarities in the HREE pattern in xenotime and its host granite demonstrate that it
can be an important repository for the HREE (Forster 1998; Wark & Millar 1993).
Bea (1996) in a study of xenotime from granites in Iberia and the Urals, suggested
that in low Ca peraluminous granites, xenotime contains between 30 to 50% of the

total HREE budget.
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2.4 Diagenetic Xenotime

Diagenetic xenotime commonly forms as minute <1 to 20 um pyramidal outgrowths
on zircon with which it is isostructural. It can also occur in voids and cavities. Their
tiny size has meant that diagenetic xenotime overgrowths on zircon have only been
positively identified since the advent of microanalytical techniques in the latter part of

the twentieth century (Rasmussen 2005 and references therein).

2.4.1 Formation of diagenetic phosphate minerals

Diagenetic phosphate minerals are a widespread but volumetrically minor constituent
of many sedimentary rock types. These minerals form during early diagenesis, soon
after burial within a few metres of the sediment water interface (Rasmussen 1996).
Besides xenotime (YPOjy), other significant diagenetic phosphate minerals include
Francolite or carbonate flourapatite (Cas(POs, COi, OH)F), viviannite
(Fes(PO4),.8H20), goyazite (SrAls(POs)(OH)s), crandallite (CaAl;(PO4)2(OH)s),
rhabdophane ((REE, Th)PO4.nH,0), monazite ((REE, Th)PO4) and florencite
((REE)AIl3(PO4)2(0OH)s) (Rasmussen 1996).

Diagenetic phosphate minerals form in regions where the upwelling of deep water
supplies nutrients to marine ecosystems (Follmi 1996; Burnette 1977; Glenn 1990)
and also away from upwelling zones such as in near-shore and deltaic environments
(Berner 1993; Lucotte et al. 1993; Rasmussen 1996). In these environments, sediment
pore-water phosphate is made available primarily through the microbial breakdown of
organic debris (Follmi 1996; Berner et al. 1993; Compton et al. 1993) and to a lesser
extent by the desorption of phosphate from iron and manganese oxyhydroxides after
burial (Follmi 1996; Berner 1973; Froelich et al. 1977; Krom & Berner, 1981;
O’Brien & Heggie 1988). Rasmussen (1996; 1998) suggests that the Y and REE
necessary for xenotime precipitation are probably derived from a number of processes
including, decomposition of organic complexes, reduction of iron and manganese
oxyhydroxides, release of REE adsorbed onto clay mineral surfaces and surface

reactions of REE bearing minerals such as monazite and apatite.

Diagenetic xenotime has principally been found to occur in medium to coarse grained

sandstones (Rasmussen 2005) but has also been found in conglomerates (England et
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al. 2001; Vallini et al. 2007) and siltstones and shales (Rasmussen 1996; Rasmussen
1998). A post depositional origin for many xenotime outgrowths is strongly supported
by petrographic studies that detail xenotime growth textures that clearly predate other
diagenetic minerals (Fig. 2.2)

Fig. 2.2. (a) Backscattered electron (BSE) image of minute pyramidal outgrowths of xenotime
engulfed by diagenetic quartz. (b) BSE image of xenotime outgrowth containing authigenic
pyrite (Rasmussen 2005).

Backscattered electron imaging can also reveal different growth stages of diagenetic
xenotime. Figure 2.3 for example, shows a BSE image of xenotime overgrowing

zircon from a quartzite sample LIS-34 (see Chapter 4).

550+ 16 Ma
= (outer zone)

¢ 1462+19Ma
i
4\ (innerzond)
]

Fig. 2.3. BSE image of xenotime overgrowth on zircon showing SHRIMP U—Pb ages
measured in this study (see Chapter 4). The inner pyramidal overgrowth has a pitted texture
and is ~900 m.y. older than the outer massive zone. Brighter regions in these two images are

due to a residual SHRIMP Au coating.
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2.5 Hydrothermal phosphate minerals (xenotime and monazite)

Hydrothermal phosphate minerals can be found in late-stage magmatic-hydrothermal
quartz veins (Schaltegger et al. 2005), Cu—Au deposits such as the Carajas belt Brazil
(Tallarico et al. 2005), but have commonly been found to occur in orogenic Au
deposits where ore-related datable minerals are rare (Vielreicher et al. 2003). In fact
the precipitation of hydrothermal phosphate minerals may be commonplace in
orogenic gold settings. For example Vielreicher et al. (2003) states that hydrothermal
phosphate minerals either in ore veins or associated with alteration minerals have
been found in all deposits in the eastern Yilgarn Craton where samples have been
examined. Hydrothermal xenotime has also recently been found and dated by
SHRIMP (Sensitive High Resolution Ion Microprobe) U-Pb in two spatially
separated orogenic Au deposits in the Tanami region of central Australia (Callie and
Coyote Au deposits, see Chapter 5). Hydrothermal xenotime and monazite crystals
occur in pre- and post-ore rocks as well as in veins and alteration zones and can be
intimately associated with gold and ore related minerals (Fig. 2.4a). Hydrothermal
xenotime can also form in association with monazite and occur in fractures within

altered zircon and as overgrowths (Fig. 2.4b).

Xenetime

Gold

Fig. 2.4. (a) Reflected light photomicrograph of xenotime crystals (~10-25 pm) in auriferous
quartz-carbonate-chlorite-biotite vein. Top right inset is smaller scale photomicrograph
showing quartz vein and location of xenotime (scale bar is 50 pm). Callie Au deposit, Tanami
region, northern Australia (this study, Chapter 5). (b) BSE image of hydrothermal xenotime
overgrowing detrital zircon. Witwatersrand Group, South Africa showing ’Pb/*“Pb ages
(Ma) measured by SHRIMP (Kositein et al. 2003).
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2.6 Xenotime composition

There have only been a few electron microprobe (EPMA) studies of the chemical
composition of xenotime reported in the literature. These include studies of xenotime
from igneous rocks (Wark & Miller 1993; Bea 1996; Forster 1998; Casillas et al.
1995, Kositein et al. 2003; Schaltegger et al. 2005; Amli 1975; Demartin et al. 1991),
metamorphic rocks (Franz et al. 1996; Bea & Montero 1999; Suzuki & Adachi 1991;
Pan 1997), sedimentary rocks (Forbes 1999, as cited in Rasmussen 2005; Kositcin et
al. 2003; Vallini et al. 2005; Vallim et al. 2007) and hydrothermal veins (Kositcin et
al. 2003; Kerrich & King 1993; Schaltegger et al. 2005). The ranges in xenotime
composition from these studies for different xenotime types are shown in Table 2.1. It
is immediately obvious from this table that there are significant compositional
overlaps between the xenotime types. Therefore, currently only broad observations
can be made regarding the compositional characteristics of the the xenotime types.
Furthermore, the data for hydrothermal xenotime in Table 2.1 are derived exclusively
from lode Au deposits and therefore probably not representative of hydrothermal

xenotime from other mineralisation styles.

26.1 UandTh
U contents from all xenotime types show an extremely large range from <0.01 to 9.4

wt% UO,. Overall the highest U contents seem to be more typical of igneous
xenotime, although they too range from below the detection limit (<0.01) to the
highest values recorded. Hydrothermal xenotime appears to have the lowest U
contents ranging from 0.05 to 0.13 wt% UO,. Diagenetic and metamorphic xenotime
from metapelites and metapsammites share a similar compositional range in U of
between ~0.1 to 1.1 wt% UQ,. The data for diagenetic xenotime from Vallini et al.
(2007) (i.e. the ‘Diagenetic 2° grouping) has a much higher upper limit for UO, of 2.7
wi%. This apparently higher concentration of U for diagenetic xenotime is considered
anomalous as the xenotime studied by these researchers was taken from the Killi Killi
Hills U prospect in the Tanami region of central Australia. It is for this reason that this
limited data set appears separately in Table 2.1. A notable feature of this data also is
the extreme range in FeO concentrations (0.7 to 0.67 wt% FeO) that the authors

attributed to Fe-staining and the highly weathered nature of the rocks sampled.
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The concentration of Th in the different xenotime types is in most cases lower than
that of U. ThO; concentrations in xenotime from igneous rocks range from below the
detection limit to 3.1 wt%. A similar range in Th content is shown for diagenetic
xenotime. Metamorphic and hydrothermal xenotime appear to contain similarly
moderate concentrations of ThO, between <0.01 and 0.9 wt%. Th/U ratios from the

xenotime compositions in Table 2.1, are generally < 1, reflecting the preference in

xenotime for U rather than Th.

Table 2.1. EPMA data for igneous, metamorphic, hydrothermal and diagenetic xenotime.

Igneous Metamorphic | Diagenetic 1 | Diagenetic 2 ] Hydrothermal
Si0, 0.1-1.6 0.1-1.1 0.1-2.15 0.01-0.4 0.1-0.9
P,05 32.2-35.8 | 30.1-34.7 32.5-36.3 30.2-36.0 30.2-35.1
Ca0O <0.01-1.8 | 0.02-0.19 0.1-0.6 0.1-1.1 ~0.1
Y203 34.8-46.1 | 38.6-45.9 36.6-47.7 39.5-47.7 34.7-42.3
ThO, <0.01-3.1 | <0.01-0.9 0.1-2.6 0.1-0.4 0.01-1.48
U0, <0.01-9.4 | 0.1-0.9 0.3-1.1 0.1-2.7 0.05-0.13
LayO4 <0.01 <0.01-0.1 <0.01-0.1 n.r. <0.01
Cer0; | <0.01-0.1 | <0.01-0.1 <0.01 n.r. <0.01
Pr;0; <0.01-0.1 | <0.01-0.1 <0.01 n.r. <0.01
Nd,O; | 0.1-0.7 0.1-0.5 <0.01-0.1 nr. <0.01-0.4
Smy0; | 0.1-1.3 <0.01-0.5 0.2-0.8 nr. 0.2-1.6
Ew,O; |0.01-0.02 |- 0.1-0.6 n.r. 0.2-1.2
Gd,0; | 1.64.9 1.7-8.6 1.4-7.7 1t 1.5-9.7
Tb,O; | 0.5-1.2 0.5-1.2 0.5-1.5 n.r. 0.5-1.5
Dy,0O3; | 4.2-7.0 3.3-6.7 5.4-8.6 n.r. 3.9-83
Ho,0; | 0.9-1.3 0.7-1.3 1.1-1.6 nr. 1.1-2.3
Er,03 2.0-52 3.8-5.6 2.743 n.r. 1.7-5.9
Tm203 0.3-0.7 = 0.3-0.7 n.r. 0.3-0.6
Yb,0: | 0.9-6.5 1.8-7.3 1.8-4.0 n.r. 0.84.0
Lu,0O3 | 0.1-1.3 0.3-1.5 0.1-0.6 n.r. <0.01-0.14
FeO - - <0.01-0.3 0.7-6.7 <0.01-1.03

Analyses are weight %. — not analysed. n.r. not reported.

Data sources: Igneous (Forster 1998; Bea 1996; Forbes 1999; Kositcin et al. 2003;

Schaltegger et al. 2005; Casillas et al. 1995; Amil 1975), metamorphic ( this grouping
represents xenotime analysed from regionally metamorphosed metasedimentary rocks
by, Franz et al. 1996; Bea & Montero 1999), diagenetic 1 (Kositcin et al. 2003;
Forbes 1999; Vallini et al. 2005), diagenetic 2 (Vallini et al., 2007) hydrothermal
(Kositcin et al. 2003; Kerrich & King 1993; Schaltegger 2005).

2.6.2 REE

The LREE La-Pr are generally at or below electron microprobe detection limits in
xenotime from the different groups and will not be considered further (see Fig. 2.5).
The MREE-HREE comprises virtually the entire REE budget in xenotime. The
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MREE-HREE which can occur in significant amounts includes Gd, Dy, Er and Yb. In
addition Nd, Sm, Eu, Tb, Ho, Tm and Lu are in many cases above detection limits and
range up to a maximum level of approximately 1 wt% REE;O;. The elements Gd, Dy,
Er and Yb in xenotime are present in a wide range of concentrations which overlap
among the different groups. Gd contents in metamorphic and diagenetic xenotime are
similar and cover a broad range of between ~1.4 to 8.6 wt% Gd;0s. Gd contents in
hydrothermal xenotime are high (1.5-9.7 wt% Gd»>Os3). Magmatic xenotime has the
lowest concentrations of Gd among the different xenotime types, ranging from 1.6 to
4.9 wt% Gd,03. Dy contents range from 3.3 to 8.6 wt% Dy>0s and apparently show
the higher levels in the diagenetic grouping. Erbium contents show no differences
between the groups, with concentrations ranging between ~1.7 and ~5.9 wt% Er,Os.
The highest Yb contents apparently occur in igneous and metamorphic xenotime.
However, for these xenotime types, Yb concentrations are also widespread ranging
from ~0.9 to ~6.5 wt% Yb;0; for igneous xenotime and for metamorphic xenotime
there is a similar range from ~1.8 to ~7.3 wt%. In contrast Yb contents in diagenetic
xenotime appear to be uniformly low, ranging from ~1.8 to ~4.0 wt% Yb;03, while
similarily low Yb concentrations also occur in hydrothermal xenotime (~0.8 to ~4.0
wt%). There also appears to be significant differences in Eu content between the
diagenetic and hydrothermal xenotime (~0.1 to ~0.6 wt% and ~0.2 to ~1.2 wt% EuyO;
respectively) and for the igneous—metamorphic xenotime, Eu contents are barely

above detection limits.

2.6.2.1 REE patierns

Chondrite-normalised REE patterns for xenotime show a steep rise from La to Gd,
and generally a smooth transition to Lu that maybe flat, or show a slightly positive or
negative trend. Igneous xenotime has an obvious negative Eu anomaly (Fig. 2.5)
reflecting the incorporation of Eu*" in Plagioclase (Forster 1998; Kositcin et al. 2003).
Kositcin et al. (2003) demonstrated that chondrite-normalised REE patterns for
xenotime can, on a local scale, differ between igneous, diagenetic and hydrothermal
types. This research, carried out on rocks from the Witwatersrand Supergroup,
showed that in contrast to igneous-derived xenotime (distinguishable by a prominent
negative Eu anomaly), diagenetic xenotime is enriched in the MREE Gd, Tb, and Dy
compared to the HREE and also has a small to negligible negative Eu anomaly.

Similarly, hydrothermal xenotime has a small to negligible negative Eu anomaly and
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is enriched in the MREE at the expense of the HREE relative to either igneous or
detrital zircon (Fig. 2.5).
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Fig. 2.5. Comparison of chondrite-normalised REE profiles for igneous, diagenetic and
hydrothermal xenotime obtained from EPMA. (a) Igneous xenotime (xtc, xenol and xeno2).
Igneous xenotime is from an Archaean pegmatite in Western Australia (xtc), granite
pegmatite in Grenville Province (XENO1) and granite pegmatite from Aust-Agder province
Norway (XENO?2). (b) Diagenetic xenotime from the Witwatersrand Basin, South Africa
(Kositcin et al. 2003). (¢) Hydrothermal xenotime from Witwatersrand Basin, South Africa
(Kositcin et al. 2003). Source: Rasmussen (2005).

2.6.3  Geochemical characterisation of xenotime

Presently the broad overlap in composition between different xenotime types and
limited data precludes any reliable geochemical classification scheme. However, there
have been a few case studies which have attempted at a local scale to either link
xenotime composition to petrogenesis or, distinguish between different xenotime
types. Attempts by Forster (1998) to link the composition of xenotime to the degree of
crystal fractionation in peraluminous granites from Erzgebirge Germany generally
didn’t find any correlations between the concentrations of the REE in xenotime and
their granite hosts. Only in the most differentiated S-type Li mica granite group was a
trend toward higher concentrations of HREE observed. However the relative

proportions of Gd-Ho and Er-Lu could distinguish between the granite types.
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Although the granite suites studied did not show any changes in U or Th
concentrations, a weak correlation in Th/U ratio was noted. The highest Th/U ratios
{~1-4) occurred in A-type granites, whereas low Th/U ratios (~0.1-1) occurred in S-
type Li-mica granites. This difference was consistent with whole rock Th and U

contents.

Wark & Miller (1993) found that systematic changes in the trace element composition
of cogenetic granites and aplites from the S-type Sweetwater Wash pluton in south-
eastern California were largely controlled by the crystallisation of monazite, xenotime
and zircon. These researchers showed that besides monazite and zircon, xenotime
compositions can be used to track changes in melt composition as fractional
crystallisation proceeds. Xenotime from the more differentiated aplites has a weak
trend toward higher Gd/Ho ratios. In contrast to the results of Forster (1998), Wark &
Miller (1993) showed that the more differentiated rocks contain xenotime with higher

U and Th concentrations.

Two separate studies of xenotime geochemistry in regionally metamorphosed
metapelites and metapsammites, by Franz et al. (1996) and Bea & Montero (1999),
did not observe any difference in xenotime Y and HREE abundances with increasing
metaniorphic grade. However, Bea & Montero (1999) did report a minor shift in Th/U
ratios from 0.2 to 0.3 in amphibolite grade metapelites to <0.1 in transition-granulite

zone rocks.

More recently Kositcin et al. (2003) were able to discriminate chemically between
hydrothermal, diagenetic and igneous xenotime in rocks from the Witwatersrand
Supergroup which proved useful in interpreting the results of SHRIMP U-Pb
analyses. To do this, Kositcin et al. (2003) devised REE discrimination diagrams
using combinations of Gd, Yb, Eu and Dy.

Chemical controls placed on xenotime composition from different igneous and
metamorphic protoliths and hydrothermal and diagenetic environments will greatly
complicate a purely geochemical classification scheme for different xenotime types.
Even the negative Eu anomaly observed in igneous derived xenotime when plotted on

chondrite-normalised REE plots, is not always diagnostic of an igneous origin. For
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example, it i1s demonstrated in Chapter 6 of this thesis that hydrothermal xenotime can
in some circumstances also have a negative Eu anomaly (see Fig. 6.7). In this case,
hydrothermal xenotime from the Molyhil deposit, central Australia which had
crystallised within a sample of altered granite has probably inherited relatively low Eu

concentrations from its protolith.

2.7 Xenotime as a geochronometer

A number of features make xenotime an excellent geochronometer and the diverse
range of environments in which it is found enhances its applicability to answering
geological questions. Xenotime typically has high U contents and low initial Pb. In
fact, Donovan et al. (2003) suggest that xenotime may incorporate less imtial Pb than
monazite. These researchers have noted that monoclinic LREE (La-Gd)
orthophosphates grown in a Pb pyrophosphate flux, incorporate appreciable amounts
of Pb, whereas tetragonal HREE orthophosphates incorporate very little. This was
attributed by Donovan et al. (2003) to the larger relative size of Pb and the preference
of xenotime for small ions. In addition to incorporating low initial Pb contents,
xenotime also has a closure temperature for Pb diffusion similar to zircon and
monazite. For example, Cherniak (2006) calculated that for a cooling rate of 10
°C/Ma, a xenotime grain of 10 pm radius would have a closure temperature of about
890 °C, which is similar to that for zircon and only about 50 °C lower than for
monazite. Similarly, for the same cooling rate, 2 50 um xenctime grain will have a
closure temperature of 980 °C which is about 20 °C higher than for zircon and ~30 °C
lower than for monazite. Xenotime also has the ability to anneal radiation damage at
moderate crustal temperatures despite the high U contents regularly encountered in
natural xenotime (Harrison et al. 2002). Indeed there are no reports of metamict
xenotime in the literature (Harrison et al. (2002). Like zircon and monazite, individual

xenotime crystals can also contain inherited cores (Fig. 2.6).
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Xenotime

Fig. 2.6. BSE image of an inherited core in xenotime crystal from a Himalayan orthogneiss.
The rim yielded a TIMS U-Pb age of ~20 Ma, whereas the core was interpreted to be ~470
Ma. The dashed white lines are where the grain was cut for U—Pb, ID-TIMS analysis
(Viskupic & Hodges 2001).

Xenotime has been dated using U-—Pb by a range of techniques: isotope dilution (e.g.
Schirer et al. 1990; Hawkins & Bowring 1997), electron microprobe (e.g. Suzuki &
Adachi 1991, 1994; Asami et al. 2002; Grew et al. 2002) and SIMS (e.g. McNaughton
et al. 1999; Petersson et al. 2001; Vallini et al. 2002). Recent work has focussed on
the in situ dating of small (usually ~10 to ~50 um diameter) diagenetic and
hydrothermal xenotime crystals.

Microbeam analytical techniques capable of in situ U—Th—Pb dating of single
xenotime crystals include, electron microprobe (EPMA), laser ablation (ICP-MS), and
SIMS (SHRIMP, Cameca 1270/1280, Nano SIMS 50). Total U—Th—Pb chemical
EPMA dating has been successfully applied to monazite (e.g. Montel et al. 1996;
Suzuki & Adachi 1991; 1994; Williams et al. 1999) and xenotime studies (Suzuki &
Adachi 1991; 1994; Asami et al. 2002). Although EPMA offers the finest spatial
resolution of the above techniques (~1-2 um), isotopic information is unavailable, and
therefore assessments of concordance cannot be made. Furthermore, EPMA U—Th—
Pb chemical dating of xenotime is restricted to high-U xenotime as the primary Pb
peak (Ma) overlaps with the Y (Ly) peak requiring Pb to be measured on the
subordinate M peak which significantly increases the analytical uncertainty.
Therefore diagenetic and hydrothermal xenotime, which typically have U

concentrations of < 1000 ppm, cannot be dated by this technique.

U—Pb geochronology by Laser-Ablation Inductively Coupled Plasma Mass
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Spectrometry (LA-ICP-MS) is now a widely used method with a precision and
accuracy similar to that of SIMS instruments (Hom et al. 2000; Kosler et al. 2002).
Generally, in situ LA-1CP-MS, U—Th—Pb analyses are limited to spot diameters of
40 pm (40x40x15um sample volume), precluding their usefulness for the analysis of
<20 pm diagenetic and hydrothermal xenotime. Although Simonetti et al. (2006)
successfully undertook U—Pb analysis of a high-U monazite sample using a 5 pm
spot (5x5x2 pm sample volume), with a laser ablation MC-ICP-MS, this procedure

has not been proven for the analysis of low U minerals.

U—Pb analysis of geological materials using the Cameca NanoSIMS 50 ion probe,
may also be restricted to high-U minerals. For example, Stern et al. (2005) using a
spot diameter of between 3-5 um, reported a sensitivity for Pb" in zircon and
zirconolite of 3.0 to 3.5 (cps/ppm/nA), which is about one-third of that obtainable
with large-radius ion probes. These researches concluded that geochronology using
the Cameca NanoSIMS 50, is presently restricted to high-U minerals where the

207pp/2%ph ratios can be used.

The vast majority of recent U-Pb studies of xenotime have been preformed by SIMS
techniques, in particular using SHRIMP II. The success of SHRIMP in dating tiny,
typically low-U, hydrothermal and diagenetic xenotime crystals is underpinned by the
high mass resolution (~5000), sensitivity and spatial resolution achievable with these
instruments. However, significant limitations to SIMS techniques remain, in
particular the determination of xenotime “*Pb/**U ratios which can show a large
chemical fractionation on SIMS instruments. Although correction protocols have been
developed for these matrix affects (see Chapter 3; Fletcher et al. 2000; Fletcher et al.
2004) all SIMS dating of diagenetic and hydrothermal xenotime so far has relied
primarily on the determination of *“’Pb/”%Pb ratios, for which the instrumental

isotope fractionation is very small.

2.8 U-Pb analysis of diagenetic xenotime
Isotopic dating of felsic volcanic rocks intercalated with siliciclastic sedimentary units
is commonly the most reliable and simplest means to estimate the age of sediment

deposition (e.g. Bowring et al. 1993; Trendall et al. 2004). This approach assumes
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that the mineral or whole rock dated by U-Pb, K-Ar, Ar-Ar or Rb—Sr methods
crystallised (at least on a geological time scale) at the same time as sediment
deposition. However, in Precambrian basins where felsic volcanic intercalations and
dateable fossiliferous horizons are rare or non existent, estimates of depositional ages

are often equivocal.

In the absence of felsic volcamc intercalations, the timing of sediment deposition can
be mferred from the U-Pb age of the youngest detrital zircon recovered from a clastic
unit. Such studies are now routinely carried out using either ion microprobe or laser
ablation ICP-MS where large numbers of zircon grains can be analysed. In some cases
this technique is very reliable (e.g. Nelson 2001) but in the absence of independent
geological controls the results can be ambiguous. In an extreme example, Andersen et
al. (2002) reported a detrital zircon U-Pb maximum deposition age from a
glaciofluvial sediment in Norway that is ~1000 Ma older than its true age of

deposition.

In some cases isotopic dating of diagenetic minerals (e.g. glauconite, illite, K-
feldspar, apatite and carbonate) has proved useful in determining the depositional ages
of some sedimentary units. However, because of the susceptibility of these minerals
to isotopic resetting during low grade metamorphism, their usefulness is mostly

restricted to Phanerozoic rocks.

Recent studies have indicated that the SIMS U-Pb dating of diagenetic xenotime may
prove to be a robust and reliable method to determine the age of sediment deposition
isotopically (McNaughton et al. 1999; Vallini et al. 2007; Rasmussen et al. 2004). The
attractiveness of this method is underpinned by the qualities of xenotime which make
it an excellent geochronometer. U-Pb dating of diagenetic xenotime can be used in
conjunction with U-Pb detrital zircon studies to yield both minimum and maximum
depositional ages respectively for a sediment. For example, McNaughton et al. (1999)
used that technique to determine maximum and miimimum ages for the deposition of
the Kimberley Group in north-western Australia. Making the first U—Pb isotopic
analyses of diagenetic xenotime, McNaughton et al. (1999) established that the
Warton Sandstone was deposited between 1786 + 14 Ma and 1704 + 7 Ma and

constrained deposition of the Pentecost Sandstone to between ~1790 Ma, the age of
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the intrusive Hart Dolerite and 1704 + 4 Ma, the time of diagenetic xenotime growth.
Prior to this study it was known only that these units were deposited sometime

between ~1790 Ma and ~750 Ma.

In another more recent example, Vallini et al. (2007), based on SHRIMP U-Pb
analyses of diagenetic xenotime, established a minimum depositional age of 1632 + 3
Ma for the Gardiner Sandstone of the Birrindudu Group, northern Australia. This
information, coupled with a SHRIMP U-Pb detrital zircon study by Cross & Crispe
(2007, see Chapter 1) on the same unit and the disconformably underlying Pargee
Sandstone has established that the Gardiner Sandstone was deposited between ~1.77

and 1.63 Ga.

As mentioned above, xenotime can be one of the earliest diagenetic minerals to form.
However, several SHRIMP U-Pb studies of diagenetic xenotime have shown that
xenotime growth is not restricted to early diagenesis but can continue in a response to
hydrothermal fluid events over hundreds of millions of years (e.g. England et al.
(2001); Rasmussen et al. (2004), Vallini et al. (2002), Vallini et al. (2007)) (Fig. 2.7).
Therefore careful identification of textures diagnostic of early diagenesis and BSE

imaging are essential when selecting xenotime overgrowths for in situ U-Pb analysis.
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Fig. 2.7. Probability plot of xenotime SHRIMP *’Pb/**Pb ages for sedimentary rocks from

the Witwatersrand Supergroup, South Africa. The large spread in xenotime **’Pb/**Pb ages

shows that there have been numerous phases of xenotime growth in these rocks (England et
al. 2001).
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2.8.1 Sampling strategies
The tiny size of most diagenetic overgrowths necessarily restricts U-Pb isotopic

studies to SIMS techniques (see above). Rasmussen (2005) estimated that only ~1%
of xenotime overgrowths in a typical sample of sedimentary rock are large enough to
be dated isotopically by SIMS (i.e. >10 pm diameter). The scarcity of xenotime
overgrowths large enough to be analysed by SIMS techniques necessitates the SEM
examination of many polished thin sections per sample, which can amount to
“exhaustive amounts of SEM examination” (Rasmussen 2005). For example, England
et al. (2001), in studying both diagenctic and hydrothermal xenotime from the
Witwatersrand Supergroup, examined 73 polished thin sections, whereas Vallini et al.
(2002) examined 48 polished thin sections while investigating diagenetic xenotime
from Mount Barren Group rocks in south-western Australia. Prior to SIMS analysis,
selected xenotime overgrowths are typically cut from the polished thin section and
mounted in epoxy resin, thus inaintaimng the textural integrity of each xenotime

overgrowth.

2.9 Hydrothermal phosphate

Hydrothermal phosphate U-Pb geochronology has gained credibility in recent years
as a reliable and robust means to date the timing of ore deposition. The high closure
temperatures of xenotime and monazite to diffusive Pb-loss means that they are more
likely to remain isotopically closed during post ore formation events that may
otherwise disturb K-Ar and Ar-Ar isotopic systems. A number of SHRIMP U—Pb
studies have been undertaken on hydrothermal xenotime associated with mineralised
systems. These studies have been driven by the mining and exploration industry in an
effort to constrain evolutionary and exploration models (see Pigois et al. 2003; Sener
et al. 2005; Salier et al. 2004; Salier et al. 2005; Brown et al. 2002; Rasinussen et al.
2006; Cross et al. 2005).

Like diagenetic xenotime, the minute size of hydrothermal xenotime (usually <~20
pm) means that their location generally requires extended periods of SEM
examination and SIMS analyses are carried out in situ on polished thin sections. As
previously mentioned, hydrothermal xenotime appears to be associated with many

orogenic lode-Au type deposits (section 2.5) and it is in these deposits where the
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majority of SHRIMP U-—Pb studies of hydrothermal xenotime have been undertaken
(e.g. Brown et al. 2002; Cross et al. 2005; Salier et al. 2004; Compston & Matthai
1994; Pigois et al. 2003; Sener et al. 2005). For example, Pigois et al. (2003) used
SHRIMP U—Pb xenotime geochronology to establish an age of 2063 + 9 Ma for
mineralisation at the Damang orogenic lode-Au deposit in Ghana which these authors
also suggested is a good age estimate for a regional orogenic lode-Au event that
includes the giant Obuasi orogenic Au deposits. In a separate SHRIMP U—Pb
xenotime study conducted during this PhD, it was established that orogenic lode-Au
mineralisation at the Callie Au deposit (Tanami region, central Australia) occurred at
~1.81 Ga (Cross et al. 2005; see Chapter 5). This age contrasts with an carlier *’Ar-
*Ar biotite age for mineralisation at Callie of ~1.72 Ga reported by Fraser et al.
(2002), which is now probably better interpreted to represent the timing of a later

thermal overprint.

U—Pb dating of hydrothermal and diagenetic xenotime has the potential to solve
geological questions that can not be answered by any other means. Currently the most
suitable instruments to carry out these measurements are large radius SIMS. The
significant 2*Pb/**U matrix effects which complicate SHRIMP U—Pb xenotime

analyses are fully investigated in the following Chapter.

49



50



3. SHRIMP XENOTIME U-Pb-Th DATING

3.1 Introduction

The development of the Sensitive High Resolution Ion Microprobe (SHRIMP) in the
late 1970°s to mid 1990°s revolutionised U-Pb zircon geochronology. These double
focusing SIMS instruments are routinely used for the analysis of U-Pb in U-rich trace
minerals (particularly zircon) at high mass resolution (~5000) and sensitivity, with a
spatial resolution of usually 20 to 40 pm (Compston et al. 1984; Williams & Claesson
1987; Williams 1998; Claoué-Long et al. 1995). The spatial resolution offered by
SHRIMP allows for the U-Pb dating of separate domains within a single crystal.
Additionally, U-Pb analyses are relatively fast (~10 to 20 minutes) allowing for good
sample throughput. Although less precise than U-Pb analyses undertaken by thermal
ionisation (TIMS), the excellent spatial resolution, accuracy, precision and high
productivity of SHRIMP instruments has meant that they are now routinely used for

U-Pb geochronology in a number of research institutions around the world.

Much of the success of the SHRIMP and now Cameca (1270/80) instruments in the
application of U—Pb dating is linked to the unique characteristics of zircon as a
geochronometer. Zircon (ZrSi0O4) is a widespread mineral that crystallises in igneous,
metamorphic and hydrothermal environments. Its almost ubiquitous presence as a
detrital component in clastic sedimentary rocks is testament to its excellent physical
and chemical durability. Nearly all zircon has a composition that is within a few
weight percent of the stoichiometric formula for the mineral. The most abundant trace
element substitutions are Hf, Y and the REE. Total REE and Y contents are typically
<1 wt% and Hf concentrations average ~2 wt% (Hoskin & Schaltegger 2003). Zircon
also incorporates trace amounts of U (typically ~50 to 1500 ppm) and Th (~10 to 700
ppm), but rejects Pb during crystallisation. Its closure temperature for Pb diffusion is
>900°C (Lee et al. 1997; Cherniak & Watson, 2003, Cherniak 2006). The relatively
small range in zircon major element compositions and its generally low and restricted
range in U content mean that SIMS analyses of zircon are mostly free of the inter—
and intra—grain matrix effects to which SIMS analyses of other minerals are
particularly prone. Exceptions are analyses of zircon with U contents >2500 ppm U

for which a U dependant matrix correction is required (Williams & Hergt 2000).
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In contrast to zircon, xenotime (YPQ,) has a wide range in composition. The heavy
REE, which substitute for Y, typically range up to ~10 wt%, whereas U and Th
concentrations can range up to as much as ~6 wt%. This range in chemical
composition is the source of significant matrix effects which greatly complicate the
SIMS analysis of this mineral. These matrix effects cause a breakdown of the U-Pb
calibration scheme typically used for zircon, as well as normal SIMS procedures for
measuring elemental abundances. Further, the ubiquitous presence of scattered ions
on and near the **Pb peak when xenotime is analysed using SHRIMP II limits the
precision of ages measured on xenotime older than ~1.0 Ga for which an accurate
measurement of radiogenic 2“’Pb/%Pb and hence the common Pb correction is
required. SIMS analyses of xenotime are further complicated by the typically tiny size
of xenotime crystals (particularly in sedimentary rocks), which demand the smallest
possible primary beam diameter (typically 5 to 7 um). The consequent reduction in
secondary ion count rates further reduces the precision of SIMS xenotime analyses.
Overcoming these analytical issues in order to obtain the most accurate and precise
SIMS xenotime U-Pb analyses has required close investigation of many factors. The
techniques developed here differ significantly from those used for the more ‘routine’
SHRIMP zircon U-Pb analyses (e.g. Compston et al. 1984; Williams & Claesson
1987; Claoué-Long et al. 1995) and involve; multiple xenotime U-Pb standards,
electron microprobe measurement of the major and trace element contents of each
dated grain, use of an O rather than an O, primary beam and the adoption of the
SHRIMP RG as the most suitable instrument for SIMS xenotime analysis.

3.1.1 Aims. definitions, background and instrumentation

The aim of this phase of the project was to examine the current limitations of
SHRIMP xenotime U-Pb-Th dating, focusing on the effects, causes and possible
solutions to age deviations that result from matrix nismatches between the primary
calibration standard and unknown. To do this, SHRIMP U-Pb-Th dating experiments
were conducted on a number of xenotime samples of contrasting chemical

coniposition that had been accurately dated by U-Pb ID-TIMS.
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3.1.2 Definition of the SIMS matrix effect

The SIMS matrix effect refers to differences in relative ionisation efficiency or
sensitivity of a given element in crystals of different composition or structural
orientation. Therefore, the intensity of a secondary ion beam for a given element or
molecule is not only related to its concentration in the target mineral, but also can be
influenced by the concentration of other elements in the mineral, its degree of

crystallinity and its structural orientation.

3.1.3 SIMS Instrumentation

SHRIMP instrumentation has been described in detail by Clement et al. (1977),
Ireland (1995), Williams (1998), De Lacter & Kennedy (1998), Compston (1996) and
Ireland et al. (2008) so only a brief description will be given here. The focus is on
SHRIMP RG as this instrument was chosen as the best suited to xenotime U-Pb

analysis and used for the majority of the experiments undertaken.

SHRIMP instruinents are large radius, double focusing mass spectrometers where the
generation of secondary ions is achieved by ion-impact sputtering. For U-Pb analysis,
a mass filtered, focused, primary beam of usually O, ions is generated in the primary
column, accelerated to 10kV and strikes the target at an angle of 45°. Positively
charged secondary ions are then accelerated to -10kV where they pass into a mass
analyser, which can have either a forward geometry design (electrostatic analyser
(ESA) precedes magnet e.g. SHRIMP I and SHRIMP II) or reverse geometry design
(magnet precedes ESA, e.g. SHRIMP RG).

The SIMS ion optical designs that encouraged the development of SHRIMP I,
SHRIMP II and SHRIMP RG instruments were those of Matsuda (1974) and Matsuda
(1990). The approach used in these designs for double focusing SIMS instruments
was to treat the image aberrations caused by the sputtering and secondary ion transfer
process as an integrated whole, rather than attempting to minimise individual image
aberrations arising from separate components. The design of Matsuda (1974)
addressed the minimisation of first and second order aberrations. The reverse
geometry design of Matsuda (1990) tackled the minimisation of third order ion image

aberrations.
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The ion optical design of the SHRIMP I and SHRIMP II secondary mass analysers
were based on one of the solutions found by Matsuda (1974). In this model the
velocity (i.e. energy) spread of the ESA is adjusted to be equal but opposite to that of
the magnet (Compston 1996). Furthermore, second order aberrations such as those
arising from image curvature caused by fringing magnetic fields were also cancelled
out by an electrostatic quadrupole lens between the ESA and magnet (Compston
1996). The SHRIMP RG mass analyser was based on a series of designs published by
Matsuda (1990) that were aimed at reducing third order image aberrations. This
design, in which the magnet precedes the ESA, ultimately demagnifies the final ion
image without an equivalent reduction in the mass dispersion (Compston 1996). This
theoretically results in a four-fold increase in mass resolution relative to SHRIMPs I

and II, while maintaining high sensitivity.

After exiting the object slit of the SHRIMP RG, the secondary ion beam traverses the
QQH chamber, where it passes through two quadrupole lenses and a hexapole lens
(which is currently unused) prior to momentum separation in the magnet. The purpose
of these two quadrupole lenses is to compress the beam in the Z direction while
expanding it in the Y direction for entry into the magnet. Momentum dispersion
oceurs in a 46° magnet with a 1 metre turning radius and energy dispersion is
compensated for by a 0.751 m cylindrical ESA with a turning radius of 88.65°. There
are two further quadrupole lenses, at the entrance and the exit to the ESA respectively,

the final quadrupole acting as a projection lens onto the collector slit (Fig. 3.1).

There are advantages and disadvantages inherent in both forward— and reverse—
geometry SHRIMP instruments. Analysis by multi—collection is not possible using
SHRIMP RG@G, a feature of the SHRIMP II design which allows for high precision O
and S isotopic analysis. Although SHRIMP RG can operate at a much higher mass
resolution than SHRIMP 11, the sensitivity of SHRIMP RG for U-Pb analysis is
currently approximately 75 % of that achieved by SHRIMP II at a mass resolution of
~5500 (Ireland et al. 2008). However, the reverse-geometry of SHRIMP RG allows
only a single mass secondary ion beam to pass from the magnet into the ESA and
ultimately the collector at any one time. As will be explained below this is a major

advantage for xenotime U-Pb analysis as scattered ions with a mass similar to that of
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9P are effectively removed from the secondary ion spectrum.
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Fig. 3.1. Schematic diagram of the SHRIMP RG ion microprobe. Source: Ireland et al.
(2008).

3.1.4 SIMS U-Pb dating

The basis of SIMS zircon U-Pb geochronology is the Pb'/U" versus UO™/U"
calibration (Compston et al. 1984). This calibration addresses the two major problems
that affect SIMS 2*Pb/?%U determinations, namely that the relative sensitivity factor
for Pb" is 3 to 4 times higher than that for U', and that these two factors change both
during and between analyses over an analytical session. The change is, in almost all
cases, highly correlated with simultaneous changes in the relative sensitivity factors
for UO" and U". The changes are monitored by interspersing analyses of a reference
standard with analyses of the unknown sample. Therefore, with reference to a
standard of known age and knowledge of the functional relationship between Pb'/U"
and UO™/U", 2®Pb/>%U ratios measured on an unknown sample can be corrected to

yield the true 206ph/2381. The correlation of Pb'/U" with UO'/U" is the most widely
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used for SHRIMP data reduction because it shows the biggest range and therefore has
the best leverage for calibration. Other ratio pairs include Pb/UQ™UOQ'/U" e.g.
Compston (2000) and Pb'/UO":UO, /U™ (Petersson et al. 2001).

Early attempts to quantify the functional relationship between Pb'/U" and UO™/U"
yields from zircon, used a simple linear correlation (Compston et al. 1984). Williams
& Claesson (1987) later suggested a quadratic form for the relationship, which is now
widely accepted to be better described by a power law (Claoué-Long et al. 1995).
Regardless of the form of the relationship between Pb'/U" and UQ™/U™ ratios, the
critical assumption in all methods is that both standard and unknown behave
similarly. For example, the commonly used power law function proposed by Claoué-
Long et al. (1995) assumes that Pb*/U" = A(UO'/U" )b, where b is normally assumed
to be 2.

More recently, Stern & Amelin, (2003) suggested that for zircon, 206Pb+/2F"0(UOZ+)
ratios do not show any functional relationship with concurrently measured B3UOY
28710y ] ratios. The recognition by these researchers that the spot—to—spot variability
in 2°Pb"A"Y(U0O,") ratios is very small compared to the wide variation associated with
Pb*/U" ratios allows the 206Pb“L/T"O(UOf) ratios to be used without normalisation to a
specific UO/U" value. Therefore, they concluded that the calculation of 2epry PRy
ages from sputtered ***Pb'/2™(UO,") ions in the target, need only be corrected for the
overall SHRIMP 206PbJr/z-"O(UO;f') bias. Furthermore, concerns regarding any
dissimilarities in InPb/U:InUQ/U gradients between standard and unknown are

minimised.

3.1.5 U-Pb calibration and matrix effects

Black et al. (1991) were perhaps the first to recognise an 1on—probe instrumental bias
in the **Pb*/*U™ ratios from high U zircons. Working on high U (2830-6760 ppm)
zircons from mafic dykes in the Vestfold Hills of East Antarctica, Black et al. (1991)
noted ~8% elevations in 2°Pb/**U ages relative to *"Pb/2*Pb ages. These researchers

206ph/2¥ to an instrumental bias in the

attributed the apparent elevations in
sputtering and jonisation efficiency of the 2°Pb* and 2*U" ions, between the matrix of

the standard zircon, and high U zircons which were presumed to be metamict and

56



therefore structurally damaged. Black et al. (1991) also suggested that previous ion
probe studies of high U zircons by Harrison et al. (1987) and Kinny (1987), which
gave reversely discordant results, were better interpreted as indicating instrumental
bias in the ***Pb/**U ratios, rather than the original interpretation given in these

studies, namely U loss.

McLaren et al. (1994) also recognised an ion probe instrumental bias in the
measurement of “°Pb/”*U ratios from a single, high U zircon (SL14). These
researchers, like Black et al. (1991), attributed this effect to U-induced structural
contrasts with the standard, low U zircon SL13, the effects were amplified when the
zircon was heat treated, causing recrstallisation to ZrQ, and Si0O,. More recently,
Williams & Hergt (2000) and Butera et al. (2001), have suggested that the elevated
206pb/28U ratios, typical for ion probe analyses of high U zircon, are better interpreted
to be a U-induced instrumental bias rather than a microstructural one resulting from
accumulated radiation damage. Butera et al. (2001) suggested that the U-induced
matrix effect for zircon occurs only in crystals with over ~2500 ppm U. They
suggested that for every ~1000 ppm over this threshold, there is approximately a 2 %

increase in the 2°°Pb' /U™ ratio.

Although there are many published ion probe U-Pb-Th studies of monazite, only a
few report Pb/U—Pb/Th matrix effects. For example, Stern & Sanborn (1998) and
Stern & Berman (2000), reported elevations in monazite ***Pb/~*U and 208pp/22Th
ratios of ~6 and ~8 % respectively, which were attributed to Th concentration
contrasts between the calibration standard and unknown. Zhu et al. (1998) also
reported 26pp/280 jon probe matrix effects which they thought stemmed from Th
and/or Si concentration contrasts. More recently, Rasmussen & Fletcher (2002)
reported both a Th— and U-related matrix effect for ion probe 2*Pb/~*U
determinations of monazite. Crystal orientation can also cause significant U-Pb
matrix effects. Wingate & Compston (2000) reported that the crystal orientation of

baddeleyite (Zr0,) can cause as much as a 10 % deviation in **Pb/*U ages.

The increased interest in, and application of, SIMS xenotime U-Pb dating has
inspired research that aims to address Pb/U—Pb/Th matrix effects in this mineral.

Fletcher et al. (2000) proposed a method of U abundance scaling. This method
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attributes all ***Pb/**®U age deviations to U, and assumes the relationship to be linear.
The difference in U abundance between the standard and unknown can then be

multiplied by a correction factor. The formula is:
Pb/U = Pb/U-raw * (1-x*( U ppmunk- U ppmisia) (eq. 1)
Where Pb/U-raw is the calibrated Pb/U ratio and x is the correction factor = 8.

More recently, Fletcher et al. (2004} suggested that besides U, Th and } REE
concentration contrasts in xenotime also result in Pb/U—Pb/Th age deviations. These
researchers calculated correction factors for these elements by concurrently analysing
a number of reference xenotime standards with differing compositions and determined
the correction factors for each element using a simple least squares routine. The
correction factors for U, Th and > REE were applied to the raw (not matrix corrected)
2%pb/A8U and 2"Pb/4**Th ratios in a similar fashion to that shown in (1). Using this
method, Fletcher et al. (2004), stated an accuracy of ~1 % for *®Pb/**U

determinations and ~2 % for 2**Pb/***Th determinations.

3.2 Xenotime reference standards

SHRIMP xenotime U--Pb and Th-Pb experiments, for the present study were mostly
conducted on fragments from three single grained specimens, MG1, BSI, and Z6413.
These samples were used by Fletcher et al. (2004) in their study of xenotime U-Pb
and Th-Pb matrix effects. In addition, some experiments were conducted on multi—
grain specimens, NY/PK 6-80 (Aleinikoff & Grauch 1990) and D43764, which is

from the Yilgarn Craton, Western Australia.

BS1 and MG1 crystal fragments were obtained from Dr John Aleinikoff, USGS. Both
crystals were originally collected by Dr. Miguel Basei, University of Sao Paulo,
Brazil. These crystals originated from metamorphic host rocks. BS1 is from Bahia
State, and MG1 is from Quro Preto, Minas Gerais State (pers. comm. Miguel Basei,
2005). Full descriptions of the original crystals are given in Fletcher et al. (2004). BSt1
fragments are clear, honcy—yellow and homogenous in backscattered electron images.

MGI1 fragments are honey—yellow often with lobate patches of red iron oxide
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staining. Backscattered images of MG1 are homogenous. Fletcher et al. (2004) report
ID-TIMS data for BS1 that are concordant with a **Pb/***U age of 508.9 + 0.3 Ma
(15) and a 2*"Pb/”"Pb age of 505.5 + 0.6 Ma (1c) (Table 3.1). A reference **Pb/***U
age of 509 Ma has been used in this study. ID-TIMS ages for MG1 are concordant
with a 2%Pb/**U age of 490.0 + 0.3 Ma (15) and a 2*’Pb/2"Pb age of 491.8 + 0.6 Ma
(1o) (Fletcher et al. 2004). A reference 2Wopp/ 2By age of 490 Ma for MG1 has been
used in this study. For both MG1 and BS1, *®*Pb/**Th ratios were calculated directly

from the 2°Pb/?*U age assuming a closed isotopic system.

Table 3.1. Reference ages for xenotime samples used in this study. Uncertainties are lo.

Sample ppAty Wpp/Aepy 28ph/**Th

age (Ma) =+ age (Ma) % age (Ma) x

(assumed)
MG1' 490.0 0.3 491.8 0.6 490.0 0.3
BS1! 508.9 0.3 505.5 0.6 509 0.3
764132 994 1 997 1 994 1
Sample Reference Reference Reference
“Pb/ P Uage(Ma)  +  *Pb”PbageMa)  +  *®pbA’Thage(Ma) =

D43764° 2625 2625 2625
NY/PK 1000 1000 1000
6-80"

1. Source: Fletcher et al. (2004).

2. Source: Stern & Rayner (2003).

3. Reference age interpreted from SHRIMP *’Pb/*"Pb age and EPMA dating.

4. Reference age interpreted from unpublished data (Kamo, 2005), supplied by Dr. John
Aleinikoff (USGS), see appendix 3.1.

76413 fragments were obtained from Dr. Richard Stern, Geoscience Australia. This
crystal is from a pegmatite from the Grenville Province Canada (Stern & Rayner,
2003). Grain fragments are honey-yellow, clear and appear homogenous in
backscattered electron images. Stern & Rayner (2003) report an ID-TIMS 206pp/238y
age of 994 = 1 Ma (1) and *’Pb"Pb age of 997 + 1 Ma (1c) (Table 3.1). A
reference “*Pb/~*U and ***Pb/**Th age of 994 Ma for Z6413 has been used in this
study.

NY/PK 6-80 xenotime consisted of individual grains from a monazite—xenotime
gneiss from the Hudson Highlands of south-eastern New York (Aleinikoff & Grauch,
1990). Individual crystals are mostly anhedral and range from ~50 to 300 pm in

diameter. Approximately 70 % are clear and colourless, but ~30 % are frosted and are
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pale green to brownish. Backscattered imaging shows that many crystals have distinct
cores and rims as well as small monazite inclusions (<1-5 pum) (Fig. 3.2). Age
estimations for this sample are complex. Aleinikoff & Grauch (1990), from
conventional ID-TIMS analyses, suggest that NY/PK 6-80 xenotime crystallised at
ca. 987 Ma but also reported an inherited component at ca. 999 Ma. Recent ID-TIMS
analyses of NY/PK 6-80 (Appendix 3.1) were conducted by Sandra Kamo, Royal
Ontario Museum (results kindly supplied by Dr. John Aleinikoff, USGS). Thirteen
individual analyses of both abraded and un-abraded grains have ***Pb/**U ages that
range between 970.3 £ 1.9 (20) and 1006.4 + 2.7 Ma (20). Even after omitting the
youngest analysis (sk17pl68) the data are spread beyond analytical uncertainty
(MSWD=13), and range between 992.6 + 4 (20) and 1006.4 + 2.7 Ma (2c). This age
range is probably the result of ID-TIMS analysis of both core and rims. Although the
oldest 12 **pb/**U analyses represent a mixed population, their median age of 1000
+3.2/-5 Ma (95 % confidence) is used in this study as the reference 26ph/238U and
2%8ph/=2Th age for this saniple.

Fig. 3.2. BSE images for NY/PK 6-80 (a) and D43764 (b) xenotimes. Small white blebs are
monazite.

Sample D43764 is from a biotite schist from the Holleton region of the eastern
Goldfields, Western Australia, and was procured from the Australian Museum.
Xenotime crystals recovered from D43764, are yellow, euhedral dipyramids that
range in size from ~70 to 400 pm. The crystals are variably cracked and the majority
are speckled with <1 to 5 pm monazite inclusions that mainly occur in patches (Fig.

3.2). There are no ID-TIMS data for this sample. However, SHRIMP *”’Pb/**Pb data
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collected during this study have a single age of 2625 + 5 Ma (95 % confidence). This
age has been corroborated by independent EPMA dating (Appendix 3.2). Therefore,
the *Pb/*%Pb age of 2625 Ma was used as the reference age for both 2%6pb/281 and
208ph/ 232 ratios.

3.3 Analytical and data processing protocols

Xenotime crystal fragments and single crystals were mounted in epoxy resin and
polished to reveal the sample interiors. Transmitted and reflected light
photomicrographs were taken of the xenotime, followed by backscattered SEM
images using a Cambridge 360 SEM at the ANU Electron Microscopy Unit. Electron

microprobe analyses were conducted on a Cameca SX100 at RSES.

Isotopic analyses were carried out on the SHRIMP II and SHRIMP RG ion
microprobes located at the RSES. Early experinients were carried out on SHRIMP 1I,
however, later experiments showed SHRIMP RG to be more suitable for xenotime
analysis as this instrumient does not encounter the scattered ions detectable on the
mass “*Pb peak and Background that the SHRIMP II instrument detects (see section
3.3.7 and Fletcher et al. 2000).

3.3.1 Electron Probe

Xenotime samples were analysed for Y, P, Si, Ca, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Th, and U by wavelength dispersive spectrometry (WDS). All analyses
were preformed with a 25 kV electron beam regulated at 100nA with a beam size of
~5 pm. The REE were calibrated against synthetic REE phosphate standards and U
oxide and Th oxide standards were used for U and Th calibration. Analyses were
carried out using the analytical peaks as recommended by Pyle et al. (2002). Peak and
background positions for each element were carefully chosen from WDS scans of the
three xenotime standards MGI, Z6413 and BS1. Appendix 3.3 contains the analytical
conditions used for xenotime electron microprobe characterisation and the

approximate errors and detection limits for each of the elements analysed.
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33.2 SHRIMP

Experiments conducted on SHRIMP II used a primary O, beam with an ion current
that ranged between ~2 to 6.5 nA. Kohler apertures of either 70 or 120 pm yielded
spot diameters of ~10 to 30 pm. For some experiments, the energy window was set to
exclude ~50-90 % of the low energy ions. This was done in order to remove the
scattered jons associated with the “**Pb peak and also to test whether the high energy
ion population is less susceptible to 2°Pb/***U SHRIMP matrix effects. The majority
of experiments conducted on SHRIMP RG were carried out under the analytical
conditions needed for the analysis of ~10 to 15 pm diagenetic xenotime overgrowths
and hydrothermal xenotime. To achieve this, the primary beam was focussed through
a ~30 um Kohler aperture which resulted in spot diameters of between ~5-7 pm.
Initial trials using SHRIMP RG using a ~0.1 nA, O, primary beam yielded a **Pb
count rate of about 100 cps for analyses of the primary calibration standard MG1 (~70
ppm 2%pp; ie. l4cps/nA/ppm). However, there was a concern that the low primary
beam current may be approaching the lower limit of stable analytical conditions and
also resulting in poor individual 205pp"/P8U" spot precisions of ~2%. Because of the
higher O current achievable with the SHRIMP RG duoplasmatron (07O, =4) an O
primary beam was trialled which resulted in an increase in the absolute 2%ph count
rate for MG1 by a factor of ~3, albeit at a reduced relative count rate (sensitivity) of
approximately ~50 %. The stronger primary current and better counting statistics
offered by the O primary beam was judged to be the best balance between precision,
sensitivity and instrument stability. Under these conditions, primary O beam
strengths focussed through a 30 um Kohler aperture, ranged between ~0.8 to 1.2 nA.
Appendix 3.4 details the SHRIMP instrumental conditions for the 14 SHRIMP

xenotime U—Pb sessions discussed in this chapter.

Sets of different mass peaks were tested throughout the various experiments to
determine the optimal data acquisition sequence for xenotime U-Pb and Th-Pb
analysis. A typical run table consisted of ¥y,l%0" [194(Y20+)], 2%pp, BG, 2%pb’,
207Pb+, 208Pb+, 238+ 22 p 16+ [248(Th0+)], 238y 16¢y* [254(U0+)] and 2%U%0,"
[27°(U02+)] (BG=background measured at +0.04 mass units up mass of the 24py,
peak). Some experiments included 22Th* and 2*Th!%0," [264("[’[102*)] for independent

*8ph/2°Th determinations. Additionally, with the aim of monitoring the matrix
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effects introduced by the HREE, some experiments included 7*Yb'"*0O" [°(YbO")],
Bpyo" [M(Dy0h)] and "Ho'0" [**!(HoO™)]. Each of the analyses for the various
analytical sessions consisted of 5 to 7 scans. Raw isotopic ratios were calculated with
PRAWN 6.55. The secondary ion ratios were calculated from the mid point of a linear
regression of count rate vs. time from the various scans. Calculated uncertainties
consisted of counting statistics augmented, if necessary, by the uncertainties
introduced by the scatter about the linear regression. 2Pb/***U and 208pp232Th ages
were calculated via a procedure written by the author in EXCEL to calculate
25pb¥U and *Pb/”’Th ages from the raw 2Pb*/27°(U0,") and *®*Pb'/2*¥(ThO")
ratios (procedure discussed below). The uncertainties for these age calculations used
the algorithms from ISOPLOT 3 (Ludwig, 2003). Common Pb corrections were based
on individual measured **'Pb abundances and assuming crustal common Pb of the
same age as the xenotime, using the model of Stacey & Kramers (1975). However,
the very low common Pb contents typical of xenotime result in age corrections that

are not sensitive to the choice of common Pb composition.

3.3.3 Electron microprobe characterisation of the reference standards

Representative WDS data for MG1, BS1, Z6413, NY/PK 6-80 and D43764 are shown
in Tables 3.2 and 3.3. Table 3.2 shows typical averaged concentrations for each of the
samples, whereas Table 3.3 contains the typical concentration ranges for U;03, ThO,
and » REE-oxides. Overall, there is a wide range in YREE and actinide
concentrations among these samples. U,0O3 contents range from ~0.02-2.8 wt%, ThO,
from 0.06-1.9 wt% and ) REE,O; from ~15-21 wt%.
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Table 3.2. WDS determined average compositions for the reference xenotimes used in this

study.
sample MG1 BS1 26413 NY/PK 6-80 core  NY/PK 6-80 rim D43764
oxide n=30 n=28 n=32 n=22 n=21 n=25
Si02 0.15 0.26 0.69 0.58 0.49 073
P205 35.10 33.24 3427 3427 34.38 33.87
Ca0 0.02 0.01 0.02 0.09 0.08 0.10
Y203 47.07 4276 43.58 41.89 42.45 39.35
ThO2 0.1 0.35 0.26 0.42 0.38 1.00
U203 0.1 0.05 1.46 1.76 143 1.62
Nd203 0.26 0.16 0.04 0.45 0.44 0.90
Sm203 063 0.52 0.13 0.59 0.58 0.75
Eu203 0.37 0.21 0.03 0.04 0.05 0.02
Gd203 3.73 3.08 1.02 2.20 2.25 2.29
Tb203 0.67 0.74 0.33 0.58 0.61 057
Dy203 5.24 6.63 4.30 573 5.90 4,79
Ho203 1.07 1.46 1.19 1.36 1.36 1.10
Er203 2.26 3.99 4.37 4.18 4.05 368
Tm203 0.24 0.52 0.71 0.60 0.57 0.53
Yb203 0.72 2.52 5.30 3.54 3.20 3.83
Lu203 0.33 0.58 1.07 0.81 0.77 012
total 98.07 97.09 98.78 99.09 98.98 95.25
av. UfTh 0.96 0.15 5.79 4.19 3.76 1.62
total REE
oxide 15.51 20.42 18.49 20.09 19.78 18.57

Table 3.3. WDS determined U, Th and } REE concentration ranges for the reference
xenotimes (‘c’ and ‘r’ denotes core and rim analyses respectively).

U,0; wt% ThO, wt% Y REE,O; wt%

Sample Range Range Range

MGl ~0.075-0.144 | ~0.0614-0.199 | ~14.91-16.77
76413 ~1.088-1.781 ~0.20-0.336 ~18.15-18.85
BS1 ~0.02-0.087 ~0.115-0.549 ~19.75-21.32
NY/PK 6-80 r ~0.546-1.979 | ~0.152-0.504 ~18.68-20.2
NY/PK 6-80 ¢ ~1.04-2.51 ~0.296-0.565 ~18.72-20.56
D43764 ~0.772-2.778 | ~0.405-1916 ~17.71-19.48

MG is distinguished by relatively low Y REE concentrations (~15 wt% Y REE,O3)
and also low to moderate U,;O; and ThO; contents, both of which are ~0.11 wt%. BS1

contains the lowest levels of U among the reference xenotimes (~0.05 wt% U203) but
moderate to high ThO; (~0.35 wt%}) and high > REE;O; contents of ~20 %. Three of
the xenotime samples, Z6413, NY/PK 6-80 and D43764, have high U,0;
concentrations which are generally above ~1.4 wt%. Z6413 typically contains U>O;

of ~1.4 wt%, however some fragments were found to have concentrations of ~0.5

wt%. 76413 is also characterised by moderate to low ThO, (0.26 wt%) and moderate
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to high > REE;O; levels of ~18.5 wt%. There appears to be no chemical difference
between the cores and rims of NY/PK 6-80. This sample contains high U,O3 (~1.5
wi%), moderate to high ThO; (0.4 wt%) and high > REE;O; levels (~20 wt%).
Sample D43764 contains the highest ThO; concentrations amongst the reference
xenotimes (~1 wt%) as well as high U203 (~1.6 wt%) and moderate to high } REE;O;
(~18.5 wi%). Z6413 and NY/PK 6-80 have the highest U/Th ratios (~6 and ~4
respectively) whereas D43764 has a U/Th ratio of ~1.6. BS1 has the lowest U/Th ratio
of ~0.15 and MG1 has a ratio of ~1.

3.3.3.1 _Actinide substitution mechanisms for the reference xenotimes
Plots of Ca and Si versus Th and U for the reference xenotimes show a strong

correlation between the actinide elements and Si but little or no correlation with Ca
indicating that the incorporation of Th and U into these samples principally occurs
through the thorite substitution mechanism i.e. (Th, U)‘“r + Si"™ = P> + (REE, Y)3+
(Fig. 3.3b, 3.3f, 3.3), 3.3n, 3.3r). The brabantite substitution seems only to be
significant in NY/PK 6-80 where there is a moderate positive correlation between Ca
and Th + U (R=0.7; Fig. 3.3e). Of particular interest is the very strong correlation
between Si and U in Z6413, NY/PK 6-80 and D43764 (R = 0.99, 0.94 and 0.81
respectively) (Fig. 3.3¢; 3.3g; 3.3s). Of note also is the particularly strong correlation
between U and Th in the single crystal sample Z6413 (R=0.98), compared with the
multi-grain, high U samples D43764 and NY/PK 6-80 (R=0.56) (Fig. 3.4).

The data for the reference xenotimes plotted in Fig. 3.3 (b, f, j, n, 1) lie above the
idealised thorite substitution vector (Si vs. Th + U), indicating an excess of Si. The
zircon substitution i.e. Zr*" + $i'* = P + (REE. Y)** maybe an additional mechanism
by which Si enters the xenotime lattice, as has previously been suggested by Spear &
Pyle (2002). However, Zr was not analysed in this study, so this suggestion was not

tested.

The electron microprobe data for the reference xenotimes show that collectively, they
cover a wide range of compositions. They therefore enable an investigation of the role
mineral composition plays in xenotime SHRIMP U-Pb and Th-Pb age

determinations.
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3.3.4 SHRIMP U—Pb Calibration

Early xenotime experiments during this study, using SHRIMP II, tested all nine
combinations of Pb/U[O]:U[Oy] / U[O4] to determine which ratio pair yielded the
best correlation and therefore, the least scatter in calculated 2*°Pb/”*U ratios (see
Appendix 3.5). These experiments determined that the ratio pair of Pb/U:UO/U
performed best overall for the three xenotime standards MGI1, BS1 and Z6413. Fig.
3.5 shows typical InPb/U:InUQO/U linear regressions for the three xenotime standards
obtained with SHRIMP II using a ~6.5 nA primary O, beam. This graph shows that
all xenotimes have a similar slope of ~1.4 and highly correlated Pb/U:UO/U ratio
pairs. These data show that a power law relationship between Pb"/U" and UO/U"
ratios, i.e. y = axb, as commonly used to calibrate Pb"/U" ratios in zircon, probably

applies for this analytical session. In this case, b= 1.4.

The excellent correlation and similarity in gradients between Pb*/U" and UO'/U"
ratios using the analytical conditions described for SHRIMP II above, are in contrast
to the xenotime data collected on SHRIMP RG using a ~1 nA, O primary beam
focussed through a 30 pm Kohler aperture (Fig. 3.6). This figure shows InPb/U:UO/U
plots for two SHRIMP RG sessions, where the gradient of the linear regressions
varies significantly between the reference xenotimes. For example, for the SHRIMP
session RG-2 (Fig. 3.6b) the high U Z6413 xenotime has a slope of ~3.9, whereas the
low to moderate U standard, MG1 has a slope of ~1.5. Contrasts in slope amongst
these xenotime standards occurred for all of Pb/U[OL:U[Ox]J/U[Ox] ratio
combinations in each of the SHRIMP RG sessions carried out under the analytical
conditions described above. Therefore, it appears that the Pb/U:UO/U correction
method cannot be used to correct SHRIMP RG xenotime Pb'/U" ratios collected

under the analytical conditions described above.

67



InPb/U

InUO/U
J4E | | I ! 1 ] i
0.9 1 1.1 1.2 1.3 14 1.5 15 1.7
——y=-442+1.38x R=0.98
—0— MG1 Y
—g -BS1 -y =-439+140x R=0098
— e -726413 | — — - y=-3.53+141x R=097
-=x--NYPK | _____ y=-3.22+1.23x R=0.94
Fig. 3.5. InPb/U:InUO/U calibration plot for session SHII-1.
1 <02 e
a . b oF
05 4 ’&'#.*é v 1) -0.4 4= g@ -+
0t 2 - 0.6 —fm -+
Kol ; =
Q.
£ 3
05 4 . 084+ +
_og® £ —
o =
P = |
1od o 14 — 4
e -
o
T OM En T M”ﬁ T
2 InUO/U i ég InUo/u
15 1.55 1.6 165 1.7 1.75 1.8 ‘ 1.7 1.75 1.8 1.85 1.9 1.95 2 205 21
y=-3.22 + 1.00x R=0.88 =3 : =0
THS | — - y=397+150x =053 _9_9‘_3"5‘;‘ — Liié:!?é: 2:222
— - —-— -y =-525+27 =0, 3 e
--:—-ég‘;;’gdi ----- ;:;;g-r;(];: igég — @ -Z6413 | — — «y=-7.46+3.94x R=055

Fig. 3.6. InPb/U:InUO/U calibration plots for two representative SHRIMP RG sessions, RG—1

(a) and RG-2 (b), demonstrating the variable calibration slopes between the reference

xenotimes.

68



The scarcity of xenotime Pb/U standards has made it necessary in many case studies
to analyse the ***Pb/*U standards and unknowns in separate mounts, during the same
analytical session (e.g. Kositcin et al. 2003; Pigois et al. 2003; Salier et al. 2004;
Vallini et al. 2005 and; Vallini et al. 2006). However, this practise could result in
slight variations in analytical conditions, such as charging contrasts between the two
mount holders on the sample stage, or slightly different gold coat thicknesses between
the mounts. These minor differences may cause variations in Pb/U:UO/U slope
between standard and unknown, hence jeopardising the resultant 206pb/P8 age
calculation. Figure 3.7 shows such a situation from the Curtin University SHRIMP 11-
B where the Pb/U:UO/U slope for the standards (slope = ~2.3) contrasts with that of
the unknown sample (slope = ~1.2) which was analysed from a separate mount,
during the same session. For this case, the Pb/U:UO/U calibration method may lead to
aberrant 2°°Pb/?*U age results for the unknown particularly given that the UO/U for
the sample is mostly lower than that for the standard. The failure of the SHRIMP RG
xenotime Pb/U:UO/U calibration under the instrumental conditions listed above
prompted an investigation of using the raw 206PbJ'/ZF"O(UOf“) ratios to calculate

206pp/281J ages, as has been suggested for zircon by Stern & Amelin (2003).
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Fig. 3.7. InPb/U:InUO/U calibration slope variation between samples analysed concurrently
from separate mount holders on the SHRIMP sample stage. Standards MG1 and Z6413
(right—side mount) and sample 395D3899 (left—side mount). (SHRIMP B, Curtin University
of Technology, Perth, WA).
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3.3.4.1_"Pb"/°W0,") —based SHRIMP **°Pb/*U calibration scheme
An investigation of all the SHRIMP xenotime Pb/U data sets collected during this

study shows that xenotime 206Pb‘L/m(UO;f’) ratios, regardless of analytical conditions
or instrument, are virtually independent of the U[O]/U[Oy] ratios. This is similar to
findings of Stern & Amelin (2003) for zircon. Figure 3.8a & b, show
b A7%U0,H:UO' U plots for MG1 data from SHRIMP II and SHRIMP RG.
Both of these plots show that the ***Pb"/*(UO,") ratios do not show any relationship
with the concurrently measured UO"/U" ratios. Furthermore, the percent standard
deviation (coefficient of variation) of the raw 20(’Pb‘L/Tm(UOf) ratios for the
calibration standard, is significantly reduced in comparison to the raw 205pp'2By*
ratios and indeed comparable to the reproducibility associated with Pb/U:UO/U
correction techniques (Table 3.4). The 1o percent standard deviation of the
6py*21%U0, ") ratios for the six SHRIMP analytical sessions shown in Table 3.4,
range from 1.4-2.5, which is comparable to the reproducibility associated with the
Pb/U:UG/U calibration technique.
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Fig. 3.8. 7Pb"//%(U0,") vs. “(UON**U" plots for two SHRIMP sessions SHII-6 (a) and
RG-1 (b) demonstrating the poor correlation between these ratios pairs.
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Table 3.4. Comparison of the reproducibility of the raw **Pb*/*"*(UQ,") ratios for the primary
calibration standard MG1, with the reproducibility associated with a linear and power law
function typically used to correct for the SHRIMP Pb"/U" spot-to—spot variation. 1. Raw
2pb' A7°(U0,") ratios 2. Pb'/UTUO'/U" correction using a simple unweighted linear
regression y = mx + b (Stern 1997) and 3. Power law, y = ax” of Claoué-Long et al. (1995).
Error is calculated as the 1o percent standard deviation. Reproducibility of the raw Pb™/U"
ratios is also shown for comparison.

Session | SHRIMP | % 1. 2. Pb/U:UO/U | 3. Pb/U:UO/U | 4. No.
EF Hpp*AU0," | linear power law i“PbJ'/mU
SH-II-1 Il 50 2.3 2.3 2.3 13.3 25
SH-II-6 11 90 2.5 2.1 1.9 3.4 14
SH-1I4 11 - 1.4 1.3 1.6 3.5 12
RG-1 RG - 2.3 2.9 2.4 4.8 13
RG-4 RG - 22 2.6 2.6 32 10
RG-7 RG - 1.8 2.1 2.2 2.1 9

(% EF = the percent energy filtering of the low energy ions).

The secondary ion energy profiles for g BYUO0" and 2"”O(UOz"L) also
support the caleulation of *°Pb/*%U from the raw ***Pb*/#"%(U0,") ratios (Fig. 3.9a &
3.9b). Energy distributions for 20ph* and UJOy] species, were measured on SHRIMP
I and SHRIMP RG and show similar trends to those obtained for monazite (Harrison
et al. 1995 and Stern & Berman 2000) and zircon (Stern 2000). Specifically, the

270

energy profile for *°(U0O,") most closely parallels that of the 2*Pb" jon distribution.

P%U0") ions also show a close but lesser similarity to the 29%ph* profile, and the
31" jons have a broader energy distribution in comparison to the 296ph* and U[Oy]

ion distributions.
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Fig. 3.9. Energy profiles for the reference xenotime MG1, carried out on SHRIMP RG (top)
and SHRIMP II (bottom). The zero volts position was taken as the maximum transmission of
the 254(UO+) molecule. Each scan is normalised to the maximum count rate to allow for a
better comparison between the two instruments.

Calculating ***Pb/"*U from the raw “*Pb*/"%(UO,") ratios may also be an acceptable

method for situations where the scarcity of standards dictate that they must be

analysed from a separate mount to the unknowns. Figure 3.10a and 3.10b, compares
the scatter of the raw 2"°Pb"/(U0,") ratios with that of the Pb/U:UO/U regression
for two SHRIMP RG sessions, where MG1 was analysed from both the lefi- and

right—side mount holders on the sample stage. Eight analyses of MG1 on the right-

side mount and nine analyses on the left-side mount from experiment RG-2 are shown

in Fig. 3.10a. These data when plotted on a InPb/U:InUO/U plot, lie on a single

regression line but can be separated by their contrast in UO™/U" ratios. The Pb/U”
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ratios for this experiment have a standard deviation about the regression line of 1.8 %
(15). The raw 206PbJ'/m(U 0;") ratios for the same data points, are uniformly scattered
about their mean, with a slightly elevated standard deviation of 2.5 % (Igo) in
comparison to the InPb/U:InUO/U regression. The InPb/U:InUO/U regression line for
the data shown in Fig. 3.10b (experiment RG-3) is poorly defined. This may be due
in part to the very narrow range of UO'/U" ratios and also the limited data collected
for this experiment, which consisted of seven MG1 analyses on the right-side mount,
and five on the left-side mount. The scatter of the Pb"/U" ratios about the
InPb/U:InUG/U regression line for both mounts is 3.2 % (15). The relatively poor
reproducibility of this data set when considered as a whole may indicate that the MG1
analyses from the lefi— and right-side mounts form two separate InPb/U:InUO/U
regression lines. By contrast, the raw 206PbJ“/r"O(UOf) ratios have a standard deviation

of 2.6 % (15).
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Fig. 3.10. InPb/U:InUO/U plots and **°Pb*#"°(U0,") for two SHRIMP RG sessions, RG-2 (a)
and RG-3,(b) where MG1 was analysed concurrently from both the left—and right—side
mount holders.
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Although the data from these two experiments are perhaps limited, the scatter of the
individual raw 206Pb+/270(U02+) ratios as analysed from separate mounts during the
one experiment, suggests an acceptable reproducibility of approximately ~2.5 % (10).
Additionally, the 20%pp*2"%U0,") calibration technique may also be more resistant to
changes in instrumental conditions, which may cause contrasts in the InPb/U:InUO/U
regression line between different samples. It is considered that this situation is more
likely to occur when analysing the Pb/U—Pb/Th standards and unknowns from

separate mounts.

Accounting for the variability in SHRIMP Pb"/U™ ratios by a regression against the
UO'/U" ratios is based on the premise that both ***Pb/**U calibration standard and
unknown obey the same functional relationship. However, in situations where the
above premise is not met, as is the case for all xenotime Pb/U—Pb/Th experiments
conducted on SHRIMP RG under the experimental conditions listed above,
calculation of ***Pb/*®U from the raw *Pb’/*’°(U0,") ratios appears to be a robust,
practical alternative. It is for these reasons that all xenotime 206pp/238y ages reported
in this thesis are calculated from the raw “%Pb"/*°(U0,") ratios, unless otherwise

stated.

Calculating *"°Pb/”*U from 2(:“"PbJr/zw(UOf) ratios is straightforward. The raw
206Pb“L/'zm(UOf-) ratio of the unknown is divided by the average 206Pszm(UOf) of
the standard, which is in turn multiplied by the **Pb/**®*U ratio of the standard

{equation 2).

Z%Pb/238U(uak): 206Pb+/270(U02+))unk/aV-(206Pb+/270(u02+))std*(206Pb/23SU‘)Std
(eq. 2)

3.3.4.2  Independent ***Pb/**Th age calculations
The calculation of 2®*Pb/”**Th ages from the sample xenotimes can be used to assess

the concordance of the target mineral, and thereby assess the SHRIMP 208pp/22Th

xenotime matrix effect. The significant matrix effects of SHRIMP xenotime

206pp/238Y ratios preclude the calculation of derivative 2%pp/22Th ages that are based
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on “%Pb/?8U, 2%8ph*2%ph* and 248('l"hOJr)/254(UC}‘+) ratios as described by Williams et

al. (1996). Therefore, independent ***Pb/***Th age calculations are necessary.

For the independent “"Pb/”*Th age calibration, combinations of
28pb22Th:22ThOA2Th and 2%*PbAThO:*’ThO/*Th were trialled. However,
variations in slope exist between all of the reference xenotimes and these calibration
pairs (Fig. 3.11). This is similar to the findings of Fletcher et al. (2004) who found
that the ***Pb/”*Th calibration is very sensitive to the choice of calibration slope,

206
I

which subsequently yielded inferior results to the b/**U age calculations and

matrix corrections.

The limited range in variability that the ***Pb*/2"%(U0,") ratios show, compared to the
2°pp*/A¥U" ratios, is also evident between the xenotime ***Pb'/**Th' and
2%8ph /22 ThO," ratios (Table 3.5). Table 3.5 shows that the 2**Pb"/**3(ThOQ") ratios
show the least amount of scatter which generally ranges between ~1.5 and 3.5 % (1c),
which is slightly elevated compared with the typical standard deviation of the raw
206PbJ'/m(UOJ) ratios. Therefore, 208pp 22T ratios were calculated from the raw
2%ph'A*¥(ThO™) in the same way xenotime “°°Pb/*®U ratios were derived from the
raw SHRIMP **Pb*2°(U0O,") ratios. However, “®Pb/***Th ages calculated by this
method were only found to be accurate for xenotimes with Th concentrations > ~1000
ppm. The reasons for this are unknown so this method has limited applicability and
may not be able to be used for the calculation of ***Pb/***Th ages from hydrothermal

and diagenetic xenotime, where Th concentrations are typically in the 100°s of ppm.

Table 3.5. Percent standard deviation (1) of the raw “*Pb*/*¥(ThO") ratios for MG 1 for nine
separate SHRIMP sessions. Limited data for **Pb"/**Th" and *®*Pb"/***(ThQ,") is shown for
comparison (EF = energy filtered).

Session SHRIMP | EF | *®pb*/2'Th* | 2%pb*A®ThO" | P /%ThO," | n

SH-11-2 11 50 . 2.10 5 16
SH-11-3 11 B : 27 B 8
SH-1I-4 11 - 27 2.0 21.1 11
SHII-5 i 90 - %8 - 14
RG-1 RG - - 1.8 = 10
RG-3 RG - 19.8 3.3 2.9 7
RG-4 RG i . 1.31 - 10
RG-5 RG - . 3.1 - 8
RG-7 RG - " 2.6 ) 8
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Fig. 3.11. InPb/Th:InThO/Th and InPb/ThO:InThO/Th for SHRIMP sessions SHII-6 and RG-
4,

3.3.4.3 Standard Calibration errors
Initially, the uncertainty in the standard calibration was calculated as the percent

standard deviation of the raw *"°PbA7°(U0,") or 2®Pb'A*(ThO") standard analyses.

However, this sometimes resulted in an overestimation of the analytical errors for the
calibration standard MG1 which sometimes gave MSWD’s of < 0.3. A more realistic
approach in accessing the reproducibility of the standard is to incorporate the

common Pb correction and elemental counting errors. Using the calibration corrected
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206pb* A0, and 208PbJr/m(ThOﬁ ratios and their counting and common Pb
correction errors, the additional error required for the ratio errors to reach unity
(MSWD=1) can be determined using an ISOPLOT weighted mean algorithm. It is this
error, termed the ‘constant external error’ which was used as the calibration error for
each analytical session. For the sessions where the counting errors and the common
Pb correction error entirely accounted for the dispersion in the standard
26pp*A7%U0,™) and/or 2Pb*/*2Th!°0" ratios, a minimum calibration error of 1 %
was applied, which is a typical minimum value applied to SHRIMP *"Pb/**U
calibrations. Using this method, the reproducibility of MG1 for both 2Pb*/2"°(U0,")
and 2®*Pb*/Z*Th'0" ratios ranged between 1-3.5 % (10).

3.3.5 Quantitative elemental SIMS xenotime analysis

Quantifying the elemental concentrations of geological materials by SIMS is
significantly hampered by matrix effects. To overcome this problem both theoretical
and empirical models have been used with varying degrees of success. Perhaps the
most studied of the theoretical models used to describe the SIMS ionisation process is
the local thermal equilibrium (LTE) model of Andersen & Hinthorne (1973). This
model hypothesises that a plasma layer exists above the target where atoms, ions,
molecules and electrons are in local thermal equilibrium with each other. Using
atomic properties such as ionisation energy and electron affinity, Saha—Eggert
equations are used to predict relative ionisation yields. However, the LTE model has
serious shortcomings as investigations have shown that temperature and electron
densities used by this method are inconsistent with the existence of a true thermal
equilibrium (Benninghoven et al. 1987; Cristy 2000). Although other theoretical
models have been developed in an attempt to quantify SIMS measurements (see
Benninghoven et al. 1987), the best results have been obtained by more empirical

approaches that use matrix matched standards and relative sensitivity factors (RSF).

The use of RSF to calculate elemental concentrations from SIMS analyses has
achieved widespread acceptance. The RSF approach as explained by Benninghoven et
al (1987) (pages 290-291) is outlined below. RSF are calculated from the ratio of the
practical sensitivity of the elements of interest. Where the practical sensitivity of

element ‘A’ ie., [Sp(A)] is defined as: cps/mA/concentration (ppm). Therefore the

77



RSF of element A with respect to element R is [S{A)] = Sy(A)/Sy(R). Therefore, the
concentration of element ‘A’ can be calculated from the ratio of the ion currents of
elements A and R and the known concentration of the reference element R in the

sample (usually measured by EPMA) according to the equation:
C(A) = 1/S{A) * (A'/R")* R (ppm) (eq. 3)

Where C(A) is the concentration of element A, A™ and R" are the ion currents of
elements A and R and R (ppm) is the known concentration of element R. The
procedure used for the technique described above involves the determination of RSF
from standards of known composition which are then compared to ‘unknown’

samples that ideally are matrix-matched.

The approach outlined above deviates from that typically used for U abundance
determinations for SHRIMP zircon analysis. For this method, a comparison is made
between a matrix matched standard zircon of known composition and the ‘unknown’
zircon. The assumption used in this technique is that the Zr content for the vast
majority of zircon is constant within a few wt% and as such can be used as a reference
element, without external EPMA analysis. The method involves a calibration between
6(zr,07)/*U" and *(UO")/**U" which obeys a power law of the form y = ax”®
(Claoue-Long et al. 1995). Ireland & Bukovanska (2003) state for SHRIMP analyses
of the standard zircon SL13, U determinations are generally within 10 % of the long
term average which approximately equates to the known variation of U in this

mineral.

The range of Y abundance and the substituting HREE in xenotime means that there is
no element of constant concentration that can be used as a reference from which to
calculate elemental abundances. For example, the WDS data displayed in Table 2.1
(Chapter 2) show that Y;03 concentrations can range from ~34 to 46 wt%. Even the
reference xenotime samples used as a part of this study have Y concentrations that
differ between samples by ~5 wit% Y203 (Table 3.2). Therefore, SHRIMP based
elemental abundance calculations in xenotime using Y as a reference element
(without external EPMA analysis) will be biased by the actual Y concentration
contrast between the standard and unknown.
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With the above considerations in mind, Fletcher et al. (2004) argued that first order U
abundance estimates were achievable via a method of U abundance scaling. This
method relies on an observed correlation between >**(U0™)/"**(Y,0") ratios and WDS
U concentrations determined from the same locations (see Fig. 6 from Fletcher, et al.
2004). U abundances are then derived by calculation of a U sensitivity factor, which is
simply the average WDS U concentration of the standard, divided by the average
PHU0NY(Y20") of the standard. The U concentration of an unknown is then
calculated by multiplying the sensitivity factor by the **(UO")/"*(Y,0") of the
unknown.

3.3.5.1 WDS and SIMS elemental quantification
In an effort to determine the most suitable SIMS elemental quantification method for

xenotime, the method of U abundance scaling proposed by Fletcher et al. (2004) was
trialled against quantification via relative sensitivity factors as explained above, using
either Y or Ho as reference elements. With these methods U concentrations were
calculated from SHRIMP analyses of the reference xenotimes and compared to WDS

U abundances determined at each spot location prior to SHRIMP analysis.

For determination of U abundance using the scaling method of Fletcher et al. (2004),
MG1 was used as the U standard and the ’°(UO,") molecule as a proxy for U
concentration. Nine WDS analyses of fragments from MG1, have an average U
concentration of 965 + 65 ppm (2o, SDOM; Standard Deviation of the Mean), which
was used as the reference U concentration of MG1 for this experiment. The reference
U value for MG1 has a 2o variation of ~6.7 %, therefore U abundance calculations

for ‘unknown’ xenotimes at best can only be expected to be accurate to this amount.

MG1 was also used as the standard for U abundance determinations using RSF, i.e.,
RSF(y) and RSF(po). Y was measured as '**(Y,0"), Ho as "*'(HoO") and U as
(U0,"). The average of nine MGl WDS and SHRIMP analyses was used to
determine the RSF, where RSFy.y) has a value of 45.96 and RSFqy ) 0.39.

Therefore, the 270(U 0,") molecule is more efficiently ionised than P4y,0™) but not as
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efficiently as ]81(H00+). For the RSFwu_v) and RSFu 1o, Y and Ho concentrations
were determined by WDS for each of the unknowns prior to SHRIMP analysis.

Table 3.6 shows the comparison between the xenotime WDS U abundance
measurements for the reference xenotimes (MG1, BS1, 76413 and NY/PK 6-80) with
the SHRIMP based U determinations. The WDS U xenotime data clearly show the
limitations of EPMA of U. Although the xenotime samples with U concentrations
greater than ~ 1 wt% have individual uncertainty estimates of ~6—7 % (o) (i.e. Z6413
and NY/PK 6-80), the xenotime with U concentrations significantly below ~1000
ppm have very imprecise U determinations. For example, WDS U determinations of
BS1 range between 150 and 570 ppm, and have individual 1o precision estimates of
~30 to 114 %.

The three different SHRIMP xenotime U abundance determination methods shown in
Table 3.6 are best assessed with reference to the results for 26413 and NY/PK 6-80.
Comparisons between the results of MG1 are excluded as in each of the methods
MG1 was used as the calibration standard. The highly imprecise WDS U
determinations for BS1 result in all three of the SHRIMP based U abundance methods
falling well within the analytical errors of the WDS determinations. Therefore the
relative merits of the three SHRIMP based techniques for BS1 cannot be assessed
independently. The comparison between the three SHRIMP based methods of U
concentration determination for Z6413 and NY/PK 6-80 show that RSFu o)
performs the best overall, with individual U determinations generally within 5 % of
the WDS value. Furthermore, the SHRIMP U abundance determinations using RSFy.
yv) are generally more accurate than the U abundance scaling method of Fletcher et al.
(2004) by approximately 67 %.

The better results of RSF_y) in comparison to the U scaling method of Fletcher et al.
(2004) are partly explained by the ca. 3-5 wt% difference in Y concentration that
76413 and NY/PK 6-80 have with the standard MG, that is compensated for with
RSFq_y,. However, the superior results of RSFwu_po over RSFu_y) are less easily
explained. It may be that the ionisation of Y varies in the reference xenotimes, i.e. that

the Ig'4(Y20+) molecule is subject to matrix effects. This may be supported by the
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findings of Zinner & Crozaz (1986) who suggest that RSF for major elements are
more affected by the matrix than for trace elements. Although the concentration of Ho
in xenotime is not in trace proportions (usually about 1 wt%o) its low concentration

compared to Y may mean that Ho is relatively insensitive to matrix effects.

Table 3.6. Table comparing WDS and SHRIMP-based xenotime U abundance determinations
for reference xenotimes analysed in RG-2. Of the three techniques presented, RSF g is
superior (see text).

Uppm
(WDS) U ppm %% diff, to % diff. to % diff. to
U ppm Seerror Fletcher et WDS U ppm WDS Uppm WwDS
Labels (WDS) (o) al. (2004) value RSF (U-Y) value RSF (U-Ho) value

MGI1-1.2 852 22 861 i 865 2 865 1
MGI-1.1 853 22 860 1 865 1 892 5
MG1-1.3 946 20 881 -7 877 -7 854 -10
MG1-1.4 1006 19 1027 2 1012 1 973 -3
MGI1-1.5 941 20 922 -2 935 -1 955

MGI1-1.6 891 21 893 0 903 1 935 5
MGI-1.8 968 20 973 1 981 1 996 3
MG1-1.9 1104 18 1173 6 1173 6 1167 6
MGI-1.10 1125 17 1096 -3 1076 -4 1036 -8
76413-1.1 13479 6 16128 16 14858 10 12924 -4
76413-1.11 10453 7 12526 17 11500 10 10294 2
76413-1.2 16480 6 21145 22 19345 17 16034 -3
Z6413-1.3 10472 7 12387 15 11338 8 10268 -2
Z6413-1.5 15273 6 19113 20 17392 14 14666 -4
76413-1.6 17082 6 22717 25 20663 21 16463 -4
Z6413-1.7 8122 7 9348 13 8539 5 7989 -2
Z6413-1.8 7483 7 8597 13 7961 6 7404 -1
76413-1.9 7091 7 7679 8 7177 1 6996 -1
NYPK-1.1 13815 6 18157 24 16097 17 13178 -5
NYPK-1.2 14394 6 18900 24 16744 16 13912 -3
NYPK-2.] 10950 7 13850 21 12526 14 10851 -1
NYPK-3.1 11543 6 15139 24 13571 18 11343 -2
NYPK-4.1 12908 6 16049 20 14379 11 12171 -6
NYPK-3.1 17493 6 23876 27 20869 19 16191 -7
NYPK-6.1 12894 6 15590 17 14069 9 11992 -7
NYPK-6.2 13166 6 16698 21 14930 13 12406 -6
NYPK-9.1 15538 6 18347 15 16286 5 13416 -14
BS1-1.10 225 78 291 23 270 20 249 11
BS1-1.3 360 50 400 10 366 2 325 -10
BS1-1.4 156 114 332 53 304 95 260 67
BS1-1.5 226 79 368 39 338 50 304 35
13S1-1.6 162 109 174 7 161 0 152 -6
BS1-1.7 332 54 539 38 493 49 421 27
BSi-1.8 363 49 440 17 406 12 357 -2
BSI-1.9 262 67 303 14 283 8 263 0
BS1.2 568 32 578 2 534 -6 492 -13

The up to ~10 % variation in Y content between different xenotime grains precludes
this element from being used as a reference without knowledge of its actual

concentration. Therefore the U scaling method proposed by Fletcher et al. (2004)
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should be avoided. SHRIMP elemental quantification using RSF_to) can reasonably
be expected to be within ~5-10 % of the actual value, whereas RSF.y) can be

expected to be within 15-20 % of the real concentration.

The SHRIMP U-Pb-Th xenotime matrix correction technique detailed later in this
chapter critically depends upon the accurate determination of xenotime chemical
composition. As discussed above, the SIMS quantification of elemental abundances in
xenotime is best determined with RSF that are normalised to either Ho or Y
determined independently by EPMA. The abundance levels of the significant REE in
xenotime (i.e. Nd-Lu) and good precision achievable with EPMA for these elements
mean that their analysis is most efficiently carried out by this technique prior to
SHRIMP analysis. The abundance of U in concentrations of ~1000 ppm or greater can
be determined accurately by EPMA. However, for xenotime with significantly lower
levels of U the use of RSF(_ne) or RSFy_y) is preferred. Similarly, EPMA analyses of
xenotime with Th abundances less than ~500 ppm are imprecise, and Th
concentrations are beiter determined from SHRIMP derived Th/U ratios (see below

for calculation).

Accurately targeting the SHRIMP spot at the same sample location as analysed by the
EPMA requires great care in recording the location of the WDS spot. Using an Au
coat for EPMA analysis greatly helps this task as the electron probe beam ‘welds” the
Au onto the sample surface leaving a bright spot which is easily photographed and

indeed clearly seen on the SHRIMP video monitor.

A Monte Carlo simulation of the EPMA excitation volume using the Casino program
(V 2.4.2) for an average xenotime matrix using a ca. 1 pin diameter, 25 kV electron
beam, shows that ~99 % of the electrons penetrate to a depth of ~2.4 um. By contrast,
it is estimated that the SHRIMP primary beam when focussed through a 30pm
aperture spuiters a region of approximately 5~7 pm in diameter by 0.5—1 pm in depth.
Therefore, when using the combined analytical results from the electron probe and
SHRIMP to determine elemental abundances and Pb/U—Pb/Th ratios, it is assumed
that the xenotime samples are homogenous at the maximum combined sampling scale
of both methods, i.e., the analysed xenotimes are homogenous at a scale equivalent to

a 7 pm diameter spot that penetrates 2.4 pm into the sample. Modelling the excitation
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volume of the electron microprobe analysis as a sphere and the sampled volume of the

SHRIMP spot as a cylinder, equates to a total sample volume of ~45 pm’.

3.3.6  SHRIMP xenotime Th/U ratios

Xenotime Th/U ratios were determined using the known age of MG1 (490 Ma) and
the 2%®Pb*/*Pb" and *(ThO™)/»*(UO™) ratios following the method of Williams et
al. (1996). This method relies on the strong correlation between 208ph*2%ph* and
248(ThO"”)IZSC‘(UOJr) to define a calibration factor to correct SHRIMP
248(T hO*)/m(U O") ratios to their true **Th/”*U ratio (Fig. 3.12). Assuming a closed
Th—U—Pb system for MG1, radiogenic *®*Pb/°Pb and ***Th/***U define a Th—
U—Pb isochron with a fixed gradient of 0.310 (i.e. ‘expected’). To obtain a Th/U
calibration factor, the observed gradient for the SHRIMP determined 28pp, 2 %pp*
and ***(ThO ")/ (U0 ) (typically ~0.258, ‘observed”) is divided by the expected value
(i.e. observed/expected). Therefore, the Th/U ratios are simply calculated by equation
4:

227h/P8y = ¥ ThoH (U0 [0.832] (eq. 4
The difference between the expected and observed Th—U—Pb isochrons is

attributable to the interelement fractionation between *>ThO" and 4(UC)+) (Williams

et al. 1996).
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Fig. 3.12. 2°pb"/2°Pb" vs. *§(ThO")**(UQ") isochron.
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It is clear that the Th/U calibration factors differ between SHRIMP RG and SHRIMP
II. There is also minor variation in the Th/U calibration factors between analytical
sessions as is the case for monazite. Table 3.7 shows the Th/U calibration factors for
MGI1, BSI] and 76413, for six different analytical sessions using SHRIMP II and
SHRIMP RG.

Table 3.7. Representative Th/U calibration factors calculated from MG1, BS1 and 26413, for
both SHRIMP II and SHRIMP RG instruments. (EF = energy filter).

Session SHRIMP | EF MGI1 BS1 76413 | average
SHII-6 11 50% | 0.831 0.828 |0.832 | 0.830
SHII-4 11 - 0.876 0.862 | 0.876 |0.871
SHII-3 11 - 0.862 |[0.856 |0.866 |0.861
RG-1 RG - 0.938 10932 |0.948 |0.939
RG-7 RG - 0.929 0.928 |0.955 |0.937
RG-4 RG - 0.928 0.931 [0.955 |0.938

For the two SHRIMP II analytical sessions that did not use energy filtering (SHII-3
and SHII-4), the Th/U calibration factors for the xenotime standards vary internally
by up to ~1.5 %, and by ~2 % between the sessions. However, the average value of
these sessions for the three standards is 0.871 and 0.861, representing only a ~1%
difference. The Th/U correction factors for the SHRIMP Il energy filtered session
(SHII-6), internally varies by only ~0.5 % and has an average value of 0.830 which is
~5 % lower compared to the unfiltered sessions. This is probably due to the different
energy ranges of THO" and »'UO" ions that were sampled during the energy
filtered session. The average Th/U correction factors for the two unfiltered SHRIMP
IT sessions of 0.871 and 0.861 are within ~2 % of the calibration factor of 0.883
calculated by Fletcher et al. (2004) using a SHRIMP II instrument and an unfiltered

secondary ion beam.

Th/U correction factors calculated from the three SHRIMP RG sessions are
significantly elevated compared to the SHRIMP II results, with an average value of
0.938. However, although the Th/U correction factors for BS1 and MG are similar to
within 0.5 %, for these sessions, the calibration factor for 76413 is elevated in

comparison to MG1 and BS1 by between ~1.7 and 2.8 %. Using the results from
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session RG-1, the apparent elevation in the Th/U correction factor for Z6413 may be
related to the limited number of analyses used to define the calibration factor (n=7).
Figure 3.13 is a diagram showing ***Pb*/2“Pb" vs. 2)(ThO")/***(U0") plots for MGT,
BS1, Z6413 and D43764 for session RG-1. This diagram shows that the Th/U
correction factor for the high U-Th-REE xenotime D43764 is within 0.5 % of the
correction factors determined for MG1 and BS1. Therefore, the slightly elevated Th/U
correction factor for Z6413 is not representative for this SHRIMP RG session.
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Fig. 3.13. Pb"/"Pb" vs. *(ThO")/**(UO") isochrons for reference xenotimes analysed in
session RG-1. Samples BS1, MG1 and D43764 have Th/U correction factors that are accurate
to within 0.5 %, demonstrating that Pb/U—Pb/Th matrix effects do not affect this calibration.

Error bars are approximately the same size as the symbols.

The variation in Th/U calibration factors is dependant on the instrument used and the
analytical conditions employed. Xenotime Th/U correction factors collected from two

separate SHRIMP II instruments from an unfiltered secondary ion beam (i.e. Fletcher
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et al. 2004 and this study) are within ~2 % of each other and as such, consistent.
However, energy filtering reduced the Th/U calibration factor by ~4 % in the above
example. The variation of the xenotime Th/U correction factors between sessions
demonstrates that this correction should be routinely determined for each analytical

session.

Fletcher et al. (2004) were concerned about a variation of ~3.5 % in the Th/U
correction factor determined from different xenotime standards and analytical
sessions, which was tentatively attributed to a matrix effect. However, variations in
the Th/U calibration factor between analytical sessions also occurs for monazite and
varies by ~6 % (Stern & Berman 2000). Interestingly, the Th/U calibration factors for
the different xenotime standards analysed in the three SHRIMP 11 sessions for this
study are internally very similar and indicate that the *®*Pb"/"°Pb" wvs.
248(Th0+)/254(UO+) calibration is unaffected by matrix contrasts which cause the
extreme Pb/U—Pb/Th matrix effects. The consistent Th/U correction factors for
MG1, BS1 and D43764 (Fig. 3.13) for the SHRIMP RG session RG-1 also support
this.

3.3.7 Scattered ions in the vicinity of mass ***Pb

Excess ion counts at mass “**Pb were reported by Fletcher et al. (2004) to occur in the
secondary ion spectrum of xenotime. SHRIMP monazite analysis also encounters
excess ion counts at mass 2**Pb, the intensity of which was shown by Berman & Stern
(2000) to be related to the Th concentration. However, Ireland et al. (1999) suggested
that the interference is also related to the monazite REE concentration and identified
the doubly charged molecule **Th'*NdO, ™ as the causal molecular species. Excess
counts on the ***Pb peak renders the 204 correction method unusable. This is a serious
problem especially for Proterozoic and older rocks which rely on the 204 correction.
Energy filtering has been found to remove these excess counts during monazite
analysis. First proposed by Stern & Berman (2000) this technique is now common
practice for the SHRIMP II analysis of monazite, where it is also used to reduce the
size of the ThO™ secondary ion current. However, energy filtering of the secondary
ion beam reduces the total secondary ion current and therefore sensitivity of the

analysis.
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Fletcher et al. (2004) suggested that like monazite, the intensity of the 2Mpp
interference in xenotime was related to the Th content. These researchers
demonstrated that the 204 correction resulted in over corrected *’Pb/2*Pb ratios and
that the uncorrected Pb ratios were more accurate. Fletcher et al. (2004) concluded
that the excess mass 204 counts were caused by an interference. For xenotime
analysis, the 204 interference can be removed by a post-magnet retardation lens
(Fletcher et al. 2000), or alternatively, by energy filtering indicating that the

interference is a low energy species.

Experiments conducted during this study indicate that the excess counts at mass 2pp
encountered during SHRIMP II xenotime analysis, inay not be related to Th
concentration. SHRIMP 1I xenotime experiments showed that for analyses conducted
with a ~3 nA, Oy primary beam, the count rate at the mass **'Pb and background
positions are approximately equal and ranged between 2-3 cps. Figure 3.14 shows
that the measured **Pb counts for MG1, BS1 and Z6413 do not correlate with Th
content, contrary to the suggestion by Fletcher et al. (2004). The equal count rates at
the mass “*'Pb and background positions show that it is not only the 2¥Pb peak that is
affected. For SHRIMP II xenotime analysis, under the analytical conditions
mentioned above, the scattered ions can be removed by removing the lowest energy
secondary ions, reducing the total secondary beam by ~50%. Alternatively, the
scattered ions can be removed by the post collector slit retardation lens, which is the
standard procedure used for xenotime analysis carried out at the Curtin University of

Technology. Perth, WA (lan Fletcher pers. comm. 2004).

In contrast to SHRIMP II, the design of SHRIMP RG effectively filters out any
scattered ions before they reach the collector. For SHRIMP RG, only a single mass
species enters the ESA, prior to entering the collector. However, for SHRIMP I1, the
entire ion beam passes from the ESA into the magnet where collisions between
molecules and the flight tube result in scattering and a loss of energy. Because of the
energy loss, the scattered ions can be removed from the mass spectrum by energy
filtering. The presence of scattered ions near mass 204 in both monazite and
xenotime, both REE rich minerals, suggests that it is the REE ions that are being

scattered.
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The majority of published SHRIMP xenotime U-Pb analyses have been conducted on
tiny overgrowths and hydrothermal crystals, ~5—10 pm spot sizes and primary beams
of ~0.5-0.8 nA O% are regularly used. Under these instrumental conditions, the
precision of each analysis is significantly reduced in comparison with routine U-Pb
zircon analysis. Additionally, the removal of scattered ions with either the retardation
lens or by energy filtering during SHRIMP II xenotime analysis removes a significant
percentage of the secondary ion spectrum and therefore, further lowers the precision
of the analysis. By contrast, xenotime analysis with SHRIMP RG requires no
additional energy filtering and hence, no attendant loss of precision. With these
considerations in mind, SHRIMP RG was chosen over SHRIMP II as the most

suitable for xenotime U-Pb and Th—Pb analysis.
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Fig. 3.14. Plot of the individual *™Pb count rates vs Th concentration for MG1, BSI and
76413 session SHII-4. There is no apparent correlation between Th concentration and the
*“Pb count rate.

3.4 Reference xenotime U-Pb and Th-Pb raw age determinations

Chemical contrasts between the reference xenotimes were found to cause significant
Pb/U—Pb/Th matrix effects (ME). In general, a high U xenotime, when measured
relative to a low to moderate U standard, results in elevated *°Pb/**U and 2®Pb/**Th
ratios for the unknown sample, producing reversely discordant compositions (Fig.

3.15a). The opposite occurred when a xenotime with low to moderate U

88



concentrations was calibrated against a high U standard, that is, the ‘unknown’

sample appeared normally discordant (Fig. 3.15b).

oio7e laca.poiot accec alicoas 2ca 82 1% b it accoc alioams acadR 2%,
a 26413 b MG1
xenotime s b rat. “*PuU age 480 Ma xenotime

1060
0.074 |

rof. “*Pb/ U age 934 Ma oo |

0072 b 480

*por™pb

0,070 }

g
27py

0.068
s 45 55 8.5 75 " 13 15 17 19

Fig. 3.15. Concordia plot of raw xenotime U-Pb analyses for Z6413 (a) and MGl (b) (session
SHII-4). Fig. 3.15a demonstrates the effect of a U matrix mismatch, which favours the
unknown and results in reversely discordant results, and Fig 2.15b, is the opposite situation
where a U matrix mismatch favouring the standard, resulits in normally discordant results.

Figure 3.16 compares the independently calculated raw 206pp2331 and raw 2P/ Th
ages as well as the *”’Pb/*%Pb ages for Z6413 (high U), calibrated against MG1 (low—
moderate U) using SHRIMP I1. This graph shows that the “*Pb/”*®*U and ***Pb/***Th
ages for Z6413 are highly correlated (R=0.99) and similarly elevated by
approximately [4 % relative to the reference age for this sample. Additionally, the
207pp/2%ph ages for 76413 appear to be unaffected by matrix contrasts or scattered
ions and lie within error of the reference age. Xenotime Pb/U—Pb/Th ME are also
evident between xenotimes with contrasting Th and/or HREE concentrations. Figure
3.17 shows that the raw Pb/U—Pb/Th ages for BS1 (low U, high Th and HREE)
when calibrated against MG1 are elevated by between 5 and 6 %. “*Pb/**U and
2%8pb/?*Th xenotime matrix effects are also evident in SHRIMP RG analyses. Figure
3.18 demonstrates that the *“Pb/**U and 2®®Pb/**Th ages from the high U xenotime
D43764, when calibrated to MG1, are elevated by ~18 % and are also strongly

correlated (R= 0.95).

Pb/U and Pb/Th xenotime ME can be minimised when contrasts in U, Th and REE
between standard and unknown are minimised. Figure 3.19 demonstrates the contrast
in 2%pp/2iU ages for D43764, after calibration against a low U standard MG1 and the
high U standard Z6413. D43764 analyses, when calibrated to MG1, yield Hepp 2y

ages that are clevated by ~20 %. However, when the same 1D43764 analyses are
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calibrated to Z6413, which has broadly similar U concentrations, the 206pp/238y ages
are closer to the reference age. Therefore, matching xenotime matrix components is

the most desirable approach to SHRIMP xenotime Pb/U—Pb/Th dating.

1300

1250

1200

1150

1100

Age (Ma)

1050

1000

950 —e—206/238
Ref *Pb/®Pb age (997 Ma)
900 —m— 208/232

B B W Ref Pb/U age (994 Ma)  —&—207/206

850

26413-4.7
Z6413-1.1
26413-4.1
Z6413-4.3
26413-4.5
Z6413-5.1
Z6413-5.13
Z6413-5.3
26413-5.5
26413-5.7
Z6413-5.9

Z6413-5.11

Fig. 3.16. Plot showing the individual SHRIMP results for raw Pb/U—Pb/Th and **’Pb/***Pb
analyses of Z6413 (session SHII-4). Results for Pb/U—Pb/Th are elevated by ~14%, and
strongly correlated (R=0.99). The **’Pb/*"Pb ratios are within error of their reference age.
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Fig. 3.17. Plot showing the individual SHRIMP results for Pb/U—Pb/Th analyses of BS1
(session SHII4). The raw Pb/U—Pb/Th ratios are within error of each other, but elevated by
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Fig. 3.18. Plot of individual SHRIMP results for Pb/U—Pb/Th analyses of D43764 (session
RG-1). The raw Pb/U-—Pb/Th ages are within error of each other and strongly correlated
(R=0.95).
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Fig. 3.19. Plot of the individual SHRIMP raw Pb/U—Pb/Th results for the high U reference
xenotime, D43764. The most elevated Pb/U—Pb/Th ratios have been calibrated to the low to
moderate xenotime MG1. However, the raw Pb/U—Pb/Th ages for D43764, are more
reflective of their reference age, when calibrated to the high U xenotime Z6413.
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A significant finding of this study has been to demonstrate that both **Pb/***U and
?%pb/*Th SHRIMP xenotime determinations are similarly affected by matrix
contrasts between calibration standard and unknown. Figures 3.16, 3.17 and 3.18,
show the close relationship between the raw 206pp/23#U and 2%*Pb/Th ages. In each
of these cases, the independently calculated “*Pb/**U and *®Pb/**Th ages for
Z6413, D43764 and BSI are all within error of each other. ***Pb/**U-"""Pb/**Th
concordia diagrams also demonstrate this. Figures 3.20a & 3.20b show **Pb/*U-
"8pb/S2Th concordia diagrams for Z6413 and BS1, and demonstrates that these
samples have concordant to near-concordant compositions, that are however,
significantly elevated in comparison to their reference ages. Of interest also is the
magnitude of the SHRIMP xenotime ***Pb/***U ME found in this study, compared to
that of Fletcher et al. (2004). For 26413 analyses calibrated to MG, this study
typically observed the 205238 ratios for Z6413 to be elevated by ~15 %. However,
Fletcher et al. (2004) using a SHRIMP II instrument reports Z6413 analyses
calibrated to MG to be elevated by ~11 %,
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Fig. 3.20. U-Pb-Th concordia plots for BS1 (a) and Z6413 (b) (session SHIJ-4). Both
samples are shown to have elevated but concordant Pb/U—Pb/Th ratios.

3.4.1 Xenotime compositions and Pb/U—Pb/Th matrix effects.

Flectron probe analyses of the reference xenotimes allow both generalised
comparisons of the xenotime compositions with the SHRIMP U-Pb and Th-Pb ME,
and also more detailed spot-to—spot comparisons. Additionally, SHRIMP

and 190

determinations of 1""’(Dy()"L) (YbO") measured concurrently with the

206pK* 23801 and **Pb'/A*Th™ ratios were carried out to determine whether these
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species could act as monitors for the U-Pb and Th-Pb matrix—induced fractionations.
Typically, the best correlations between xenotime composition and measured
SHRIMP Pb/U and Pb/Th were observed in the samples with the biggest
compositional range. These are the two multi-grain samples NY/PK 6-80 and
D43764, and also fragments of the single crystal 76413, in which the range of U

content is up to 1 wt%.

3.4.2 General observations on the relationship between xenotime composition and
Pb/U—Pb/Th matrix effects.

As indicated above, matrix effects are strongly influenced by chemical composition.
Table 3.8 shows the averaged contrasts in U, Th and Y} REE between the reference
xenotimes and the calibration standard MG1, and also their typical SHRIMP Pb/U—
Pb/Th fractionations. The xenotimes with the highest observed U-Pb/Th-Pb
fractionations are Z6413, NY/PK 6-80 and D43764, which have fractionations
between ~15 and 20 % relative to the primary calibration standard MG1. Each of
these samples has U contents that are between ~1.1 and 1.4 wt% in excess of the MG1
U concentration. BS1, which has a lower U content than MG1, has typical Pb/U—
Pb/Th fractionations of ~5 %. The elevated levels of Th and/or Y REE in BS1 relative
to MG1 may also cause Pb/U-—Pb/Th ME. From Table 3.8 it appears that contrasts in
Th and/or ) REE between xenotime standard and unknown cause Pb/U—Pb/Th ME
which, although significant, are subordinate to the more extreme ME caused by

contrasts in U content.

Table 3.8. Table showing the typical SHRIMP xenotime Pb/U and Pb/Th fractionations for
the reference xenotimes and the contrasts they have in U, Th and ) REE with the Pb/U—
Pb/Th calibration standard MG1.

Sample Typical % Typical % Average U Average Th | Average
Pb/U Pb/Th ppm diff. to | ppm diff. to | Y REE wt%
fractionation | fractionation | MG1 MGI1 diff. to MGl

76413 15 ~15 12000 1000 2.8

BS1 ‘-6 -6 -500 2500 4.7

NY/PK 6-80 | "~20 "~20) 14400 2760 4.0

D43764 =16 ~16 11600 5300 4.0
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3.4.3 Within—session spot—to—spot monitors of the SHRIMP xenotime Pb/U and
Pb/Th fractionation

Significant positive spot-to-spot correlations exist between the raw (**Pb'/2"°(U0O,",
Bpb A(ThOY) ratios and *UO")/'(Y,0") ratios in the high-U xenotimes
76413, NY/PK 6-80 and D43764 (Fig. 3.21). These correlations are due to the strong
dependence of the xenotime 206I’bJr/T"C'(U();f) and *®Pb"A*(ThO") ratios on U

abundance.
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Fig. 3.21. Plots demonstrating the good correlations between 2*(UO")/'*(Y,0" ) ratios and the
20 27U 0, ) and 2*Pb*2*¥(ThO™) ratios for the high U reference xenotimes, Z6413,
NY/PK 6-80 and D43764.

Raw 2Pb*2%(U0,") and 2*Pb*/2*¥(ThO") ratios from Z6413, NY/PK 6-80 and BS1
are also positively correlated with *°(YbO™"y/ 1%(y,0" and YDy ")/ (Y,07), with
R values ranging between 0.78-0.97 (Fig. 3.22). The significant correlation between
("°(Yb0"), (Dy0 )/ *(Y,0") and the **Pb"/A"°(U0,") and 2®*Pb*A*¥(ThO") ratios
was unexpected as Y and the REE’s, Dy and Yb, substitute for each other in the
xenotime structure, all occupying the ‘A’ site. Indeed, WDS—determined Y and Yb
concentrations for NY/PK 6-80 demonstrate a strong negative correlation coefficient
(R=-0.85) supporting the Y=REE substitution (Fig. 3.23a). However, plots for the
SHRIMP—determined count rates for 194(YZOJ') verses 190(YbOJ') show them to be
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positively correlated, with R values of up to 0.99 (Fig. 3.23d). The positive
correlations between the SHRIMP *Pb"/27°(U0,") and the (**(YbO"), "(DyO")y
194(Y;’,OJF) ratios, suggests that the ionisation of these ratio pairs are similarly

influenced by changes in the xenotime matrix.
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Fig. 3.22. Plots demonstrating the good correlations between *°(YbO*y/'*(Y,0")and
"(Dy0")"*"Y,0" ratios and the “*Pb’/*°(U0,") and **Pb"/2**(ThO") ratios for the reference
xenotimes, 26413, NY/PK 6-80 and BS1.
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Fig. 3.23. Diagram comparing plots for WDS determined Yb,O; vs Y,0; concentrations
(wit%) and SHRIMP determined "’(YbO™) vs. **(Y,0") (counts/sec). The negative correlation
for the WDS determined values (3.23a) contrasts with the positive correlation for the
SHRIMP determined values (3.23d and 3.23b).

3.44 EPMA-WDS analysis as a monitor for SHRIMP xenotime Pb/U and Pb/Th
ME.

Independent WDS analyses made prior to, and at the same spot location as the
SHRIMP analyses, show a strong positive correlation between U content and the
SHRIMP 2%Pb*/A°(U0,") and **Pb'A**(ThO") ratios in the three high U xenotimes
76413, NY/PK 6-80 and D43764 (Fig. 3.24). In addition, Th and Si WDS
determinations are also shown to positively correlate well with the raw
26py210%U0,") and 2®Pb*A*¥(ThO™) ratios in Z6413 (Fig. 3.25a, 3.25d, 3.25g,
3.25)), whereas in NY/PK 6-80, only the Si concentration has a positive correlation
with the “*Pb'/A"°(U0,") and *®*Pb***(ThO") ratios (Fig. 3.25h, 3.25k). However,
the correlations between the “*°Pb*2%(U0,") and 2**Pb*/”**(ThO") ratios and the Si
and Th contents in these samples may simply be a proxy effect, resulting from the
positive correlation between Si and U in NY/PK 6-80 (Fig. 3.3h) and Si and Th with
U in Z6413 (Fig. 3.3¢ and 3.3d). Spot—to-spot correlations between the
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26pp*A7%U0,") and *®Pb'A*¥(ThO") ratios and WDS-determined YREE were not

observed in any of the reference xenotimes.
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Fig. 3.24. °Pb*/A(U0,") and *Pb"/*}(ThO") vs U ppm (WDS) plots demonstrating the
strong dependence that the “*Pb*/7°(U0,") and ***Pb' #**(ThO") ratios have with the U
concentration, for the high U reference xenotimes Z6413, NY/PK 6-80 and D43764.

In agreement with previous studies by Fletcher et al. (2000) and Fletcher et al. (2004),
xenotime Pb/U determinations were found to be positively correlated to the xenotime
U content. This is evident in the high-U xenotime samples Z6413, NY/PK 6-80 and
D43764, where both the **Pb'/A7°(U0,") and *®Pb"/***(ThO") ratios are positively
correlated with the SHRIMP *(U0")/***(Y,0") ratios and the WDS—determined U
contents. It 1s likely that the doininant control on the SHRIMP U-Pb/Th-Pb ME is a
mismatch in U content between standard and unknown. The dominance of the
xenotime U-dependant ME may mask, or dilute, any observable spot-to-spot effect
arising from concentration contrasts in Th and/or Y REE. However, the influence on
26pp"A70(U0,") and 2**Pb/2*¥(ThO™) ratios caused by matrix mismatches between Th
and/or YREE concentrations is evident in the elevated **Pb/**U and 2®Pb/”’Th
ratios observed in BS1 analyses calibrated to MG1. Additionally, positive spot-to-spot
correlations  between  *“Pb'/°(U0,") and  *®pb*A*®(ThO") ratios, and
PYbO Y (Y20Y), (Dy0" Y4 (Y,0") ratios in Z6413, NY/PK 6-80 and BS1,
indicate that the matrix effects that cause variations in the ““Pb"/*’°(U0,") and
2Py A8(ThO") ratios, also cause corresponding variations in the xenotimne

P2YbO" Y *(Y20") and (Dy0 ")/ *(Y,0™) ratios.
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Fig. 3.25. ™Pb"/7°(U0,") and *Pb"/A*(ThO") vs Si ppm and Th ppm (WDS) plots for the
reference xenotimes 26413, NY/PK 6-80 and D43764.

The wide range of actinide and REE contents in xenotime means that matching
concentrations of U and possibly Th and > REE between Pb/U—Pb/Th standards and
unknowns, is virtually impossible. For example, fragments from the Z6413 crystal
have a range in U content of up to ~1 wt% which can cause the SHRIMP 2*°Pb/2*U
ages (calibrated to MG1) to vary by ~15 % during a single analytical session. If
synthetic xenotime crystals were to be used as standards, they would need to be

chemically matched with the range of compositions in the unknown sample. This
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requirement could mean that the impractical situation arises where xenotime
standards would need to be synthesised to suit the range of compositions in a single
unknown sample. Therefore, for SHRIMP xenotime U-Pb/Th-Pb dating to be
effective, alternative SHRIMP analytical conditions or matrix correction procedures
need to be adopted that can correct 2°Pb/**U and/or **®Pb/**Th ratios over a wide
range of xenotime compositions. Two approaches were used in attempting to remove
the SHRIMP U-Pb/Th-Pb ME; energy filtering and empirically based matrix

corrections.

3.4.5 Energy Filtering

For SIMS analysis, the isotopic and chemical composition of the secondary ion beam
typically differs from that of the target. Fractionation of the secondary ion beam was
considered by Shimizu & Hart (1982) to be a basic feature of the SIMS sputtering and
ionisation process. Typically, isotopic fractionation favours the lighter isotope.
Shimizu & Hart (1982) suggested that the mass dependence of this fractionation is to
be expected, as the sputtering and ionisation process involves the transport and
transfer of energy and momentum from the primary ion beam to the target.
Additionally, the physical constraints that govern the chemical fractionation of the
secondary ion beam are complex and include differing elemental ionisation potentials,
mass, work functions and binding energies. For example, Shimizu & Hart (1982)
suggested that in some cases, low—mass species are preferentially sputtered whereas
in other minerals, components with weaker bonds to nearby atoms are more casily

removed.

Shimizu & Hart (1982) suggested that both isotopic and chemical fractionation of the
secondary ion beam is to a large extent energy dependent, and that this fractionation is
less obvious in the high energy ion population. Therefore, they suggested that the
chemical and isotopic fractionation of the secondary ion beam could be reduced, or

even eliminated, by energy filtering.
With the aim of reducing the Pb/U—Pb/Th ME observed amongst the reference

xenotimes, energy filtering of the secondary ion beam was trialled. Energy filtering

by removing ~50 % and ~90 % of the total xenotime secondary ion beam was carried
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out as described in section 3.3.2. An upper limit of ~90 % reduction of the total
secondary ion beam was considered the maximum level at which the energy filtering
experiments could be carried out without a prohibitive reduction in ion beam

intensity.

3.5 Results

Energy filtering of the secondary ion beam fatled to influence the SHRIMP xenotime
Pb/U—Pb/Th ME. That is, the relative ionisation yield of Pb" and/or U" in Z6413,
NY/PK 6-80 and BS1 remained elevated compared to that measured in the primary
calibration standard MG1. Even after ~90 % of the low energy component of the
primary beam was removed, the measured 296ph/2381J fractionation for the reference

xenotimes showed a similar level of fractionation to the unfiltered data sets (Table

3.9).

Table 3.9. Table comparing xenotime **’Pb/>*U fractionations of BS1 and Z6413, that were
collected using an unfiltered and filtered secondary ion beam.

session Sample | % Energy filter | % “"°Pb/~°U &
SHII-6 26413 90 ~17
SHII-6 BS1 90 ~4
SHII-4 76413 - ~14
SHII-4 BS1 - ~4

% "Pb/*"U 5 represents the percent deviation from their reference age

3.5.1 Empirically based U, Th, > REE. YbO/Y,0 based matrix Pb/U—Pb/Th

corrections

It has been shown in section 3.4 that variations in xenotime Pb/U—Pb/Th ratios are
strongly correlated with differences in target chemical composition. The approach
adopted to correct for xenotime Pb/U-—Pb/Th ME was therefore to quantify them by
concurrently analysing a number of reference xenotimes with contrasting

COmpositions.
For the initial experiments conducted for this project, it was hoped to monitor and

correct the xenotime Pb/U—Pb/Th ME from elemental ratios collected within a

SHRIMP xenotime Pb/U—Pb/Th dating experiment. The most promising ratio pair
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for this role is "°(YbO"y'*(Y,0"), which was shown to correlate well with
2%pb AU, ratios in NY/PK 6-80, Z6413 and BS1 (Fig. 3.22). This suggests that
this ratio pair, by tracking changes in xenotime Pb/U—Pb/Th fractionation, could also
be used to correct the ME via a secondary calibration. Figure 3.26 is a plot of the
proportional ME (raw ***Pb/~*U age/reference *"°Pb/*U age) for NY/PK 6-80, BS1
and Z6413 calibrated to MG1 for session SHII-1. Although the analyses of BSI and
NY/PK 6-80 lie on similar trajectories, those of Z6413 do not. The data shown in Fig.
3.26 demonstrate that the **Pb/~*U ME of BS1 could be used to correct the ME of
NY/PK 6-80, but not that of Z6413. The trajectories shown in Figure 3.26 of BS1 and
NY/PK 6-80 compared with Z6413 are probably the result of compositional contrasts
between these samples. Although the good correlation between the proportional
26pp/8U ME and the °(YbO")/*(Y.0") ratios is worth noting, a Pb/U—Pb/Th

calibration based solely on this relationship would not be valid.
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Fig. 3.26. Plot demonstrating the correlation between the relative fractionation of the raw
2pb/8U ratios vs (YO )/ (Y0 ratios, for the reference xenotimes BS1, Z6413 and
NY/PK 6-80. The correlation between these ratio pairs for BS1 and NY/PK 6-80 is evident,

however analyses for Z6413, follow a different trajectory.
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3.5.2 Multi-element Pb/U—Pb/Th ME least squares correction

A least squares methodology was developed that can be used to quantify and correct
xenotime Pb/U—Pb/Th ME. This method aims to quantify the xenotime Pb/U—
Pb/Th ME by a series of simultancous linear equations that relate the U-Pb/Th-Pb
fractionation of xenotimes of a known age (here called secondary standards) to the
chemical contrasts they have with the primary calibration standard. This technique
allows for more than one variable to be considered simultaneously, which in turn
allows for combinations of different elements to be assessed as to their effect on
correcting the xenotime Pb/U—Pb/Th ME. The technique is explained below with the
example variables of U, Th and Y REE. All experiments that were processed with this
technique use MG1 as the primary calibration standard and Z6413 and BS1 as the
secondary standards. Additionally, all elemental concentration values were derived by
WDS. The simultaneous equation used to model the Pb/U-Pb/Th ME is as follows:

Pb/U—Pb/Th ME = (x * AU) + (y * ATh) + (z * AYREE) (eq. 5)

For equation 5, Pb/U-Pb/Th ME is the percent Pb/U—Pb/Th mass fractionation of the
given secondary standard referenced to the primary U-Pb/Th—Pb calibration standard.
AU, ATh and AYREE represent the difference in the WDS determined elemental
concentration of these elements for each of the secondary standard analyses, relative
to the average values for the primary calibration standard. The unknown parameters
for these equations are given by X, y and z, and are the correction coefficients for AU,
ATh and AYREE. The numerical values for these correction coefficients can be
determined using a simple least squares method, using either the MATLAB program
or with Microsoft Excel Solver. Once the correction coefficients are computed,
correction factors for U, Th and Y} REE can be determined. For example, the U
correction factor (Ucp) is simply determined by multiplying the U correction

coetficient (x) by AU, equation 6.

Uc]:: (X*AU) (eq. 6)
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The U, Th and } REE correction factors for each analysis represent the proportion of
the raw Pb/U—Pb/Th ratio that has resulted from concentration mismatches with the
primary calibration standard, for a given element. Once the correction factors for each
of the U, Th and > REE are summed, they represent the total U, Th, > REE correction
which is applied to the raw Pb/U—Pb/Th ratios, as shown in equation 7. Once
determined, the correction factors can be used to correct for any U, Th or ) REE

induced, Pb/U or Pb/Th fractionation for a xenotime of unknown age.

UTRIREE ¢ Pb/U—Pb/Th = raw Pb/U—Pb/Th*(1-(Ucs+Ther+ YREEcr) (eq. 7)
(mc = matrix corrected)

A useful calculation which expresses the relative SHRIMP xenotime Pb/U—Pb/Th
ME caused by U, Th and > REE for a given analytical session, can be defined with
knowledge of the U, Th and Y REE correction factors (Ucg, Ther, Y REEcE) and AU,
ATh and AYREE. The calculation of the relative U correction factor for 206pp 23y
(U—% 2Pb/*8U) is shown in equation 8.

U-% 2°Pb/"8U = Uy /AU(ppm)/1000000 (eq. 8)

206Pb /238

From equation 8, the relative U correction factor (U-% U) represents the

8 ratio that results from every 1 wi% difference in

percent change in the raw *°Pb/
U concentration between the secondary standards and the primary calibration
standard. By calculating the relative correction factors for U, Th and YREE, an
assessment of the individual contributions that each element has had on the raw
Pb/U—Pb/Th ratios can be made for each analytical session. Calculation of this

parameter allows comparisons to be made between different sessions and instruments.

The key assumption underpinning the above method is that the function used to
quantify the Pb/U—Pb/Th ME is linear. The procedure outlined above is similar to
that used by Fletcher at al. (2004) to correct for SHRIMP Pb/U-Pb/Th ME in
xenotime. A similar approach was also used by Vielzeuf et al. (2005) to correct for

matrix effects associated with SIMS oxygen isotope analysis of Fe-Mg—Ca garnets.
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Combinations of U, Th and > REE were principally trialled as variables in the least
squares routine to determine which are the most effective in quantifying and
correcting for the xenotime Pb/U—Pb/Th ME. Additionally, Ca and Si concentrations
were also trialled, as these elements can occur in concentrations of up to 1000°s of
ppm, are responsible for actinide substitution into the xenotime lattice, and therefore
may themselves impact on the SHRIMP xenotime Pb/U—Pb/Th ME. The best results
were obtained using (U, Th, Y REE) and (U, > REE). Trials which included Ca and Si
gave poor results, indicating that these elements have little or no detectable effect on
xenotime ME. Additionally, trials which only used U and Th as variables also yielded

poor results.

3.53 U, Th and > REE Pb/U—Pb/Th least squares correction

The assumption underpinning this approach is that contrasts in xenotime U, } REE
and Th contents are all responsible for Pb/U—Pb/Th ME. This is also the premise that
Fletcher et al. (2004) used in developing their U, Th and >} REE relative correction
factors. Although U has been demonstrated to have a major effect on ME, } REE and
Th have not. Th was shown by Stern & Sanborn (1998) and Stern & Berman (2000)
to cause SHRIMP *®Pb/**U ME in monazite and therefore, by inference, may also
cause xenotime ME. Total REE concentrations in xenotime can vary by as much as
~10 wt%, and therefore be a significant cause of matrix contrasts between different

xXenotimes.

Table 3.10 compares the relative correction factors for U, Th and Y REE derived by
the least squares routine for nine xenotime Pb/U—Pb/Th dating sessions conducted
during this study, and also the relative correction factors for the same combination of
variables published by Fletcher et al. (2004). It is immediately obvious from the
results shown in Table 3.10, that the relative correction factors for U, Th and > REE
change for both 26pp28y and °Pb/*Th ratios, from session to session.
Additionally, the relative correction factors derived for U from this study exceed that
published by Fletcher et al. (2004) by a factor of two. The contrast in the U correction
factor between the results of this study and that of Fletcher et al. (2004) might be

104



explained by the different methods by which U was calculated. Fletcher et al. (2004)
used SHRIMP based calculations based on 2*(UO™)/'**(Y,0") ratios, which for high
U xenotimes such as Z6413 and NY/PK 6-80, overestimate the U concentration by
~25 % (see section 3.3.5 and Table 3.6). A significant over estimation of the U
194(Y20+) as a reference element will result in an apparent reduction in

the U-related Pb/U—Pb/Th ME, and therefore the U relative correction factor.

content using

Table 3.10. Pb/U—Pb/Th relative correction factors for U, Th and Y REE, for nine SHRIMP
sessions. Pb/U—Pb/Th correction factors determined by Fletcher et al. (2004) are also shown
for comparison.

206p LAy MWpp BT
session U Th REE | U Th YREE Shrimp
SHII-6 (Dec-05) 12.48 -5.96 1.36 10.68 -5.53 1.72 II

RG-2 (Sep-06) 11.66 12.58 0.90 11.4 0.37 0.94 RG

RG-3 (Nov-06) 13.03 1.60 1.04 12.14 4.73 1.57 RG

RG-7 (Feb-07) 10.26 22.38 0.37 11.01 26.31 0.66 RG

RG-4 (Oct-06) 11.37 -15.47 1.22 9.46 -10.84 1.28 RG

RG-5 (Oct-006) 14.17 -0.87 1.45 13.41 -10.59 | 2.67 RG

RG-6 (Nov-06) 11.27 17.48 0.17 9.94 10.41 0.18 RG

RG-1 (Jun-06) 11.39 5.14 0.44 11.17 1.08 0.68 RG
RG-8 (Apr-07) 11.88 3.43 0.55 10.23 15.55 0.96 RG
Fletcher et al. 6.28 3.01 0.79 246 0.63 1.6 Shrimp A
(2004)

Fletcher et al. (2004) preferred method.

For the SHRIMP xenotime analyses for this study, the Pb/U—Pb/Th relative
correction factor for U typically dominates the correction. The U relative correction
factors for the *°Pb/***U data are all positive and range from 10.26 to 14.17, with an
average value of 11.38. Also consistent are the 206pp/2381J relative correction factors
for >’ REE. These are also positive and range from 0.37 to 1.45, with an average value
of 0.83. However, the Th relative correction factors for the *Pb/”*U data have a
range from —15.47 to 22.38. This extreme range in the relative correction factors for
Th implies that differences in the SHRIMP instrumental conditions between
analytical sessions can cause Th contrasts between the same primary and secondary

/28U ratio. For example, the

standards to either increase, or reduce the xenotime 206pp,
relative correction factors for Th in session RG-7 indicate that for every one weight
percent difference in the Th concentration between the primary calibration standard
and secondary calibration standards, there is a 22.38 % increase in the 206p, 238y

ratio. Yet for session RG-4, a negative value for the relative Th correction factor has
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been calculated, indicating that for this session, every one weight percent difference in

Th concentration, results in a reduction of the 206ph/238¥ ratio by 15.47 %.

The relative correction factors for U, Th and Y REE for the 208pb/B2Th results are
similar to those for the **Pb/**U results. The relative correction factor for U ranges
between 9.4 and 13.41, and is consistently lower than that of the ***Pb/***U data. The
2 .REE relative correction factors for the 208ph/22Th results are also generally similar
to the 2°°Pb/***U data and range between 0.66 and 2.67. For the 208ph/22Th results, the
relative correction factor for Th varies from positive to negative values (—10.84 to

26.31).

The least squares matrix correction routine using U, Th and > REE as variables,
implies that Th mismatches can either significantly increase or reduce the **°Pb/”*U
and 2®*Pb/**’Th ratios. It is unrealistic to consider that differences in instrumental
conditions alone, from session to session, are responsible for this. A better
interpretation of these results is that Th plays either an undetectable or insignificant
role in SHRIMP xenotime Pb/U—Pb/Th ME. This possibility was explored by

omitting Th from the linear equations.

3.54 U->REE Pb/U—Pb/Th least squares correction

The relative correction factors for U and } REE derived from the least squares routine
from nine separate SHRIMP sessions are shown in Table 3.11. These results show
that the relative correction factors for U and > REE for both the 2%pp/2¥U and
2%pp/*2Th data are reasonably consistent from session to session and also between
different instruments and running conditions. Generally, the relative U correction
factors for the 2°Pb/2*®U data is slightly elevated compared with the 2°*Pb/***Th data,
whereas the relative correction factor for 3 REE is reduced in the 208pp28() compared

to the ®Pb/**?Th data.
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Table 3.11. Pb/U—Pb/Th relative correction factors for U and Y REE, for the same SHRIMP
sessions shown in Table 3.10.

2oph/=tu 2 ph/ Th
session U Y REE U Y REE Shrimp
SHII-6 (Dec-05) 12.52 1.09 10.73 1.47 1
RG-2 (Sep-06) 12.21 1.40 11.41 0.95 RG
RG-3 (Nov-06) 13.09 1.12 12.33 1.81 RG
RG-7 (Feb-07) 11.42 0.93 12.34 1.31 RG
RG-4 (Oct-06) 11.29 0.57 9.4 0.82 RG
RG-5 (Oct-06) 14.13 1.42 12.88 2.29 RG
RG-6 (Nov-06) 10.75 0.71 9.52 0.52 RG —‘
RG-1 (Jun-06) 11.67 0.76 11.54 0.78 RG
RG-8 (Apr-07) 12.13 0.62 11.33 1.28 RG

For the **Pb/?*U data, the U relative correction factor ranges between 10.75 and
14.73 and has an average of 11.89. For the same data, the Y REE relative correction
factors range between 0.57 and 1.42, with an average of 0.9. For the 298pp/22Th data,
the U relative correction factor ranges between 9.4 to 12.88, with an average value of
11.49, whereas the relative correction factor for Y} REE ranges between 0.95 and 2.29

and an average of 1.33.

Two experiments were conducted to test the effectiveness of the U-Y REE least
squares routine in correcting the Pb/U—Pb/Th ME for the reference xenotimes
NY/PK 6-80 and D43764, which were treated as ‘unknowns’. These were session
SHII-6 and session RG-1.

3.5.5 Results Experiment SHII-6 — SHRIMP II

Experiment SHII-6 was designed to test the U~y REE least squares matrix correction
method using MG1, Z6413 and BSI as the xenotime U-Pb/Th-Pb standards and
NY/PK 6-80 as the unknown. To reduce the acquisition time for each analysis, and
therefore increase the total number of analyses carried out during the experiment,
207ph was not measured. WDS analyses to determine the concentrations of U, Th and

Y REE were carried out prior to the SHRIMP analyses.
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3.5.5.1 Electron microprobe
Table 3.12 shows the averaged WDS determinations for U, Th and Y REE for MG1,

as well as the individual determinations for BS1, 76413, and NY/PK 6-80. This table
shows that the U, Th and ) REE concentrations in NY/PK 6-80 are generally similar

to the range of these elements measured in the secondary standards 76413 and BS1.

3.5.5.2 SHRIMP II
Twenty six analyses were carried out on the two secondary standards. The raw U-

Pb/Th-Pb ratios for these analyses, calibrated to MG1, show them to be mutually
concordant but elevated in comparison to their reference ages (Fig. 3.27a & b). Raw
(i.e. no Pb/U-—Pb/Th matrix correction) Pb/U—Pb/Th ratios for BS1 are elevated by
~4 % whereas those for 26413, are elevated by ~17% (Table 3.13a & b). However,
once the U, Th and Y REE corrections are applied, the U-Pb/Th-Pb ratios are
mutually concordant to near-concordant and corrected to within error of their
reference compositions (Fig. 3.27a & b and Table 3.13a & b and 3.14). Fourteen
analyses of BS1 combine to give a SHRIMP " 2*¥m¢ 26pp/38y age of 509 + 8 Ma
(95% conf.) with an MSWD = 0.55, and a near identical independently calculated V"
LREEme 2%8Pb/~Th age of 508 + 8 Ma (95% conf.), MSWD = 0.52. For Z6413, 12
analyses combine to give a " >="'mc “*Pb/**U age of 995 + 17 Ma (95% conf.,
MSWD = 0.2) and a "2**®me 2%Pb2?Th age of 995 = 19 Ma (95% conf., MSWD =
0.48).

Twenty five analyses were carried out on crystals from NY/PK 6-80. The
independently calculated **Pb/*U and ***Pb/*>Th raw ages are all concordant
within experimental error, but on average ~21 % elevated compared to the reference
2%ph/4U age of 1000 Ma for this sample (Fig. 3.28, Table 3.13a & b). The
dispersion in the Pb/U—Pb/Th ratios is strongly correlated to the U concentrations (R
= ~0.77). There is a ~25 % range in the uncorrected 206pb/ U and **PbAPTh ages.
However, once the U and ) REE matrix corrections are applied, the U-Pb/Th-Pb ages
correct to within error of the reference age for this sample. All 25 matrix corrected

206pb/ MU ages give an age of 993 + 13 Ma (95% conf.), with a MSWD = 1.31,
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whereas the matrix corrected ***Pb/*“Th ages combine to give an age of 1001 + 14
Ma (95% conf.) with an MSWD = 1.40 (Fig. 3.28 and Table 3.14).

Table 3.12. Generalised WDS results for session SHII-6. (3 REE =Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu).

Label U wit% + U % err. Th wi% +Th % err. EREE wt% + ZREE % err.
average MG1 (1o) (1o) (1)
n=14) 0.0910 6.05 0.0980 8.57 i3.43 225
BS1-2.8* 0.0230 76.96 0.1109 13.62 17.96 3.55
B31-2.9* 0.0388 46.65 0.3666 537 17.93 357
BS1-2.10* 0.0189 96.30 0.1008 18.35 17.81 3.50
BS1-3.1* 0.0363 49 31 0.2026 8.24 17.87 3.57
BS1-3.2* 0.0372 47 85 0.1892 872 17 .86 3.57
BS1-3.3 0.0518 3533 0.3081 6.07 18.02 3.57
BS1-3.4* 0.0515 3534 0.3028 6.11 17.52 3.56
BS1-3.5* 0.0565 3239 0.3097 5.97 17.47 3.57
BS1-4.1* 0.0493 37.12 0.4456 4.80 18.64 3.66
BS1-4.2* 0.0611 30.28 0.4372 4.83 18.08 357
BS1-4.3* 0.0791 23.51 0.4226 492 17.77 3.55
BS1-4 4* 0.0376 48.14 0.3890 5.19 18.49 3.64
BS1-5.1* 0.0604 30.46 0.4822 4.56 18.17 3.60
BS1-5.2* 0.0360 50.56 0.4246 4.95 18.61 3.58
26413-5.*1 1.3156 6.64 0.2291 7.46 16.22 3.55
Z6413-5.2% 1.2436 6.67 0.2182 7.70 16.26 3.56
Z26413-5.3* 1.5045 6.58 0.2580 6.82 16.19 3.56
26413-5.4* 1.2920 6.64 02214 7.63 16.16 3.57
26413-6.1* 1.2411 6.66 0.2173 7.73 16.33 354
26413-6.2* 1.2452 6.66 0.2235 7.56 16.39 353
26413-6.3" 1.1592 8.70 0.2014 8.19 16.36 3.53
Z26413-6.4* 1.2116 6.63 0.2034 8.16 16.33 3.54
26413-6.5* 1.5431 6.57 0.2704 6.62 16.50 3.53
Z6413-6.6* 1.6180 6.55 0.2807 6.45 16.39 353
Z26413-7 1% 1.3210 6.63 0.2215 7.63 16.38 353
Z6413-7.2* 1.2815 6.65 0.2171 7.74 16.45 3.52
NYPK-3.2 1.2782 6.65 0.3967 512 16.99 368
NYPK-3.3 1.2442 6.66 0.4425 479 17.09 3.67
NYPK-4.10 1.5305 6.72 0.4257 5.03 17.64 3.63
NYPK-4.11 1.3083 7.69 0.3535 5.91 17.21 3.69
NYPK-4.12 1.2738 6.81 0.4142 468 17.09 3.69
NYPK-4.1 1.6679 5.40 0.4451 4,60 17.84 3:51
NYPK-4.2 1.7252 6.53 0.4967 4.47 17.97 3.61
NYPK-4.3 1.7492 6.53 0.3683 5.38 17.68 3.61
NYPK-4.4 1.0538 6.76 03262 579 17.21 3.66
NYPK-4.5 1.2671 6.65 0.3221 5.84 17.51 363
NYPK-4.6 1.4494 6.60 0.3413 5.60 17.58 3.60
NYPK-4.7 1.7101 6.54 0.3236 5.81 17.25 3.64
NYPK-4.8 1.3095 6.64 0.2987 6.16 17.56 3.60
NYPK4.9 1.7983 6.52 0.2984 6.17 17.61 3.61
NYPK-5.1 1.4169 6.61 0.3423 5.64 17.70 3.59
NYPK-5.2 1.3404 6.63 0.2985 6.13 17.56 3.61
NYPK-5.3 2.2728 6.46 0.4898 4.51 17.52 3.64
NYPK-7.1 1.3453 6.63 0.3870 5.19 17.30 365
NYPK-7.2 1.7898 6.52 0.4417 4.82 17.97 3.58
NYPK-7.3 1.7553 6.53 0.3174 5.92 17.70 359
NYPK-8.1 1.4692 6.59 0.3506 5.50 17.70 3.58
NYPK-8.2 1.3585 6.62 0.3816 521 17.38 364
NYPK-8.3 1.5783 6.56 0.4391 483 17.85 3.58
NYPK-8.4 1.8349 6.51 0.3262 579 17.66 3.61
NYPK-8.5 1.3739 6.61 0.4230 4,92 17.30 3.64

* denotes secondary “°Pb/”**U standard.
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Fig. 3.27. U-Pb-Th concordia plots for BS1 (a) and Z6413 (b) used as secondary standards in
session SHII-6. The raw Pb/U—Pb/Th ratios are shown to be significantly elevated prior to
the U-Y REE matrix correction, which subsequently corrects these determinations to within

error of their reference compositions.
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Fig. 3.28. U-Pb—Th concordia plot for NY/PK 6-80, session SHII-6. Both raw Pb/U-Pb-Th
and matrix corrected Pb/U—Pb/Th ratios are plotted.
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Table 3.13a. Table showing the raw and matrix corrected ***Pb/**U ratios for session SHII-6.

Spot raw 206pp/238Y %8 UIREEN ¢. 2%pp/3ty 9% 2%pp2 By % &
name (* 1o %) (* 16 %) correction
BS1-2.8% 0.0831 3.4622 12 0.0798 3.58 39 29
BS1-2.9* 0.0867 2.4666 53 0.0832 2.55 4.1 12
BS1-2.10* 0.0898 3.2345 85 0.0865 342 3.7 5.0
BS1-3.1* 0.0855 3.6731 39 0.0820 31,73 4.0 0.2
BS1-3.2* 0.0870 29376 56 0.0835 3.01 4.0 1.6
BS1-3.3* 0.0865 24217 5.0 0.0827 2.49 4.4 0.6
BS1-3.4* 0.0826 2.6067 0.6 0.0795 2.66 3.8 3.4
BS1-3.5% 0.0862 2.4571 47 0.0829 2.51 -3.8 09
BS14.1* 0.0889 2.4495 16 0.0844 2.54 -5.0 27
BS1-4.2* 0.0850 3.5275 i3 0.0811 357 4.6 -13
BS14.3* 0.0857 3.0048 41 0.0818 314 4.4 -0.4
BS14.4* 0.0863 2.6964 4.8 0.0822 2.79 4.7 0.1
BS1-5.1* 0.0844 2.5385 2.7 0.0805 2.60 4.6 =2.0
BS1-52* 0.0843 2.8663 2.5 0.0802 296 -4.8 2.4
Z6413-5.1* 0.2042 2.5894 183 0.1669 3.32 -18.2 0.1
Z6413-5.2* 0.2044 2.1769 18.4 0.1688 293 -174 1.3
Z6413-5.3* 0.2088 2.1982 20.2 0.1659 324 =20.6 -0.5
76413-54* 02033 2.1784 18.0 0.1670 298 179 02
26413-6.1* 02068 2.1761 194 0.1707 292 -174 2.3
Z26413-6.2* 0.2058 2.1973 190 0.1697 294 -17.5 1.7
Z6413-6.3* 0.2000 2.1914 167 0.1672 2.85 -16.4 0.3
Z6413-6.4* 0.1993 21594 16.4 0.1653 2.88 -17.1 0.8
Z6413-6.5* 0.2074 21773 19.6 0.1630 3.28 21.4 2.3
76413-6.6* 02111 2.1712 21.0 0.1642 3.36 -22.2 -1.5
Z6413-7.1* 02064 2.1597 192 0.1682 1.00 -18.5 09
Z6413-7.2* 02021 2.1614 17.5 0.1656 296 -18.1 -0.7
NYPK-3.2 0.2088 2.1779 19.6 0.1699 298 -18.6 1.3
NYPK-3.3 0.2085 2.1692 195 0.1704 293 -183 1.5
NYPK4.10 0.2099 2.1709 20.1 0.1627 3.29 -22.5 -3.1
NYPK4.11 0.2046 2.1788 18.0 0.1652 3.07 -19.2 -1.6
NYPK4.12 0.1988 2.1824 15.6 0.1617 298 -18.7 =38
NYPK-4.1 0.2276 2.1726 263 0.1749 325 =231 4.1
NYPK-4.2 0.2467 2.1711 32.0 0.1844 3.52 -25.3 9.0
NYPK-4.3 0.2247 2.2084 253 0.1680 3.57 -252 0.1
NYPK-4.4 02046 2.1707 18.0 0.1718 2.74 -16.0 23
NYPK-4.5 0.2094 2.1850 9.9 0.1696 298 -190 1.0
NYPK4.6 02137 21739 21.5 0.1680 318 214 0.1
NYPK4.7 0.2150 2.1880 22.0 0.1628 3.50 243 |
NYPK-4.8 0.2108 2.2056 204 0.1694 3.04 -19.6 1.0
NYPK-4.9 02252 2.1710 255 0.1671 361 25.8 0.4
NYPK-5.1 0.2160 2.1812 223 0.1704 3.15 211 1.5
NYPK-5.2 0.2102 22269 202 0.1682 3.09 -20.0 0.2
NYPK-5.3 02348 2.1656 285 0.1605 4.26 -31.6 -4.5
NYPK-7.1 02055 2.1820 183 0.1649 3.06 -19.8 18
NYPK-7.2 0.2205 21711 239 0.1630 .61 -26.1 3.0
NYPK-7.3 0.2270 21710 26.1 0.1695 156 253 1.0
NYPK-8.1 0.2133 2.1670 21.3 0.1669 3.20 -21.8 -0.5
NYPK-8.2 0.1947 2.2145 138 0.1557 3.10 -20.0 7.8
NYPK-8.3 02147 2.1646 218 0.1647 3.33 =233 -1.9
NYPK-8.4 0.2271 2.1735 26.1 0.1674 3.66 =263 -02
NYPK-8.5 0.1938 2.1708 134 0.1547 3.08 -20.1 -8.4

&' percent deviation of the raw ratios from their reference age.

&* percent deviation of the matrix corrected ratios from their reference age.
* denotes secondary “*Pb/?*U standard.
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Table 3.13b. Table showing the raw and matrix corrected “**Pb/***Th ratios for session SHII-

6.
Spot raw 2%pb/#*2Th %3 UIREEy o 205ph/~2Th % 2Pb/22Th % &
name (£ 16 %) (+ 1o %) correction
BS1-2.8* 0.0266 371 4.1 0.0250 3.84 6.1 2.1
BS1-2.9* 0.0274 2.86 10 0.0257 297 -0.2 08
BS1-2.10* 0.0283 3.21 99 0.0266 339 -5.8 43
BS1-3.1* 0.0276 3.10 7.5 0.0259 3.21 -6.1 1.5
BS1-3.2*% 0.0278 3.03 82 0.0261 3.13 -6.1 23
BS1-3.3* 0.0274 306 7.1 0.0257 3.16 -6.5 0.6
BS1-3.4% 0.0271 2.90 5.9 0.0255 2.99 5.7 02
BS1-3.5* 0.0266 2.89 43 0.0251 297 -5.7 -1.3
BS1-4.1* 0.0284 292 10.2 0.0263 3.05 74 3.1
BS1-42*% 0.0271 2.85 5.8 0.0253 2.96 -6.7 «1.0
BS1-4.3% 0.0264 2.89 34 0.0247 298 -6.4 -3.3
BS1-4.4* 0.0274 3.00 7.0 0.0255 3.13 7.1 0.1
BS1-5.1* 0.0266 291 4.1 0.0248 3.02 6.8 -2.9
BS1-5.2% 0.0268 295 49 0.0249 3.09 7.2 -2.5
Z6413-51* 0.0574 297 122 0.0476 347 -17.2 -6.0
Z6413-5.2* 0.0621 287 189 0.0519 3.34 -16.5 28
Z6413-5.3* 0.0627 2.88 19.6 0.0507 3.54 -192 05
76413-54* 0.0612 2.84 177 0.0509 3.34 -16.9 1.0
Z6413-6.1* 0.0623 294 19.1 0.0520 3.39 -16.6 30
Z6413-6.2* 0.0621 2.85 18.9 0.0517 3.33 -16.7 26
Z6413-6.3* 0.0604 2.86 16.5 0.0508 327, -15.7 09
Z6413-6.4* 0.0597 3.01 15.5 0.0500 344 -163 -08
76413-6.5* (.0620 285 18.7 0.0496 3.56 200 -1.6
Z6413-6.6" (.0633 2.90 204 0.0502 3.65 207 -0.4
Z6413-7.1* 0.0608 285 17.1 0.0501 3.38 -17.5 -0.5
26413-7.2* 0.0606 293 16.8 0.0502 3.42 -17.2 -0.5
NYPK-32 0.0642 2.82 21.0 0.0527 3.34 -18.0 37
NYPK-3.3 0.0626 295 19.0 0.0515 343 -17.8 1.5
NYPK-4.10 0.0636 288 203 0.0499 3.61 -21.7 -1.7
NYPEKA.11 0.0613 2.89 17.2 4.0499 346 -18.6 -1.7
NYPK-4.12 0.0578 2.88 12.3 0.0474 3.39 -18.1 7.0
NYPK-4.1 0.0687 285 262 0.0533 3.57 224 4.9
NYPK-4.2 0.0750 2.81 323 0.0568 172 -24.2 10.7
NYPK-4.3 0.0674 2.87 24.8 0.0512 337 240 1.0
NYPK-4.4 0.0602 291 15.8 0.0506 328 -159 0.1
NYPK-4.5 0.0628 293 19.2 0.0511 3.44 -18.7 0.7
NYPK-4.6 0.0644 293 212 0.0510 3,57 207 0.6
NYPKA4.7 0.0645 285 214 0.0497 3.71 -23.0 2.1
NYPK4.8 0.0628 2.94 192 0.0507 3.48 -19.2 0.0
NYPKA4.9 0.0679 2.84 253 0.0513 3.79 -24 5 1.1
NYPK-5.1 0.0665 2.88 237 0.0528 3.51 205 4.0
NYPK-5.2 0,0631 293 19.6 0.0508 3.50 -19.5 0.1
NYPK-5.3 0.0712 2.82 28.8 0.0503 4.24 =294 0.8
NYPK-7.1 0.0630 2.87 19.5 0.0509 344 -192 04
NYPK-7.2 0.0679 2.82 253 G.0510 3.79 249 0.5
NYPK-7.3 0.0693 2.89 26.8 0.0526 3.80 -24.1 3.6
NYPK-8.1 0.0645 2.83 21.3 0.0509 3.51 -21.1 03
NYPK-8.2 0.0596 2.95 14.9 0.0480 352 -194 ~5.6
NYPK-8.3 0.0657 2.82 229 0.0510 3.60 =225 05
NYPK-38.4 0.0678 292 25.1 0.0509 3,89 =249 03
NYPK-8.5 0.0590 2.88 14.0 0.0475 347 -19.5 -6.8

&' percent deviation of the raw ratios from their reference age.

&° percent deviation of the matrix corrected ratios from their reference age.

* denotes secondary “**Pb/?*Th standard.
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Table 3.14. SHRIMP U-Pb-Th isotopic data for xenotime analysed in session SHII-6. Results
for the secondary standards BS1 and Z6413 are shown together with the sample treated as the
unknown, NY/PK 6-80.

A U,ZREEm. c. 206Pb /238U U,):REEm. c.
Spot ThU  Com. Wopp/BY age 2Eph/=2Th 2%ph/~¥Thage  Dise.
name 2%ph (£ 1o %) (Ma= 1a) (= 15 %) (Ma £ 1g) %
BS1-2.8* 1.20 0.14 0.0798 3.58 495 18 0.0250 3.84 499 19 0.7
BS1-2.9*% 6.27 0.00 0.0832 2:55 515 13 0.0257 297 513 15 0.4
BS1-2.10* 10.08 0.08 0.0865 342 535 18 0.0266 339 532 18 -0.6
BS1-3.1* 6,59 0.00 0.0820 3473 508 19 0.0259 321 516 17 16
BS1-3.2* 6.92 1.65 0.0835 3.01 517 16 0.0261 313 521 16 0.7
BS1-3.3* 6.80 0.58 0.0827 249 512 13 0.0257 316 512 16 0.0
BS1-3.4* 6.99 0.00 0.0795 2.66 493 13 0.0255 2.99 510 15 3.5
BS1-3.5% 6.78 0.14 0.0829 251 513 13 0.0251 297 S0 15 2.3
BS14.1* 674 010 0.0844 2.54 523 13 0.0263 3.05 525 16 04
BS1-4.2* 1043 0.00 0.0811 3.57 503 18 0.0253 296 504 15 03
BS1-4.3* 7.90 0.91 0.0818 3.14 507 16 0.0247 298 493 15 -2.8
BS14.4* 7.71 036 0.0822 2.79 S09 14 0.0255 3.13 509 16 -0.1
BS1-5.1* 9.78 0.14 0.0805 2.60 499 13 0.0248 3.02 495 15 -0.9
BS1-5.2* 8.20 0.62 0.0802 2.96 497 15 0.0249 3.09 497 15 -0.1
Z6413-5.1* 10.52 1.07 0.1669 332 995 33 0.0476 347 939 33 -5.6
Z26413-52* 0.19 -0.01 0.1688 293 1006 29 0.0519 334 1022 34 16
Z6413-53* 0.18 0.00 0.1659 324 989 32 0.0507 354 999 35 1.0
2641354 018 001 0.1670 298 995 30 0.0509 334 1003 34 08
Z26413-6.1* 0.18 0.01 0.1707 292 1016 30 0.0520 339 1024 35 0.8
Z6413-6.2% 0.18 -0.01 0.1697 294 1010 30 0.0517 333 1020 34 0.9
76413-6.3* 0.18 0.00 0.1672 2.85 996 28 0.0508 327 1002 33 0.6
Z26413-6.4% 0.18 0.00 0.1653 2.88 986 28 0.0560 344 986 34 -0t
Z26413-6.5* 0.18 0.02 0.1630 328 974 32 0.0496 3.56 978 35 0.5
Z6413-6.6* 0.19 0.00 0.1642 3.36 980 33 0.0502 3.65 991 36 1.0
Z6413-7.1* 0.19 -0.01 0.1682 3.00 1002 30 0.0501 338 989 33 -1.3
26413-7.2% 0.18 0.01 0.1656 296 988 29 0.0502 342 989 34 0.2
NYPK-3.2 0.18 0.00 0.1699 298 1012 30 0.0527 3.34 1037 35 2.5
NYPK-3.3 034 0.00 0.1704 293 1014 30 0.0515 343 1015 35 0.1
NYPK-4.10 034 .01 01627 329 972 32 0.0499 3.61 984 36 1.2
NYPK-4.11 0.24 0.00 0.1652 3.07 986 30 0.0499 346 983 34 0.2
NYPK-4.12 .30 .02 0.1617 298 966 29 0.0474 339 936 32 -3.2
NYPK-4.1 032 0.00 0.1749 325 1039 34 0.0533 3.57 1050 37 1.1
NYPK-.2 0.25 0.01 0.1844 3.52 1091 38 0.0568 32 117 42 23
NYPK-4.3 032 0.00 0.1680 357 1001 36 0.0512 3 1010 38 09
NYPK-4.4 0.25 0.01 0.1718 274 1022 28 0.0506 328 999 33 -2.3
NYPK-4.5 031 0.00 0.1696 298 1010 30 0.0511 344 1007 35 -0.3
NYPK-4.6 0.26 -0.01 0.1680 3.18 1001 32 0.0510 357 1006 36 0.5
NYPK-4.7 0.25 0.01 0.1628 3.50 972 34 0.0497 371 980 36 0.8
NYPK-4.38 0.19 0.01 0.1694 3.04 1009 31 0.0507 348 1000 35 -0.9
NYPK-49 0.25 0.00 0.1671 3.61 996 36 0.0513 3.79 1010 38 1.4
NYPK-5.1 0.25 0.00 0.1704 315 1014 32 0.0528 351 1040 37 26
NYPK-5.2 0.24 0.01 0.1682 3.09 1002 31 0.0508 3.50 1001 35 -1
NYPK-5.3 024 0.01 0.1605 426 960 41 0.0503 424 992 42 34
NYPK-7.1 024 0.01 0.1649 3.06 984 30 0.0509 344 1004 34 2.0
NYPK-7.2 0.31 -0.0] 0.1630 3.61 973 35 0.0510 3.79 1005 38 32
NYPK-7.3 0.27 0.0 0.1695 3.56 10609 36 0.0526 3.80 1036 39 27
NYPK-8.1 0.17 0.00 0.1669 320 995 32 0.0509 351 1003 35 0.8
NYPK-82 020 001 0.1557 3.10 933 29 0.0480 3.52 948 33 16
NYPK-8.3 0.28 0.00 0.1647 333 983 33 0.0510 3.60 1005 36 22
NYPK-84 024 000 0.1674 3.66 998 37 00509 3.89 1003 39 0.5
NYPK-8.5 0.19 0.02 0.1547 3.08 927 29 0.0475 347 938 33 1:1

* denotes secondary “°Pb/**U standard.
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3.5.6  Results experiment RG-1 — SHRIMP RG

Experiment RG-1 was conducted using SHRIMP RG and designed to test the U-
YREE matrix correction routine using the reference xenotime D43764 as the
‘unknown’ sample. MG1 was used as the primary calibration standard and BS1 and
76413, the secondary standards. U, Th and Y REE contents were measured by WDS
prior to SHRIMP analysis. Backscattered SEM images and transmiited and reflected
light photography guided the choice of analytical sites.

3.5.6.1 _Electron microprobe
WDS determinations of xenotime from D43764 show it to be broadly similar in

compositional range to the two secondary standards. U contents in D43764 range
from ~0.65 to 2.1 wt% (average 1.2 wt%), whereas Th concentrations range from
~0.2 to 0.9 wt% (average ~0.6 wt%). These U and Th levels are only slightly elevated
compared to the U content of 26413 (range ~0.6-1.4 wt%, average 1.2 wt%) and the
Th content of BS1 (range ~0.1-0.4 wt%, average 0.3 wt%). The average > REE
concentration of D43764 is ~17 wt% which is similar to that determined for BS1
(Table 3.15).

33.62 SHRIMPRG
The U and Y REE xenotime U-Pb/Th-Pb matrix correction factors for this session

were determined from eight SHRIMP and WDS analyses on each of the two
secondary standards. The uncorrected Pb/U—Pb/Th xenotime ratios for Z6413 and
BS1 show these analyses to be mutually concordant, although elevated by ~15 % and
~4 % respectively, compared to their reference ages (Table 3.16a & b). However, the
corrected Pb/U—Pb/Th ages are well within error of their reference compositions
(Fig. 3.29a & b, Table 3.16a & b).
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Table 3.15. Generalised WDS results for session RG-1. (Y REE = Nd, Sm, Eu, Gd, Tb, Dy,

Ho, Er, Tm, Yb, Lu).
+U% +Th % ZREE + TREE %
Label U wt% err. Th wit% err. wit% err.
average MG1 (10) (to) (1a)
{n=10) 0.1006 8.00 0.1083 13.72 12.51 1.12
BSt-1.2* 0.0213 81.69 0.1079 13.81 16.99 2.48
BS1-2.1* 0.0548 32.85 0.4196 4.93 16.80 2.61
BS1-2.2* 0.0573 31.59 0.4342 4.84 16.99 2.62
BS1-3.1* 0.0467 38.12 0.2972 6.12 16.82 2,55
BS1-3.2* 0.0558 32.08 0.2949 6.17 16.88 2.56
BS14.1* 0.0405 43.95 0.3721 529 17.34 267
BS1-4.2* 0.0372 47.85 0.4127 4,97 17.46 2.69
Z6413-1.1* 1.3644 6.61 0.2240 7.54 15.53 2.37
26413-2.1* 0.6207 72T 0.1092 13.64 15.54 2.36
26413-3.1* 1.3750 6.61 0.2177 7.72 15.70 2,35
26413-3.2* 1.3632 6.62 0.2209 7.61 15.76 2.34
Z6413-3.3* 1.4225 6.59 0.2246 T2 15.84 234
26413-3.4* 1.4422 6.59 0.2332 7.29 15.70 235
76413-4.1* 1.0806 6.74 0.1917 8.50 15.72 235
Z64134.2* 1.0632 6.74 0.1763 9.08 15.73 2.35
D43764-2A 1 1.4957 6.59 0.8431 3.39 16.83 2.50
D43764-2A.2 0.8966 6.87 0.3137 5.96 17.86 2.50
D43764-2A.3 0.9035 6.87 0.3770 5.28 17.85 2.53
D43764-2B.1 1.0509 6.77 0.8140 3.57 17.81 2.49
D43764-2B.2 1.1416 6.71 0.8353 3.54 16.84 2.49
D43764-3A1 2.1060 6.48 0.6649 3.90 17.32 253
D43764-3A.2 1.6161 6.55 0.3963 5.12 17.58 2.51
D43764-3A.3 0.6546 7.21 05114 4.42 17.07 2.45
D43764-6A.1 1.26186 6.66 0.7134 377 17.13 2.51
D43764-6A.2 0.5234 6.84 0.5638 4.20 16.76 2.48
D43764-6A.3 1.4447 6.60 0.5183 3.43 16.89 2.55
D43764-6B.1 1.4173 6.60 0.2153 7.85 17.65 2.38
D43764-6B.2 1.4134 6.60 0.5186 4.38 17.55 2,38
D43764-6B.3 1.6935 6.54 0.2163 797 17.60 2.38
D43764-7B.1 1.1486 6.70 0.6335 3.98 17.21 2.50
D43764-7C.1 1.1914 6.68 0.9184 3.42 17.73 2.58
D43764-7C.2 1.2311 6.67 0.7093 3.79 17.53 2.56
D43764-8A.1 0.9729 6.81 0.6006 4.08 17.46 2.51
* denotes secondary “*Pb/”*U standard.
0.03 ] I 1 J | - X 1 E { i 1 1 1
a T BS1 T j_,-"'l 0.08 b T 2!641 3- T L T T
0029 = | Mean 20852327 age ©'s80Ma 0.075 4 -
0.028 4= Reference age ~509 Ma vp 560 Ma Ll (95 % conf) T
MSWD=1.18
s P ,’p’s‘m Ma 0.065 == Reference age ~934 Ma 1300 Ma -+
0026 - B e - __-% 1200 Ma 1
& L
0,025 == § 480 Ma gf 0.055 -..§ Mean 206pb/238U age | -
R .-’)' Mean 206Ph/238y) age ™ (9;‘;0“22(00“::)
0.024 'F _,,-"' 510:!1]\;)9\:1; D(jgf:(. ;.ont.] 0.05 4 MSWD=0.25 T
i @ (aw Pb/U&Pb/TH
0023 == /,d{‘léﬂ Ma 6 (:::‘:ngoﬁ:gghlbblu &Pb/Th 0.045 == O matnix corrected Pb/U & Pb/Th ==
o 206Pb/238U
2022 ! } : : ' 0.04 ¢ } | } t i t
0.07 0.075 ¢.08 0.085 0.09 0.095 012 014 016 018 02 022 024 026 028

Fig. 3.29. U-Pb-Th concordia plot for the secondary standards BS1 (a) and Z6413 (b) for
session RG-1. Both raw and U-Y REE matrix corrected Pb/U-Pb/Th ratios are shown.
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Table 3.16a. Table showing the raw and matrix corrected ***Pb/***U ratios for session RG—1.

Spot raw "Pb/*U % 8! UEREE o, 9P/~ % M6ph/2M % &°
name (* 16 %) (16 %) correction
BS1-1.2* 0.0837 3.3998 19 0.0817 3.50 2.5 -0.6
BS1-2.1* 0.0841 25058 2.3 0.0818 253 -2.7 -0.4
BS1-2.2* 0.0863 2.4652 4.8 0.0838 2.49 =29 1.9
BS1-3.1* 0.0852 2.4655 36 0.0830 2.50 -2.6 1.0
BS1-32* 0.0833 26112 14 0.0810 2.64 -2.8 -1.5
BS14.1* 0.0849 2.6670 32 0.0824 2.7 -2.9 0.3
BS1-4.2* 0.0850 2.6083 34 0.0825 2.66 -3.0 0.4
Z6413-1.1* 0.2057 22779 19.0 0.1707 3.13 =17.0 23
Z6413-2.1* 0.1784 2.2665 6.5 0.1635 2.45 -8.4 -2.0
Z6413-3.1* (0.2015 2.2586 17.3 0.1667 313 -17.3 0.0
76413-3.2* 0.2031 2.2698 17.9 0.1682 3.12 -17.2 09
Z6413-3.3% 0.2050 2.2796 18.7 (.1682 3.20 -17.9 0.9
Z6413-3 4% 0.2020 2.3264 17.5 0.1655 3.25 -18.1 -0.7
Z6413-4.1* 0.1921 2.2661 13.2 0.1655 2.82 -13.9 -0.7
Z6413-4.2* 0.1888 22578 11.7 0.1630 2.80 -13.7 -2.3
D43764-2A.1 0.6086 2.3238 17.4 0.4897 332 -19.5 2.6
D43764-2A2 0.5888 22745 14.6 0.5104 2.68 -13.3 1.5
D43764-2A3 0.5982 2.3405 16.0 0.5181 2.74 -13.4 3.0
D43764-23.1 0.5957 2.2852 15.6 0.5059 2.83 -15.1 0.7
D43764-2B.2 0.6092 2.7926 17.5 0.5153 3.32 -154 25
D43764-3A.1 0.6384 2.4080 213 0.4659 4.15 -27.0 -1.9
D43764-3A2 0.6065 22939 17.1 04761 345 -21.5 -5.6
D43764-3A3 0.5556 2.2857 9.5 0.5006 2.50 99 -0.4
D43764-6A.1 0.5917 22612 15.1 0.4910 301 -17.0 -2.4
D43764-6A.2 0.5643 22754 10.9 (0.4920 2.69 -12.8 2.2
D43764-6A.3 0.6190 2.2569 18.8 0.5015 3.21 -19.0 -0.2
D43764-6B.1 0.6196 2.3260 189 0.5005 324 -19.2 -0.4
D43764-6B.2 0.6038 23338 16.8 0.4884 324 -19.1 2.9
D43764-6B.3 0.6365 2.4474 21.0 0.4939 3.65 -22.4 -1.8
D43764-7B.1 0.5947 22727 155 0.5009 2.90 -15.8 -0.3
D43764-7C.1 0.5802 2.2975 13.4 0.4836 2.97 -16.7 -3.9
D43764-7C.2 0.5916 2.4253 15.0 0.4913 3.11 -17.0 2.3
D43764-8A.1 0.5728 2.4008 12.2 0.4931 285 -13.9 -1.9

8' percent deviation of the raw ratios to their reference ages.
8° percent deviation of the matrix corrected ratios to their reference ages.
* denotes secondary “**Pb/?*U standard.
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Table 3.16b. Table showing the raw and matrix corrected ***Pb/**Th ratios for session RG-1.

Spot raw 2 ph/m % &' U. BB ¢, 2%pb/**Th % *Pb/**Th % &’
name (= 1o %) (x 1o %) correction
BS1-1.2* 0.0267 2.26 4.6 0,0260 2.40 -26 2.4
BS1.2.1#* 0.0260 1.99 19 0.0253 2.03 2.8 2.0
BS1-2.2* 0.0264 1.96 33 0.0256 2.00 -3.0 20
BS1-3.1* 0.0264 2.01 3,74 0.0257 2.06 -2.7 2.1
B&1-3.2* 0.0260 1.95 2.0 0.0253 1.99 -2.9 20
BS1-4.1* 0.0267 2.01 45 0.0259 2.07 -3.1 2.1
BS1-4.2% 0.0262 1.92 2.7 0.0254 1.99 -3.1 2.0
Z6413-1.1* 0.0632 202 202 0.0525 2.90 -16.9 29
76413-2.1* 0.0528 45 45 0.0484 217 -84 22
26413-3.1*% 0.0599 158 15.8 0.0496 291 -17.2 29
76413-3.2% 0.06l6 18.2 182 0.0511 2.86 -17.1 29
Z26413-3.3* 0.0620 18.7 18.7 0.0509 2.96 -17.8 3.0
Z6413-3.4* 0.0620 18.7 18.7 0.0509 298 -18.0 3.0
Z64134.1* 0.0585 13.9 139 0.0505 2.58 -13.8 2.6
£6413-4.2% 0.0358 9.7 9.7 0.0482 2.55 -13.6 26
D43764-2A.1 0.1719 193 19.3 0.1384 3.13 -19.5 31
D43764-2A.2 0.1628 14.8 14.8 0.1411 2.55 -13.3 25
DA43764-2A.3 0.1510 8.1 8.1 0.1307 2,39 -134 24
D43764-2B.1 0.1597 13.1 13.1 0.1356 2.53 -15.1 2.5
D43764-2B.2 0.1662 16.6 16.6 0.1407 2.94 -15.4 29
D43764-3A.1 0.1784 223 223 0.1305 3.88 -26.9 39
D43764-3A2 0.1699 184 18.4 0.1335 3.19 214 32
D43764-3A3 0.1531 94 94 0.1379 215 99 22
D43764-6A.1 0.1646 15.7 15.7 0.1366 2.77 -17.0 2.8
D43764-6A.2 0.1573 119 11.9 0.1372 2.40 -12.8 24
D43764-6A.3 0.1721 19.4 19.4 0.1395 298 -189 3.0
D43764-68.1 0.1756 21.0 21.0 0.1419 292 -19.2 29
D43764-6B .2 0.1694 18.1 18.1 0.1371 2,97 -19.1 30
D43764-6B.3 0.1811 234 234 0.1406 3.51 223 35
D43764-7TB.1 0.1649 159 15.9 0.1389 2.67 -15.7 2.7
D43764-7C.1 0.1625 14.6 14.6 0.1354 2.65 -16.6 2.7
D43764-7C.2 0.1644 15.6 15.6 0.1365 2.86 -16.9 29
D43764-8A.1 0.1611 13.9 13.9 0.1387 2.56 -13.9 2.6

' percent deviation of the raw ratios from their reference age.
&° percent deviation of the matrix corrected ratios from their reference age.
* denotes secondary “**Pb/***Th standard.

Eighteen crystals were analysed from D43764. Common Pb contents are uniformly
low (<0.01 % common “*°Pb). All 18 analyses have the same radiogenic **’Pb/*"Pb
within analytical uncertainty (MSWD = 1.6) and combine to give a weighted mean
age of 2625 + 5 Ma (95 % conf.) which is within error of the EPMA determined
chemical U—Th—Pb age for this sample. However, the raw 206pp,238J  and
208pp 22 TH ages are, on average, elevated by ~16 % compared to the 207pp2%pp age.
When plotted on a 28pp/A2Th-—22Pb/”®U concordia, the raw ratios are elevated and
systematically displaced to the high ***Pb/***Th side of concordia (Fig. 3.30). When
plotted on a Tera-Wasserberg concordia, the compositions are also significantly
reversely discordant (Fig. 3.31a). Once the matrix corrections are applied, the Y-
EREEme 2%pb/28Y and *Pb/*Th ratios are both well within error of the 2*’Pb/***Pb
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age for this sample, resulting in concordant, 206pp/2381, 2%8pp/A2Th and *'Pb/”"Pb
ratios (Figs. 3.30 & 3.31b, Table 3.16a &b). All 18 UZREE e 2°ph/28U ratios
combine to form a single population (MSWD = 0.44) equivalent to a mean age of
2599 + 36 Ma (95 % conf.). The Th U *Fmc ®pb/**Th ratios also form a single
population (MSWD = 0.61) and give a near identical mean age of 2598 = 33 Ma (95

% conf.). Final results are given in Table 3.17.

0.2 T T T I I |
D43764
Mean 208pb/232Th age
0.18 2598+33 Ma 2
(95 % conf)
MSWD=0.61 4500 Ma
Reference age ~2625 Ma '
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3
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ﬁ 2599:36
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012 2300 Ma . raw Pb/U & Pb/Th T
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206Pb/238U
0.1 1 | ! | ! 1

0.35 0.4 045 0.5 0.55 0.6 0.65 0.7

Fig. 3.30. U-Pb-Th concordia plot for D43764, session RG—1. Both raw and U-3 REE matrix
corrected Pb/U—Pb/Th ratios are shown.

4 4 arrar eligses are 8335 cogf data-pnint error sfiipses are .
a D43764 b \ D43764
0.185 [ xengtime 0.185 | xenotime

=]
oo
w
L &
8
o
s
0175 | 0175 [ &
]
B 2550 07,
g Mean 2 Pbr®Ph age
0165 | & 0.185 | 26246 + 4.6 Ma
L {95 % conf.)
E MSWD = 1.6
n=18
282%pp 2450 250\ FPUPb
0.155 b et 0.155 s et
1.3 15 1.7 19 2.1 23 25 13 1.5 17 19 21 2.3 25

Fig. 3.31a & b. Concordia plots of U-Pb analyses for D43764. 3.31a are the raw “*Pb/”*U
ratios, and 3.31b the U- REE matrix corrected results.
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Table 3.17. SHRIMP U-Pb-Th isotopic data forxénotime analysed in session RG-1. Results for the secondary standards
BS1 and 26413 are shown together with the sample treated as the unknown, D43764.

150 Th/U %Com_ U'EREEITLC. 208Pb/232-]—h Iﬂﬂpb 32Thage U’ZREEIT'I.C. ZOE\Pb 38U Zﬁﬁpb/ZSEU age 20?bemﬁpb 2€}7Pb/296Pbage DiSC.
name pp {15 %) {Ma +10) (+ 16 %) (Ma+10) (£16 %) {Ma 1) %
B51-1.2" 652 1.29  0.0260 2.40 520 12 0.0817 3.50 506 18 0.0471  16.12 55 385 1.7
B51-2.1* 8.03 064 00253 2.03 504 10 0.0818 2.53 507 13 0.0519 517 282 118 -0.1
B51-22* B.00 072 00256 2.00 510 10 0.0838 2.49 519 13 0.0530  4.78 330 108 -1.1
BS1-3.1*  6.80 039  0.0257 2.06 512 1 0.0830 2.50 514 13 0.0519  3.95 280 90 -0.4
BS1-3.2 689 0.37 0.0253 1.99 504 10 0.0810 2.64 502 13 0.0543  3.74 384 84 04
851-4.1* 956 0.54 00259 2.07 517 11 0.0824 2.71 510 14 0.8181  1.57 4954 22 1.4
BST-42*  10.02 037 0.0254 1.99 507 10 0.0825 2.66 511 14 0.0548  3.84 403 86 -0.6
76413-1.1* 0,18 001  0.0525 2.90 1034 30 0.1707 3.13 1016 32 0.0738 044 1037 9 21
76413-2.1% 019 0.02  0,0484 217 954 21 0.1635 2.45 976 24 0.0730 042 1015 9 4.0
76413-3.1* 017 001 0.049% 2.91 978 28 0.1667 3.13 994 3 0.0730  0.25 1014 5 2.1
76413-3.2* 0.17 000  0.0511 2.86 1006 29 0.1682 3.12 1002 3 0.0717 025 979 5 24
Z6413-3.3* 0,17 0.01  0.0509 2.96 1004 30 0.1682 3.20 1002 32 0.0727  0.31 1007 6 0.4
76413-34* 017 001  0.0509 2.98 1003 30 0.1655 3.25 987 32 0.0714  0.82 970 17 1.7
76413-4.1%* 018 001  0.0505 2.58 995 26 0.1655 2.82 987 28 0.0720  0.31 985 6 -0.2
26413-4.2* 0.8 002  0.0482 2.55 952 24 0.1630 2.80 973 27 0.0717  0.34 977 7 0.4
D43764-2A.1 0.68 000 0.1384 3.13 2621 82 0.4897 3.32 2569 85 0.1764  0.25 2619 4 1.9
D43764-2A.2 0.32  0.00 0.1411 2,55 2667 68 0.5104 2.68 2658 71 01771 035 2626 6 K e
D43764-2A.3 022 0.01  0.1307 2.39 2483 59 0.5181 2.74 2691 74 01764 079 2620 13 27
D43764-2B.1 0.77 0.00 0.1356 253 2570 65 0.5059 2.83 2639 75 0.1771  0.51 2626 8 -0.5
D43764-28.2 0.81 0.00 0.1407 2.94 2660 78 0.5153 3.32 2679 89 0.1765 1.26 2620 21 2.2
D43764-3A.1 0.33 000  0.1305 .88 2479 96 0.4659 415 2466 102 01753 092 2609 15 58
D43764-3A.2 025 0.00 0.1335 3.19 2533 81 0.4761 3.45 2510 87 0.1767 0.67 2622 1 4.5
D43764-3A3 0.83 001  0.1379 2.15 2611 56 0.5006 2.50 2617 65 0.1781  0.35 2636 6 0.7
D43764-6A.1 0.57 000  0.1366 2.77 2588 72 0.4910 3.01 2575 78 0.1766 033 2621 5 1.8
D43764-6A.2 0.66 001  0.1372 2.40 2598 62 0.4920 2.69 2579 69 01753  0.51 2609 9 1.2
D43764-6A.3 071 000 0.1395 2.98 2640 79 0.5015 3.21 2620 84 0.1783 030 2637 5 0.7
D43764-68.1 0.17 0.00 0.1419 2.92 2682 78 0.5005 3.24 2616 85 0.1738 092 2595 15 -0.8
D43764-68.2 0.38 0.00 0.1371 2.97 2597 77 0.4884 3.24 2564 83 0.1767 067 2623 1 23
D43764-68.3 0.14 0.00  0.1406 3.51 2659 93 0.4939 3.65 2587 94 0.1764  1.01 2619 17 1.2
D43764-7B.1 0.61 0.00  0.1389 2.67 2629 70 0.5009 2.90 2618 76 0.1752  0.61 2608 10 0,4
D43764-7C.1 0.82  0.00 0.1354 2.65 2567 68 0.4836 2.97 2543 76 01774 022 2629 4 3.4
D43764-7C.2 0.61 000 0.1365 2.86 2586 74 0.4913 311 2576 80 0.1742 095 2599 16 0.9
D43764-84.1 0.69 0.00  0.1387 2.56 2625 67 0.4931 2.85 2584 74 0.1761 128 2617 21 1.3




3.6 Discussion

The results of experiments RG-1 and SHII-6 in correcting the Pb/U-——Pb/Th ME in
NY/PK 6-80 and D43764 demonstrate that the linear least squares routine used to
measure and correct for the U and } REE mismatches with the primary calibration
standard works. It is not necessary to include Th in the correction. The additional
uncertainties associated with this approach, namely the uncertainty associated with
the U and Y REE correction and WDS elemental determinations, result in 95 %

confidence precision estimates of approximately 2 %.

An essential part of the success of the SHRIMP Pb/U—Pb/Th xenotime matrix
correction procedure is the calculation of 2*Pb/**U and **Pb/**Th from the raw
206ppA 700, ") and 2®PbA**(ThO") ratios. In contrast, when xenotime **Pb/*®U and
2%pb/®2Th ratios were calculated from the Pb*/U* versus UO"/U* calibration (or any
combination of Pb/U[Oy]:U[O}/U[Ox] and/or Pb/Th|Ox]: Th[Oy]} /Th[O]), the matrix
correction routine performed poorly. The better results obtained by the xenotime
Pb/U—Pb/Th matrix correction procedure when using the raw “*Pb/”"°(U0,") and
2%8pb/28(ThO™) ratios is very likely because they are independent of the variations in
slope that commonly exist between the various combinations of xenotime

Pb/U[O]:U[O4])/U]Oy] calibrations (see section 3.3.4).

Although U and 3 REE are presented above as the most plausible causes of Pb/U—
Pb/Th ME in xenotime, it is important to note that the combination of U, Th and
>REE used by Fletcher et al. (2004) produces comparable results (Table 3.18).
However, the extreme variations in the relative correction factors for Th indicate that
for the typical ~2000-3000 ppm contrast in Th between the secondary standard BS1
and the primary calibration standard MG1, there is seemingly no consistent Th-related
Pb/U—Pb/Th ME. Additionally, the success of the linear least squares routine using
U and Y REE as variables is able to correct the Pb/U—Pb/Th ME of D43764, even
though the Th concentration of this sample exceeds that of the primary calibration
standard by up to ~8000 ppm. These results do not exclude Th as potential cause of
Pb/U—Pb/Th ME in xenotime. Rather they suggest that Th contrasts between the
primary calibration standard and unknown of approximately 1 wt% appear to have no
effect on the Pb/U—Pb/Th ME. However, the majority of published xenotime EPMA
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analyses record Th concentrations of < 1 wt% which therefore will have little to no

effect on the SHRIMP xenotime Pb/U—Pb/Th ME.

The strong inference that a mismatch in xenotime U and Y REE contents between the
calibration standard and unknown causes SHRIMP xenotime Pb/U—Pb/Th ME
explains the ~5 % ME of the Pb/U-—Pb/Th ratios measured on BS1. The low
concentrations of U in this crystal (~400 ppm) exclude U as a factor causing
2pb*U or *™Pb/’Th fractionation. The Pb/U—Pb/Th ME in BSI is better
interpreted to be the ~4—5 wt% contrast in Y REE it has with the primary calibration
standard MG1, rather than its ~3000—4000 ppm contrast in Th.

Table 3.18. Comparison between the U-Th-Y REE and U-Y REE based Pb/U—Pb/Th
Xenotime matrix correction.

Sample Session | Variables | 2Pb/”® | mswd | °Pb/"°Th | mswd | Ref. Age
U (Ma) (Ma)
(Ma)
D43764 RG-1 U, YREE | 2599+36 0.44 2598+ 33 0.61 2625
(Jun-06)
D43764 RG-1 U, Th, 254037 0.96 2572+32 0.71 2625

(Jun-06) | YREE

NY/PK 6-80 SHII-6 U, ¥REE 993+13 1.31 100114 1.40 1000
Dec-05)

NY/PK 6-80 | SHII-6 U, Th, | 999+13 | 097 | 1011x14 | 1.01 1000
(Dec-05) | YREE

Excel Solver proved to be an efficient means to calculate the correction factors fora
range of variable combinations and thereby determine the best combination that
corrects for the SHRIMP xenotime Pb/U-Pb/Th ME. For the experiments carried out
in this study the best combination of variables for the simultaneous equations used to
model the Pb/U-Pb/Th ME were found to be U and ¥ REE. That is:

Pb/U-Pb/Th ME = (x * AU) + (y * AYREE) (eq. 9)

To determine the correction coefficients for AU and AY REE, Excel Solver iteratively
calculates the values of the correction coefficients that minimise the sum of squares
between the measured fPb/U-Pb/Th ME for the secondary standards and the linear

function used to model it (i.e. equation 9). A worked example demonstrating how
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Excel Solver was used to determine the correction coefficients for AU and AY REE as

well as the assignment of errors for this procedure is shown in Appendix 3.6.

3.6.1 Comparison of the xenotime Pb/U—Pb/Th ME correction procedures
developed in this study to that of Fletcher et al. (2004).

The processing protocols developed in this study to measure and account for the
xenotime Pb/U—Pb/Th ME differs from that of Fletcher et al. (2004) in a number of
areas. Although both methodologies use a linear least squares approach, Fletcher et al.
(2004) use as variables U, Th and Y REE. Whereas this study, for the reasons given
above, has shown that Th probably does not play a significant role in xenotime
Pb/U—Pb/Th ME.

The methods by which xenotime U concentrations are determined also differ between
this study and that of Fletcher et al. (2004). Those researchers determined U and Th
concentrations from the U concentration of MG1 and the SHRIMP U0/ (Y,0h
ratios. When this approach was used in this study, U contents for the high-U
xenotimes NY/PK 6-80 and Z6413 were over estimated by ~25 %. Two factors
preclude elemental concentrations being calculated in this way. Firstly, the up to ~10
wi% difference in Y concentrations between different xenotimes means that Y cannot
be used as a reference element. More importantly, the ionisation of the '"(Y,0")
molecule in high-U xenotime appears to decrease with increasing U content.
Therefore, although time consuming, WDS analysis is the preferred method to

determine elemental concentrations in xenotime.

The Pb/U—Pb/Th ME corrections developed by Fletcher et al. (2004) were
determined from four samples (26413, Z6412, BS1 and XTC) calibrated against MG1
in one SHRIMP analytical session. The results from this study suggest that BS1 and
76413 are adequate secondary standards for measuring xenotime U and Y REE
Pb/U—Pb/Th ME. Additionally, the Pb/U—Pb/Th ME corrections determined by
Fletcher et al. (2004) were assumed to be reasonably consistent between analytical
sessions and instruments. The U, Th and > REE Pb/U—Pb/Th ME corrections
determined by Fletcher et al. (2004) have subsequently been used in a number of

SHRIMP xenotime application studies, which for the most part report concordant
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20ph 23817 and *"Pb/*"Pb xenotime analyses (e.g., Vallini et al. 2005; Kositcin et al.
2003; Salier et al. 2004; Pigois et al. 2003 and; Vallini et al. 2006). However, these
application studies have all been carried out on hydrothermal and diagenetic
xenotimes where the U concentrations are typically within the 100’s of ppm rather
than in weight percent proportions. Therefore the dominant U-related 20ph 238 ME
correction is minor, meaning that fluctuations in the real U, Th and Y REE W6pp238y
ME have gone unnoticed. In comparison, the results of this study clearly demonstrate
that the Pb/U—Pb/Th ME caused by U and > REE change from session to session,
and indicate that for the best results, the Pb/U—Pb/Th ME should be determined for
each analytical session. This is particularly the case for high U and 3} REE xenotimes
where the Pb/U—Pb/Th ME will be significant. This requirement, although
cumbersome, requires that at least three standards need to be analysed for each
analytical SHRIMP session; a primary calibration standard and at least two secondary

standards of contrasting U and REE content.

The primary calibration standard should be as much as possible chemically
homogenous in U and Y REE, ensuring minimal internal chemically induced Pb/U—
Pb/Th ME. A single crystal standard therefore is most likely the best candidate for
this role. The secondary standards must differ in composition from the primary
calibration standard, and therefore expose the Pb/U—Pb/Th ME. It is not necessary
for the secondary standards to be chemically homogenous, however they must have
concordant U-Pb/Th—Pb compositions. For the analytical sessions carried out during
this study, the chemical homogeneity of MG1 made it an excellent choice as the
primary calibration standard. The high and variable U content of Z6413 (U ~0.5-1.5
wt%) made it a good monitor of the SHRIMP xenotime U-related Pb/U—Pb/Th ME,
whereas BS1 being characterised by low U (~0.3-0.5 wit%) and high > REE (~19
wt%), rendered this sample a monitor of the Y REE-related Pb/U—Pb/Th ME.

3.6.2 Origins/causes of SHRIMP xenotime Pb/U—Pb/Th ME
The relative correction factors for U and > REE shown in Table 3.11 for nine separate

SHRIMP sessions, although internally variable, show a consistent pattern. For both
the *®Pb/*U and **Pb/?*Th results, U is the dominant cause of ME, whereas Y REE
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plays a subordinate role. For both the 26ph/280) and 2®Pb/A*Th data, the relative
correction factors for U and Y REE appear to be reasonably consistent across the
different instruments and operating conditions. For example, the relative correction
factors for the SHRIMP II session, SHII-6, are typical for the entire data set, even
though this session was run under very different instrumental conditions compared to
the eight other SHRIMP RG sessions. Even the energy filtering of ~90 % of the
secondary jon beam during this session failed to reduce the ***Pb/~*U ME, or to shift
the U and Y REE relative correction factors significantly towards those determined for
the SHRIMP RG sessions. The inference from this observation and the general
consistency of the relative U and Y REE correction factors is that xenotime Pb/U—
Pb/Th ME are probably caused at the site of sputtering and ionisation, which is
consistent with a suggestion made by Williams (1998) concerning SIMS ME.

The consistency of the relative correction factors for U and } REE observed between
different instruments and operating conditions used in this study is probably a
function of the identical primary column and secondary ion extraction configuration
used in both instruments. Therefore, xenotime U and ) REE related Pb/U—Pb/Th ME
can be expected to behave similarly between different SHRIMP II and SHRIMP RG
instruments. Generally, it is expected that the average relative correction factors for U
and Y REE in Table 3.11 will broadly apply between different instruments. However,
a tenet of this study has been that the U and Y REE related xenotime Pb/U—Pb/Th
ME should be determined and corrected for each analytical session in the same
manner as the 2*Pb/”*U calibration is routinely established for each SHRIMP U—Pb

session.

A number of lines of evidence suggest that it is the relative ionisation of the Pb" ion
between xenotimes with contrasting U and > REE concentrations that results in the
Pb/U—Pb/Th ME. Strong support for this is given in section 3.3.6 where it was
demonstrated that the Th/U correction factor is unaffected by matrix contrasts. If it is
relative ionisation of the UQ, and/or ThO' molecules which results in xenotime
Pb/U—Pb/Th ME, then the Th/U calibration factors for these three minerals would be
significantly different. However, a relative increase or decrease in the ionisation of the

Pb" isotopes does not result in any noticeable isotopic ME as ions of all Pb isotopes
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are equally effected. The relative change in the ionisation of the Pb" ions has no

noticeable effect on the *“’Pb/*%Pb ratios.

Further evidence suggesting that it is the ionisation of the Pb” ion that is affected by U
and Y REE concentrations in xenotime is the remarkable respective similarity in the
uncorrected 2Pb/”*U and 2°°Pb/’Th ages of Z6413, BS1, NY/PK 6-80 and
D43764. The concordance between independently calculated *°°Pb/”®*U and
2%pb/22Th is striking. It appears that for each of the above samples, both the
248(ThOJr) and 270(UO{“) ions would have to be fractionated to almost exactly the same

extent.

3.6.3  Matrix effects in xenotime. zircon and monazite

The chemically-induced xenotime Pb/U—Pb/Th SHRIMP fractionations of up to
~25% observed in this study exceed the Pb/U ME that have been reported for
monazite and zircon, which range between ~1 and ~5% (see 3.1.5 introduction). The
magnitude of the Pb/U—Pb/Th fractionations in xenotime is directly related to the
high U concentrations often associated with this mineral. Xenotime U concentrations
measured from samples used in this study range from ~0.04 to 2 wt%, whereas the
range reported in the literature is from <0.01 to ~9 wt%. Additionally, U
concentrations can differ significantly within a single crystal and also within a crystal
population. For example, fragments from the single crystal standard Z6413 have a U
range of ~ 1 wt%, whereas in NY/PK 6-80 U concentrations were found to differ by
~1.5 wt%. The internal range of U concentration in Z6413 alone will result, on
average, in a ~11.89 % range in measured SHRIMP **Pb/***U ratios. By contrast, the
U concentrations in zircon and monazite are considerably lower. For monazite, U
concentrations rarely exceed 0.5 wt% (Overstreet 1967) and are more commonly
<1000 ppm, whereas for zircon, U concentrations are typically <1500 ppm. Therefore,
U-induced SHRIMP Pb/U—Pb/Th ME fractionations are less likely and generally

will be minor in monazite and zircon, comnpared to Xenotime.
The role of the REE’s in SHRIMP Pb/U—Pb/Th fractionation is less straightforward.

Monazites typically have Y} REE concentrations of between ~35 to 55 wi%. The
dominant component is the LREE, in particular La, Ce and Nd. For the few studies
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that have recognised SHRIMP Pb/U—Pb/Th matrix effects in this mineral, the causal
element was thought to be U and/or Th (Rasmussen & Fletcher 2002; Stern &

Berman 2000), REE were not considered.

Like xenotime, zircon is typically enriched in the HREE, with the total concentration
rarely exceeding 0.5 wt% (from Table 1 in: Hoskin & Schaltegger, 2003). For zircon,
only one study has examined a possible link between 205pb/2381) matrix effects and
REE concentrations. This study, by Black et al. (2004), suggested that 26pp23¥y
matrix effects of ~1 % were caused by matrix mismatches in the trace elements Y, P
and REE between the calibration standard and unknown. An interesting finding of this
research was that the zircons with the highest concentration of trace elements had
reduced not elevated 2*°Pb/***U ratios. However, for xenotime, where the Y REE
concentration typically ranges between ~13 and 22 wt% (dominated by the HREE,
Gd, Dy, Er and Yb), it is the crystals with the higher HREE concentrations which
have elevated Pb/U—Pb/Th ratios. The results of this study suggest that, on average,
a 1 wi% increase in the > REE between the calibration standard and unknown results

in a 2%Pb/**U increase of ~0.9 %.

Although the > REE concentrations in monazite typically exceed those in xenotime by
a factor of two, only in xenotime has a REE-related Pb/U—Pb/Th matrix effect been
noted in both this study and that of Fletcher et al. (2004). The reasons for this are
probably related to the structural and elemental contrasts between these two minerals.
Namely, for xenotime the tetragonal symmetry, and the incorporation of the smaller,
heavier HREE, may result in differing sputtering and ionisation characteristics
between these two minerals. The end result of this is a HREFE—-induced Pb/U—Pb/Th
matrix effect when HREE mismatches occur between the calibration standard and
unknown. The very low REE concentrations in zircon mean that the HREE—-induced

Pb/U-—Pb/Th matrix effect in this mineral is probably mostly insignificant.

3.6.4 Future SHRIMP xenotime Pb/U—Pb/Th studies

An accurate knowledge of xenotime composition is crucial when correcting for the
significant Pb/U—Pb/Th ME associated with SHRIMP xenotime analysis. However,

two factors complicate any SIMS-based elemental quantification of xenotime. Firstly
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there is no element in xenotime with a relatively consistent concentration that can be
used as a reference to normalise SIMS-based estimates of the concentrations of other
elements. Also it appears that xenotime chemical matrix contrasts which influence the
ionisation and emission of the Pb" ions, also affect the ionisation of Y and some REE.
This was demonstrated by the strong positive correlations between SHRIMP
xenotime 2Pb*/2°(U0,") and 2®Pb” /A2ThQ' ratios with *°(YbO™)/'*4(Y,0),
" Dy0" Y™ (Y,0") ratios (section 3.4.4). These limitations of the SIMS elemental
quantification of xenotime supports xenotime clemental quantification by WDS or
WDS-assisted procedures such as via relative sensitivity factors (RSF) as explained in

section 3.3.5.

WDS results from this study show that } REE concentrations can be accurately
estimated from the four major REE constituents of xenotime (Gd, Dy, Er and Yb).
Figure 3.32 demonstrates the excellent correlation between Gd + Dy + Er + Yb and
Y REE in xenotime for igneous, metamorphic, diagenetic and hydrothermal xenotime
analysed in this study. The Y GdDyErYb concentrations for the xenotime plotted in
Fig. 3.32 are accurate to within a range of & 3 % of their Y REE concentrations and
hence can serve as an excellent proxy. Therefore, the WDS REE quantification for
xenotime necessary to carry out SHRIMP 2®Pb/**U matrix corrections could be
reduced to analysing Gd, Dy, Er and Yb. Additionally, it is recommended that Ho is
also analysed by WDS to serve as a reference for the determination of xenotime U

concentration via RSF.u) (section 3.3.5).
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Fig. 3.32. Plot showing the excellent correlation (R=0.99) between the xenotime Y REE
concentration (Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and ¥} Gd, Dy, Er, Yb, for the
different types of xenotime analysed in this study.

3.7 Conclusions
The wide range in chemical composition of xenotime, particularly in Y, >REE and U,
results in significant difficulties for SIMS analysis for both the determination of

*%6pb/28U ratios and quantitative elemental analysis.

For SHRIMP U—Pb xenotime analysis, chemical contrasts in U, and to a lesser
extent XREE, between the primary calibration standard and unknown can result in
Pb/U—Pb/Th ME of up to ~25%. It appears that for xenotime, it is the secondary
emission of the Pb™ ions that causes the Pb/U—Pb/Th ME. Therefore, the emission
and transmission of the Pb" ions during SHRIMP analysis is not only a function of the
Pb concentration in the target, but also the concentration of U and XREE.
Additionally, the ionisation and emission of Y, Yb and Dy also appears to be affected
by the xenotime matrix. To correct for the SHRIMP 29°pp/ 28U xenotime matrix
effects, a detailed knowledge of the chemistry of the xenotime standards and

unknowns at cach analytical spot is required. For this task, WDS analysis is
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recommended. In addition, accurate U abundance estimates can be determined using

RSF (U-Ho)-

The SHRIMP Pb/U—Pb/Th matrix correction technique developed here requires the
concurrent analysis of three xenotime standards of variable U and 2XREE
concentration on a session-by-session basis. The Pb/U—Pb/Th ME is monitored by
the analysis of two secondary standards. During this study, a high ZREE xenotime
(BS1) and a high U xenotime (Z6413) proved to be adequate monitors of the Pb/U—
Pb/Th ME. The Pb/U—Pb/Th ME is corrected for by a series of simultaneous linear
equations that relate the fractional Pb/U-—Pb/Th ME of the secondary standards to
their U and EREE concentration contrasts with the primary calibration standard

according to the equation:

f 2Pb/¥U ME = (AU*x) + (AEREE*y)

Where AU and AZREE represent the difference in elemental concentration of each
analysis with the primary calibration standard, and x and y are the unknown
parameters or correction coefficients that are determined using a simple least squares
routine (see Appendix 3.6). An underlying assumption of this technique is that the
SHRIMP xenotime Pb/U—Pb/Th ME is linear.

A number of SHRIMP xenotime analytical procedures and W6pp/28y processing
protocols were also determined. During some sessions, significant contrasts in InPb/U
: InUO/U gradients between the different reference xenotimes, forced the calculation
of the raw “**Pb/**U ratios from the raw 206Pb"L/’zm(UOf) ratios, which proved to be a
robust method for SHRIMP xenotime 2*°Pb/”*®U calibration. Similarly, raw
298ph*/A2Th'%0" ratios were used to calibrate independent *®Pb/**Th xenotime ages.
However, this method was only found to be effective for xenotime with Th
concentrations greater than ~1000 ppm. The SHRIMP RG is also recommended as the
most suitable for SHRIMP U—Pb xenotime analysis as there are no detectable
molecular interferences or ‘scattered ions’ associated with the ***Pb peak. The

04
g

presence of scattered ions associated with the b peak renders the 2%'ph common

Pb correction unusable. Although the scattered ions can be removed by energy
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filtering or by the insertion of the retardation lens, both of these techniques result in a
loss of sensitivity. This is a significant consideration as the SHRIMP analysis of tiny
(~5-10 pm) xenotime crystals demands SHRIMP spot diameters of between ~5-7 pm,
which therefore results in significantly reduced primary and secondary ion currents.
Furthermore, the adoption of an O rather than O, primary beam (typically used for
SHRIMP U—Pb zircon analysis) when analysing xenotime with a small ~5-8um

SHRIMP spot, increased the precision of individual analyses.

The optimal data acquisition sequence for SHRIMP U—Pb-Th analysis should
comprise *{(Ho0"), 4(Y,0%), 2Pb, BG, pb’, 2'pb", 2%®pb*, 280", *¥(ThO"),
254(U0+) and 270(U03+) (BG=background measured at +0.04 mass units away from the
2Mpy, peak). The "®'(HoO") and *™(U0,") molecules can be used as an alternative to
WDS analysis for the calculation of U and Th abundances. Furthermore, the addition
of the ?°(U0,") molecule can be used as an alternative means to calibrate SHRIMP
26pb/28U ratios. The various analytical sessions conducted in this study demonstrate
that SHRIMP Th/U calibration factor can vary by a few percent between sessions, and
therefore, like the Pb/U—Pb/Th matrix corrections, should be determined for each

session.

The SHRIMP xenotime Pb/U—Pb/Th matrix correction technique developed here is
broadly similar to that proposed by Fletcher et al. (2004). Both the technique
determined in this study and that of Fletcher et al. (2004) relate the SHRIMP Pb/U—
Pb/Th ME to chemical contrasts between the **Pb/”*U calibration standard and
‘unknown’ xenotime. Additionally, both techniques assume that the Pb/U-—Pb/Th
ME effect is linear and can be modeled by a series of simultaneous equations whose
solutions can be found using a simple least squares method. Whereas Fletcher et al.
(2004) related SHRIMP xenotime Pb/U—Pb/Th ME to contrasts in U, Th, and ZREE,
this study indicates that the effect Th has on the Pb/U—Pb/Th ME is insignificant and
that only U and XREE play an important role in SHRIMP xenotime Pb/U—Pb/Th
matrix effects. However, Fletcher et al. (2004) suggested their Pb/U—Pb/Th matrix
correction factors could apply to all SHRIMP U—Pb dating experiments. This study
has shown the need to determine SHRIMP xenotime Pb/U—Pb/Th matrix correction
factors on a session-by-session basis. Slight differences in instrumental conditions

between analytical sessions are likely to be responsible for this. Having to determine
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Pb/U—Pb/Th matrix correction factors for each SHRIMP U—Pb dating experiment
necessarily requires that all standards and unknown xenotimes be analysed by WDS

prior to the SHRIMP U—Pb dating experiment.

The results of this study show that the SHRIMP U—Pb xenotime analyses of
Phanerozoic samples using the Pb/U—Pb/Th xenotime matrix correction technique
developed here can be expected to result in 206pp/2381) and 2®Pb/*Th analyses

accurate to within approximately 2%.
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4. THE TIMING OF METAMORPHISM, PROVENANCE AND
DEPOSITIONAL CONSTRAINTS FOR THE SERRA DA MESA
GROUP, CENTRAL BRAZIL: A SHRIMP U-Pb XENOTIME,
MONAZITE AND ZIRCON STUDY.

4.1 Introduction

The Serra da Mesa Group is an extensive metasedimentary sequence located within
the Neoproterozoic Brasilia Fold Belt of the Tocantins Province, central Brazil. Very
little is known about the timing of sediment deposition or metamorphism of this unit.
Additionally, it does not appear to contain any felsic volcanics, and geological
relationships with nearby units are either faulted or controversial. In order to gain a
better understanding of the provenance and depositional history of this unit, a
SHRIMP U-Pb detrital zircon study was carried out on a sample of quartzite by Dr.
Richard Armstrong (Research School of Earth Sciences, ANU). During this study, Dr.
Armstrong noticed that many of the zircon grains have xenotime outgrowths and
suggested to me that I use the SHRIMP *%Pb/**U xenotime matrix correction
procedures that I had recently developed to determine the age of the xenotime
outgrowths. 1 accepted the project and on SEM examination of the zircons on the
sample mount, noticed a population of discrete monazite grains. Therefore, SHRIMP
U—Pb monazite analysis of this sample would provide the perfect opportunity for me
to test the accuracy of the SHRIMP U—Pb xenotime matrix correction procedures
that I had developed during my PhD study. Additionally, the U—Pb isotopic results
for the zircon, monazite and xenotime from this sample may be able to help establish
depositional constraints for this unit, as well as provide some information regarding

its post depositional thermal history.

4.2 Regional Geology

The Tocantins province in central Brazil is a large Neoproterozoic Orogen that was
formed by the collision of the Amazon, Sdo Francisco and Parana cratons, during the
Neoproterozoic Brasiliano Orogeny resulting in the juxtaposition of Archaean,
Proterozoic and Neoproterozoic terranes (Marini et al. 1984, as cited in Soares et al.
2006; Fuck et al. 1994, as cited in Soares et al. 2006; Pimentel et al. 2000). Three
separate fold belts comprise the Tocantins Province. These are the Araguaia and
Paraguay fold belts, located at the eastern limit of the Amazon Craton, and the

Brasilia Fold Belt at the western margin of the S3o Francisco Craton (Fig. 4.1).
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Fig. 4.1. Generalised geology map of the Tocantins Province, central Brazil. From east to
west, the map shows the Sdo Francisco Craton, the Brasilia Belt (external zone, Goias Massif,
and Goias magmatic arc) and Araguaia Belt. Inset shows location of study area (see Fig. 4.2).

Location map shows the position of the Tocantins Province (d) and adjacent geological
regions: a, Rio Branco; b, Tapajos; ¢, Sdo Francisco Craton; e, Mantiqueira; f, Borborema; g,
Parnaiba Basin; h, Amazon Basin; I, Parana Basin. Regions a, b and h form the Amazon
Craton (note the Parana craton is now concealed under the Parana Basin). Adapted from
Soares et al. (2006).

4.2.1 The Brasilia Fold Belt
The Brasilia Fold Belt extends for over 1100 km in a N-S direction from western

Minas Gerais, through Goids to southern Tocantins, It principally consists of (1) a
thick and extensive Palaco— to Mesoproterozoic metasedimentary sequence along the
western margin of the Sad Francisco Craton, termed the External zone by Soares et al.
(2006); (2) a large Neoproterozoic (~900 to 630 Ma) juvenile magmatic arc in the
west (Goids Magmatic Arc); (3) exposed older Archaean greenstones and associated
granite gneiss complexes as well as Palacoproterozoic to Mesoproterozic
metasedimentary units (Goias Massif) and (4) the Neoproterozoic Anapolis—Itaucu
Complex which is a NW-SE elongate region comprising granulites, granites and
layered mafic—ultramafic intrusions (Fig. 4.1) (Moraes et al. 2006; Pimentel et al.
2006; Piuzana et al. 2003; Soares et al. 2006). Most of the geological contacts are
thrust and reverse faults which indicate tectonic transport toward the east (Strieder &
Nilson 1992, as cited in Dardenne 2000; Fuck et al. 1994, as cited in Soares et al.
2006).

The principal geological elements in the area surrounding the sample site include, (1)
Palaeoproterozoic metasedimentary rocks of the Arai Group and associated volcanics
and granitoids; (ii) ?Palaco— to ?Mesoproterozoic metasedimentary rocks of the Serra
da Mesa Group as well as the Mesoproterozoic Cana Brava layered mafic-ultramafic
complex and its associated ‘Palmeiropolis’ volcano-sedimentary sequence (Goids

Massif) and; (i11) the Neoproterozoic Goias Magmatic Arc.

4.2.2 Palacoproterozoic metasedimentary rocks of the Arai Group
The Arai Group consists of a thick (1500m) sequence of pelitic and clastic

metasedimentary rocks that outcrop over large areas of the Tocantins and Goids States

in central Brazil (Fig. 4.1). It unconformably overlies the Ticunzal Formation (>1.77
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Ga) and ~2.27 to ~2.02 Ga, granitic—gneissic basement (Dardenne 2000; Pimentel et
al. 1997). It is overlain by the late Proterozoic platform sedimentary rocks of the
Paranoa and Bambui Groups (Dardenne 2000) and is spatially associated with ~1.77
Ga A-type, anorogenic tin-bearing granites of the Rio Parand Sub-province (RPS).
The Arai Group consists of thick quartzite units associated with intraformational
conglomeratic units and interlayered metasiltstones as well as felsic to mafic
volcanics (Dardenne 2000). The evidence for alluvial fan and lacustrine environments
suggests deposition in a continental setting (Pimentel et al. 1991a). The unit is well
dated by an ID-TIMS U-Pb zircon age of 1771 £+ 2 Ma from a rhyolite lava from the
lower parts of the group (Pimentel et al. 1991a).

4.2.3 Goias Massif
The Goias Massif is exposed in the central part of the Brasilia Fold Belt and

comprises Archaean, Palacoproterozoic and Mesoproterozoic rocks. Its western
border is marked by the Rio dos Bois fault, which separates it from the
Neoproterozoic rocks of the Goias Magmatic Arc. The southern part of the massif is
dominated by Archaean greenstone belts, whereas in the study area, Goias Massif
rocks are represented by the metasedimentary rocks of Serra da Mesa Group as well
as the Cana Brava layered mafic-ultramafic complex and associated Palmeirdpolis

volcano-sedimentary sequence on its western margin (Fig. 4.2).

4.2.3.1 Serra da Mesa Group
The Serra da Mesa Group consists of an extensive and thick (~1850m) sequence of

folded and deformed metasedimentary rocks dominated by quartzite and mica schist
(Dardenne 2000). The presence of garnet, staurolite and kyanite within micaceous and
fine-grained quartzite beds implies that it has undergone amphibolite facies
metamorphism (Dardenne 2000). Serra da Mesa Group rocks unconformably overlie
~2.20 Ga orthogneisses of the Goids Massif (Pimentel et al. 1997) and is spatially
associated with ~1.61 to 1.57 Ga, Mesoproterozoic A-type, anorogenic tin-bearing
granitoids of the Rio Tocantins Sub-province (RTS) (Fig. 4.2). It is intruded by the
1.50 Ga Peixe Alkaline Complex (Kitajima et al. 2001) which is a N-S orientated
elongate body approximately 30 by 7 km, located ~60 km north of the sample site.

The Groups western margins are bounded by the Rio dos Bios Fault separating it from

136



“Goias Arc rocks, and to the east of the sample site, it is in faulted contact with the

Arai Group and the Mesproterozoic Palmeirdpolis volcano-sedimentary sequence

(Fig. 4.2).

LEGEND
- Neoproterozoic granite Il Scrra do Encosto Granite
] Goids Magmatic Arc, supracrustal rocks [ Serra Dourada Granite
[] Goids Magmatic Arc, orthogneiss I Serra da Mesa Granite
- Cana Brava layered complex [_] Serra da Mesa Group, quartzite
I PalmeirGpolis sequence, felsic volcanics [l Serra da Mesa Group, biotite gneiss
Palmeirdpolis sequence, metasedimentary rocks - Serra da Mesa Group, mica schist

Il Palacoproterozoic Basement

Fig. 4.2. Solid geology map of the Serra Dourada region, showing the LIS-34 sample location
site.

4.2.3.2 Mesoproterozoic layered mafic-ultramafic complexes
To the east of the sample site are the rocks of the Palmeirdpolis volcano-sedimentary

sequence and associated Cana Brava layered mafic ultra-mafic complex (Fig. 4.2).
These rocks are related to two other layered mafic ultra-mafic complexes and their
associated volcano-sedimentary sequences to the south, the Niqueldndia and Barra

Alto layered mafic-ultramafic complexes. Although now separated, they form a ~350
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km long, roughly linear belt which was originally part of the same unit (Ferreira Filho
1998). It is generally accepted that the Cana Brava, Niqueldndia and Barro Alto
complexes are coeval with their associated volcano-sedimentary sequences and were
formed during a Mesoproterozoic rifting event between about ~1.36 and ~1.26 Ga

(Pimentel et al. 2004; Pimentel et al. 2006; Moraes et al. 2006).

4.2.4 Goias Magmatic Arc
Approximately 10 km to the west of the sample site is the NE-SW trending Rio dos

Bois Fault, which separates the Serra da Mesa Group from rocks of the Goias
Magmatic Arc (Fig. 4.1). The metavolcano-sedimentary and plutonic rocks of the
Goids Magmatic arc are separated by Archaean rocks of the Goids Massif into the
northern Mara Rosa and the southern Arendpolis . The rocks of the Goias Magmatic
are generally juvenile and consist of meta-igneous and metasedimentary rocks that
have geochemical and isotopic characteristics similar to those found in modern day
island arcs and continental margins (Dardenne 2000; Pimentel et al. 2000 and Laux et
al. 2005). The volcano-sedimentary sequences form linear belts with NNW and NNE
orientations and are associated with calcic to calc-alkaline tonalite/granodiorite
gneisses (Laux et al. 2005). Isotopic ages of rocks in the Goids Magmatic Arc fall into
two broad ranges, a ~890 to ~790 Ma period related to the early stages of arc
development, and a later Brasiliano Orogeny between ~670 to ~630 Ma which was
associated with widespread greenschist to amphibolite facies metamorphism,

deformation and magmatism throughout the arc (Pimentel et al. 2000).

4.2.5 Tectonic Evolution

Present knowledge of this region of the Tocantins province suggests that continental
rifting of ~2.2 to ~2.0 Ga granitic to gneissic basement at about ~1.77 Ga was
associated with the deposition of the Arai Group, contemporaneous bimodal
volcanism and intrusion of the anorogenic RPS granitoids (Dardenne 2000). A later
second period of rifting during the Mesoproterozoic was associated with the intrusion
of the ~1.61 to 1.57 Ga RTS granitoids, the Peixe Alkaline Complex and the layered
mafic ultramafic complexes of the Goias Massif. During the early Neoproterozoic at
about ~890 Ma, subduction of an ocean basin separating the Sad Francisco, Parana
and Amazon cratons led to the development of the Goids Magmatic Arc (Pimentel et

al. 2000). Evolution of the arc is thought to consist of an early ~890 to 850 Ma stage
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of development, followed by a ~790 Ma period of magmatism and metamorphism
interpreted to have resulted from an early Brasiliano collisional event between the Séo
Francisco craton and the now concealed Parana craton (Pimentel et al. 2000;
Dardenne 2000). Closure of the ocean basin is interpreted to have occurred during the
~670 to 630 Ma Brasiliano Orogeny when the Parand/Sad Francisco craton collided
with the Amazon craton (Fuck et al. 1994, as cited in Soares et al. 2006; Dardenne
2000; Pimentel et al. 2000; Piuzana et al. 2003). Soon after or during the final stages
of the Brasiliano Orogeny, post-orogenic, ~590 to ~560 Ma mafic to felsic plutonic
rocks were emplaced into both the Mara Rosa and Arenépolis arcs (Pimentel et al.
2000). This period of crustal melting and post-orogenic bimodal magma generation,
has been interpreted by Pimentel et al. (2000) and Soares et al. (2006) to have resulted
from the emplacement and/or underplating of mafic magma into the crust and final

arc amalgamation.

4.2.6 Current Age Controls for the Serra da Mesa Group
The timing of sedimentation for the Serra da Mesa Group is currently unknown. No

intercalated volcanic units have been identified for isotopic dating however, an
unpublished Sm-Nd analysis of a sample of Serra da Mesa Group quartzite has a
model Tpm age of ~2.67 Ga, indicating an average late Archaean to early Proterozoic
detrital component for this unit (pers. comm. Professor Reinhardt Fuck 2007;
University of Brasilia). Furthermore, field relationships with the nearby ~1.61 to
~1.57 Ga, A-type anorogenic granitoids of the RTS are controversial For example,
Macambira (1983, as cited in Pimentel 1991a) and Pimentel et al. (1991a) claim that
field evidence supports an intrusive relationship, whereas Marini & Bothelo (1986, as
cited in Dardenne 2000) and Dardenne (2000) argue against any field evidence
suggestive of an intrusive relationship. Although a correlation with the Arai Group
has been made by Marini et al. (1984, as cited in Soares et al. 2006) which if true
would mean sedimentation of the group at about 1.77 Ga, this has not been proven.

The only robust age control for the Serra da Mesa Group is that provided by the Peixe
Alkaline Complex which intrudes it. A nepheline syenite from this complex has an
ID-TIMS U—Pb zircon upper intercept age of 1503 £ 3 Ma and a lower intercept of
577 £ 26 Ma. The upper intercept age can be used to constrain a minimum age

estimate for Serra da Mesa Group. The lower intercept 577 + 26 Ma age was
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suggested by Kitajima et al. (2001) to be associated with metamorphism and

deformation related to the late Brasiliano Orogeny.

4.3 LI1S-34 sample description

A sample of quartzite from the Serra da Mesa Group (LIS-34) was collected from the
Taboquinha Creek in the Serra Dourada area, northern Goias State (UTM: 763663E,
8500572N; WGS84) by Professor Reinhardt Fuck (Fig. 4.2). Serra da Mesa Group
rocks in this area dominantly consist of mica schist containing garnet, staurolite and
kyanite indicating that these rocks have undergone amphibolite facies metamorphism.
The quartzite unit where the sample was collected from is a few 10°s of metres thick
that also contains some lenses of conglomerate. It is surrounded by thick units of mica
schist that in-turn, surround the Serra Dourada Granite (written communication,
Professor Reinhardt Fuck). It is assumed that the quartzite unit sampled has

experienced the same degree of metamorphism as the enclosing mica schists.

LIS-34 is a weakly foliated quartzite. It contains ~98-99% recrystallised quartz with
~1% muscovite. Accessory minerals include zircon, monazite, xenotime, tourmaline,
rutile, ilmenite and magnetite. The muscovite is clear to colourless and sometimes
altered to a brownish colour. In places the muscovite encloses the matrix quartz. It is
the muscovite which defines the weak foliation associated with this sample, and is
best observed in hand specimen. Monazite was observed to occur either as inclusions
within the muscovite or along quartz grain boundaries (Fig. 4.3). Only a few zircon
grains observed in thin section have xenotime outgrowths, which were typically < 5
pm thick. The few zircons observed in the thin section occur along quartz grain
boundaries. The close association of monazite with muscovite in this sample suggests
that the monazite probably crystallised contemporaneously with the muscovite during
the amphibolite facies metamorphic event which has affected the rocks surrounding

the sample site,
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Fig. 4.3a-d. BSE images showing the textural setting of monazite from LIS-34. BSE images
(a-b) are examples where monozite has precipitated within muscovite and (c-d) examples
where monazite occurs along quartz grain boundaries.

4.4 Methods

4.4.1 Sample preparation

Sample crushing and heavy mineral separation were carried out at the Institute of
Geosciences, University of Brasilia. This involved sample crushing followed by
panning of the heavy mineral concentrate, which was then passed through 500, 300
and 100 micron sieves before magnetic separation. The heavy mineral concentrate,
which comprised zircon (many with xenotime outgrowths), monazite, tourmaline and
rutile, was sprinkled onto the mount surface to ensure an unbiased range of mineral
grains and then polished to reveal the mineral interiors. Also mounted with the LIS-34
sample were the 205ph/2381 standards FC1 (zircon; 1099 Ma; Paces & Miller 1993),
44069 (monazite; 425 Ma; Aleinikoff et al. 2006), MG1 (xenotime; 490 Ma; Fletcher
et al. 2004); BS1 (xenotime; 509 Ma; Fletcher et al. 2004) and Z6413 (xenotime; 994
Ma; Stern & Rayner 2003). Prior to analysis, all grains were photographed in

transmitted and reflected light. Zircon was imaged by cathodoluminescence (CL), and
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monazite and xenotime by back-scattered electron (BSE) imaging to choose the most
pristine areas for electron probe and SHRIMP U—Pb analysis, and also to determine
the presence of different age regions formed during different geological events. CL
images were taken using a Hitachi S2250-N scanning electron microscope. BSE
images were taken using a Cambridge S360 scanning electron microscope using a
voltage of 15 kV, a current of ~2 nA and working distance of ~20 mm. Both the
Hitachi S2250-N and Cambridge S360 are located at the Australian National
University (ANU).

4.4.2_ Electron probe
Electron microprobe wavelength dispersive spectrometry (WDS) analyses were

undertaken on xenotime and monazite grains before SHRIMP U—Pb analysis using a
Cameca SX100 located at the ANU. WDS characterisation of the chemical
composition of each xenotime spot location to be analysed by SHRIMP is needed to
correct the SHRIMP **Pb/**U ratios for instrumental interelement fractionation (as
described in Chapter 3). Additionally, WDS analyses of the ‘unknown’ xenotime
were also used to determine compositional differences between the different xenotime
growth zones. The xenotime Pb/U standards and xenotime outgrowths from the Serra
da Mesa Group sample (LIS-34) were analysed for Y, P, Si, Ca, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Th, and U under the operating conditions described in
Chapter 3 and Appendix 3.3.

WDS analyses were also undertaken on the monazite from LIS-34 and the Pb/U
standard 44069. LIS-34 monazite WDS analyses were done in order to determine the
compositional differences between different growth zones. WDS analyses on 44069
were carried out to compare the chemical composition of this mineral with the LIS-34
monazite, thereby assessing its suitability as a Pb/U calibration standard. Monazite
grains were analysed for Si, Ca, P, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Th and U.
Operating conditions included a 15 kV electron beam regulated at 100nA with a beam
diameter of 10 pm. The REE were calibrated against synthetic REE phosphate
standards and U oxide and Th oxide standards were used for U and Th calibration.
Analyses were done with the analytical peaks recommended by Pyle et al. (2002). A

correction was also applied to Dy (La) for a minor Eu (LP) interference as
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recommended by Pyle et al. (2002). Final WDS results include matrix effect
corrections using standard ZAF procedures. Appendix 4.1 shows the analytical
settings used for the monazite WDS analysis as well as approximate detection limits

and relative errors for the elements analysed.

443 SHRIMP
SHRIMP analyses were carried out using SHRIMP RG and SHRIMP II located at the

ANU. Zircons were analysed using SHRIMP RG by Dr. Richard Armstrong.

Analytical procedures followed the methodology described by Compston (1984),
Williams and Claesson (1987) and Claoué—Long et al. (1995). The primary O, beam
had an intensity of ~4 nA, and was focussed through a 70 pm Kohler aperture which
resulted in a spot diameter of ~10um. The sputtered secondary ions were extracted
into the mass spectrometer with a 10 kV potential and counted with a single electron
multiplier. Each analysis represents six scans through the different mass stations and
the Pb/U calibration standard was measured every fourth analysis. Calibration of the
Pb/U ratios was by comparison to the zircon standard FC1 and used the power law
relationship between **°Pb'/~*U" and **'U0"/~*U" (Claoué-Long et al. 1995). U
abundances were calculated with reference to SL13 (238 ppm) and are subject to an
uncertainty of at least +20%, this being the range of U abundance within that
reference material. Th/U ratios were calculated using the linear relationship SV Tk ¥
= P2ThO" /P U0™[0.03446(UO /U +0.868]. Data reduction was carried out using
SQUID 1 and I[SOPLOT 3 Microsoft Excel-based macros of Ludwig (2001; 2003).

Monazite analyses were carried out on SHRIMP II. Analytical procedures followed
those described by Williams et al. (1996) and Rubatto et al. (2001). The primary Oy
beam had an intensity of ~3.5 nA, and was focussed through a 120 pm Kobhler
aperture which resulted in a spot diameter of ~30 pm. Energy filtering of the low
energy primary ions was used to remove an isobaric interference at mass 204 ([reland
et al. 1999). The monazite *UQ" count rate was reduced by ~60% by setting the
energy window to remove the lowest energy ions. Each analysis represents six scans
through the different mass stations and the Pb/U calibration standard was analysed
every fourth analysis. Pb/U ratios were calibrated to the monazite standard 44069 and
the power law relationship of ***Pb’/*U and *U0" /#*U* (Claoué-Long et al. 1995).
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Monazite U abundance determinations were based on 44069. A reference U
concentration for 44069 was determined from sixteen WDS analyses which yielded
an average U concentration of 3857 = 630 ppm (2o, SDOM; Standard Deviation of
Mean; see Appendix 4.2). However, the relatively few WDS analyses used to
determine this value render it as preliminary only. Furthermore, contrasts in Ce
concentration between 44069 and the monazite rims of ~3 wt% CeO5, will result in
commensurate contrasts in the secondary ion intensity of the 0CePO," signal, which
is used as a reference species for U abundance determinations. With the above in
mind, the SHRIMP-based U determinations reported here for the LIS-34 monazite
could be in error by up to 50% of their true value. Data reduction for the SHRIMP U~
Pb monazite analyses was carried out using PRAWN 6.55 and LEAD 6.55.

Xenotime was dated using SHRIMP RG in three separate sessions using the analytical
procedures and Pb/U matrix correction techniques described in Chapter 3. For these
analytical sessions, the primary O” beam ranged between ~0.8-1 nA, was focussed
through a 30 um Kohler aperture which gave a spot diameter that ranged between ~6
to ~8 um. Each analysis represents six scans through the different mass stations. The
primary calibration standard (M(1) was analysed one in every four analyses, whereas
the secondary standards (26413 and BS1) one in every eight. Th/U ratios for all
monazite and xenotime SHRIMP analyses were corrected by a factor determined from
the correlation between “*ThO" and Z*UO" and radiogenic 298ph and 2°°Pb and the

known age of the Pb/U calibration standard, as described by Williams et al. (1996).

Ages were calculated using the constants recommended by the IUGS Sub commission
on Geochronology (Steiger & Jiager 1977). Common Pb corrections for all zircon,

204ph abundances

monazite and xenotime analyses are based on individual measured
and assuming crustal common Pb of the same age as modelled by Stacey & Kramers
{1975). Individual analyses are listed in tables and plotted on concordia diagrams as
shaded ellipses at the 1o level, unfilled ellipses represent compositions that are
greater than 10% discordant. Final ages are quoted in the text with 95% confidence

limits.
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4.5 Results

4.5.1 Mineral description

4.5.1.1 Zircon
The zircon grains recovered from LIS-34 have a variety of sizes and shapes consistent

with a derivation from a range of sources. All grains are rounded to subrounded and
are variably pitted which is a surface texture typical of detrital zircon. Almost all of
the grains (99%) have xenotime outgrowths which range from < 1 to ~60 pm in
thickness. In some cases xenotime almost totally encloses the zircon crystal. The
association of the pitted texture of the zircons in this sample overgrown by xenotime

is strong evidence that the xenotime outgrowths grew on the zircon substrate in-situ.

4.5.1.2 Monazite
Most of monazite crystals recovered from LIS-34 have a generally amoeboid shape

with embayed crystal margins. They range in size from ~40 to ~100 pm in diameter
and are clear and colourless in transmitted light. Approximately 20% of the monazite
grains have aspect ratios of between 1 and 3 and of these, ~5% have some well
defined crystal faces. BSE images of the monazite shows that ~90% of the grains
have a faintly visible core which progressively grades toward the margins of the
crystals to a featureless zone with a stronger BSE response. Only a few crystals have a
completely uniform BSE response, the intensity of which is similar to the outer

margins of the crystals with cores (Fig. 4.4).

100 um

Fig. 4.4a-b. BSE image of monazite from LIS-34. Note the distinctive core of the monazite on
the left hand side in (a), whereas the grain to the right, has a uniform BSE response. (b) An
amoeboid shaped LIS-34 monazite, with a faint core.



4.5.1.3 Xenotime
Xenotime from LIS-34 occurs as <1 to 60 pm outgrowths on rounded to sub-rounded

zircon. The large size of these outgrowths must have contributed to their survival
through the crushing, mounting and polishing process. Two texturally distinct phases
of xenotime growth are apparent and consist of an inner zone which is pitted, and in
most places has a pyramidal outline and an outer, lobate xenotime outgrowth (Fig.
4.5). The two phases are often separated by a thin < ~1-4 um, irregular zone which
has a stronger BSE response compared to the inner and outer zones. The texturally
oldest phase is the inner xenotime growth zone, which ranges in apparent thickness
from < ~5-40 pm and is everywhere associated with an outer more massive, lobate
zone. The outer xenotime zone typically has a uniform BSE response, is massive with
a typically lobate shape and ranges in apparent thickness from ~I to ~60 pm. Most of
the xenotime outgrowths consist solely of the younger massive lobate generation,
whereas ~30% of outgrowths consist of both generations. However, this may not be
representative of the total proportion of xenotime outgrowths in the rock that contain
both generations of outgrowth but rather a bias introduced during the crushing

process.

Fig. 4.5a-d. BSE images of xenotime outgrowths on sub-rounded to rounded zircon from LIS-
34. All xenotime outgrowths shown have two separate growth zones, the boundary of which
has been marked with a dashed line. Note the typically pitted texture of the inner zone
xenotime and more uniform outer zone xenotime. Also shown is the location and sample
number of the SHRIMP analytical pits. The brighter regions are caused by a residual Au coat.
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4.5.2 Electron microprobe Results

4.5.2.1 Monazite chemistry
Electron microprobe analyses of the LIS-34 monazite show distinct differences

between the cores and rims (Table 4.1). The cores have elevated concentrations of Nd,
Sm and Eu relative to the rims, whereas the rims are generally enriched in La, Dy and
Y. In addition, the cores have variable concentrations of La, Nd, Sm and Eu relative
to the rims. Neodymium in the cores ranges from ~11 to ~21 wi% Nd;Os, whereas the
rims have a more limited range of between ~10 and ~13 wt% Nd,Os. Similarly, LayO3
in the cores ranges from ~6 to ~15 wt%, whereas in the rims La concentrations range
between ~12 and ~14 wt% La;Os. Figure 4.6 shows a plot of Nd verses La
concentration for monazite cores and rims and demonstrates the heterogeneity of the
cores relative to the rims. ThO; and U,O; concentrations in the rims are ~2 wt% and
~0.1 to ~0.68 wt% respectively. For the cores ThO; concentrations are more variable
than the rims and range from ~0.2 to ~3 wit%, whereas the rims range in U;Os

concentration between <0.02 to ~0.33 wt%.

The variable element concentrations of in particular La and Nd in the range of
monazite cores indicate that they have probably crystallised from a range of different
rocks and therefore are likely to represent detrital components of this rock. In
contrast, the relatively homogenous composition of the rims suggests that they

crystallised during a single event.
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Table 4.1. Electron microprobe (WDS) analyses of monazite from LIS-34

L15-34 monazite (core) WDS$ analyses |
Label m3.1c  [m5.5.2 |m5.53 [m5.3.1b im5.3.2 |m5.3.3 m5.6.3 |m6.1.2 im6.2.1 [mi2.1c iml12,3.1 [m13.2.3 [Im13.2.4 ml42 mi14.3.2 imi44.2
oxide wtdh | | i
Si02 0.03] 0.08 ¢.04 0.07 0.10 0,03 0.01 0.03 0.05 0.02 0.67 0.11 0.12. .02 0.07
Ca0 085 045] o072 074 089 095 080 076 075! 079 036] 055 052 1420 066
P205 29.32| 29.72| 29.68| 2942 29.82| 29.28  29.78| 29.67 29.87) 2935 29.74| 29,83  29.47 2931 29,61
Y203 0.93] 101 oss| 093 142 081 054 074 105 051 083 1420 0,
La203 8.59| 13.60 9.74 7.73 12.45 589 8.49 13.20 13.96 6.91 14.60 13.53 11.47]
Ce203 28.?9! 29.54 29.88 27.69 27.72 25.94 30.93 32.87 31.31 29.11 31.12 29.91 29.21
Pr203 494 3.99] 477] 493 390 510 507 422 408 3970 527  3.84] 398 427 . 4,24
Nd203 18.12| 13.00) 16.82] 19.44] 13.74| 21.58 1836| 1258 13.36] 11.85 2013 12.86| 12.62| 1495 18.15, 16.11
Sm203 2.98] 2.17 2.68 3.62 2.71 4,44 2.82 1.52 1.65] 3.31 1.90 1.95 2.38 2.87 3.07
Eu203 0.33] 0.41 0.36 0.57| 0.44 0.71 0.40 0.12 0.26 0.40 0.31 0.23 0.34 0.38 0.43
Gd203 1.28] 162 119 1.42]  1.37] 167 092] o8 0.99] 104 135 159 1.41 095 1,65
Dy203 022 o3 013 o005/ 032] 003 012] 016 025! 0.04 025 040, 0.26 007 038
ThO2 0.69] 165l 129 1.as| 301 066 020 o082 161 007 128 159 196  2.81 1.49
U203 0.10/ 0.24 0.10 0.10/ 0.36 0.11<0.02 0.15 0.271<0.02 0.10 0.33 0.09 0.04 0.24
Total | 97.45| 97.95 58.18 98.01] 98.58 97.38 98.56 G7.64 57.67 98.14 97.08 98.86 98.29 97.39 96.91: 97.68
LIS-34 monazite {rim} WDS anaiyses |
Label m3.1b _ m5.1b  m5.1c  m5.4 m5.4c  m5.3.4 |m5.3.5 ‘m5.6.1 m5.6.2 im6.1.1 Imé6.2.2 ml0.1b iml10.1c Im10.1d imi1.4.1
oxide wi% |
5i02 0.07 0.06 0.14 0.12 0.09 0,08 0.06 0.20 0.14 0.13 0,06 0.09 0.15 0,13
Ca0Q 061 061 049 0.78] 075  0.84] 084 050, 069 0.64] 074, 069 071 069
P205 29.80 29.98; 29.85| 29.93| 29.92 29.90| 29.83 29.58| 29.63| 29.75| 20.78 29.58 29.74| 29.96|
Y203 1.72 0.98 0.94 1.72 1.72 1.74 1.67 0.79 1.73 1.74 1.69 1.69 1.75 1.66
La203 1331 1382 1273 1377| 14.04| 13,38 1367 1373 13.23] 1289 12.83] 1335[ 1281 1279
Ce203 2048 2977 2934 28.86] 2885 2875 20.00 2998 29.47 29.45| 29.25 20.78| 29.37| 29.50, 2
Pr203 4.03 3.98 4.10 .68 3.81 3.72 3.66 3.83 3.97 3.99 3.86| 3.80 3.83 3.79!
Nd203 12.74 12.61 13.89 12.34 12.06 12.31)- 1212 13.02 T257 12.74 12.46 12.23 12.70 12.88
Sm203 2.05 2.04 213 1.94]  1.94] 2.06 2.14 2.09 2000 210 2.01 1.94 2.07 2.04
Eu203 032 030 036 _ 031 031/ 036 034 025 031 035 029 031 031 028
Gd203 170 1.60; 172, 118/ 129 133 126/ 1.36] t4il  1.30[ 1.37]  1.43] 1.50| 1.52
Dy203 0.52 0.34 0.30! 0.41/ 0.43 0.46 0.40 0.27 0.46 0.40 0.46 0.46 0.46 0.48
ThO2 1.53 1.94 223 256]  2.31 2.65 2.62 251 210 2.06 2.24 1.79 232 2.20
U203 0.31 0.44 0.12 0.38; Q.39 0.41 0.38 0.08' 0.31 0.31 0.41 0.32 0.35 0.34°
Total 98.52 98.69 98.61 98.38! 98.22 98.22!  98.31 98.38! 98.27 98.05 97.68 97.72| 98.41 98.61!
L1S-34 monazite (rim) WDS analyses {cont) i |
Label mil.4.2 mi2.ib imi2.3.2 é_r_n12.3.3 mi12.4.1 mi12.4.2 mi3.1b mi3.1c imi13.2.1 m13.2.2 imi14.1.1 mi4.1.2 im14.1.3 Im14.3.1
i i
044 019 009 .07 020 014] 005 005 007/ 007 007 014] 010
1.09§ 0.52 0.61 0.76 0.76 0.57 0.52 0.48 0.77 0.77 0.77 0.63 0.58
29.57 29.37 29.53 29.50 29.65 29.85 29.77 29.70 29.44 29.62 29.45 29.41 29.37
2.21 0.69] 0.5 170 1.70, _ 1.70;  1.24] 095 172 1.76] 1.73| 175  1.65
1252 1333 1373 12.65| 1344|1375 1437 14.50] 12.64| 1243 12.64| 1337 12.64
27.75 29.77 29.90 28.67 30.77 31.08 30.48 30.54 28.82 28.65 28.75 29.57 29.13
3.19 3.92 3.94 3.80 3.58 3.62 3.85  3.87 3.75 3.66 3.74 3,69 3.9¢9
j 10.23 13.08 12.38 12,31} 10,64 10.86 12.35| 12.36 12.81 12.43 12.64 12.06i 13.08
.78 2.08 1.92} 206, 174 1.76 1.78 1.81 1.95] . 2.01] 1.87|  1.9%]
018 040! 0.5 034 026 035 026 02| 033 037 031 0.21
161 1330 144 169, 124 1.19) 144 136 176 1.89 1.86] 1.80. 158
0.71] 9.21 0.41 0.54 0.37! 0.40 0.38 0.34 0.54 0.51 0.57 0.57] 0.55
6.23] 2.85 2.34 2:331 3.74; 274 1.25 1.48 2.36 [ 2.31 2.28 2.03 1.62
0.68! 0.09 0.36 0.37! 0.43 0.38 0.36 .30 0.44 0.42 0.40 0.33 0.40
98.50, 98.03 97.93 97.07. 98.82: 98.69 28.33 98.16 97.79! 97.20 97.57 97.77. 9$7.39
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Fig. 4.6. Piot of electron microprobe (WDS) analyses of La and Nd concentrations in
monazite cores and rims from LIS-34. The variation in La and Nd concentrations in the cores
is interpreted to represent crystallisation from a range of different source rocks supporting a
detrital origin.

4.5.2.2 Xenotime chemistry
Electron microprobe analyses of the LIS-34 xenotime outgrowths reveal a distinct

contrast between the inner zones and the outer massive outgrowths. In general, the
inner xenotime has elevated concentrations of MREE (Sm-Dy) and lower
concentrations of HREE (Er-Lu) relative to the outer outgrowths (Table 4.2). This is
seen in Figure 4.7, which compares the average chondrite normalised REE profiles for
the inner and outer xenotime growth zones. For the MREE, (Eu,03, Gd,03, Tb,04
and Dy,03) concentrations of the inner zones are typically ~0.5 wt%, ~4.8 wt%, ~1.0
wt% and ~7.5 wit% respectively, whereas the outer growth zones have lower
concentrations of ~0.27 wt%, ~2.7 wt%, ~0.6 wt% and ~6.0 wt% respectively.
Conversely, the HREE (Er,O3; and YbyO3) concentrations in the inner zones are
typically ~3.5 wt% and ~2.2 wt% respectively, whereas the outer growth zones have
concentrations of ~4.2 wi% and ~3.4 wt% respectively. Average U,03 and ThO;
concentrations for the inner zones are ~0.2 wt% and 0.3 wt% respectively, whereas
the outer zones are ~0.3 wt% and 0.1 wt% respectively. This results in a distinctive
contrast in Th/U ratio between the inner and outer xenotime outgrowths. The inner
zones have Th/U ratios that are > 1 and range from 1 to 5, whereas in the outer
xenotime outgrowths, Th/U ratios are more uniform and are typically ~0.30 or less
(Table 4.3).
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Table 4.2. Electron microprabe (WDS) analyses of xenotime from L1S-34

L1S-34 inner pyramidal xenotime outgrowth WDS analyses
oxide wi¥% [134.5¢ 134.7¢ 134.23c L34.56c L34.50c L34.38¢c [L34.47c (L34.46c [L34.1¢_[134.20c [L34.34c [1.34.48¢ £34.30c :£34.66.1/L34.66.2/L34.65.3 .34.66.4]L34.66.5/.34.64.11034.64.2] Mean |95% conf.
5i02 0.21 0.14 1.20 0.13 .43 0.1 2.20 0.09 0.18 0.11! 0.11 0.0 0.03 0.33 0.01 0.02 0.25 0.68 0.32 0.23
Cca0 022]  0.04] 083 033 o040 033 026 017] 026! 002 013 026 027 030 02t 020 017 061] 026 0.09
P205 34.26] 34,55 32.72 H 34.08 34,40, 34.16| 33.69 33.02 33.96; 3474 33.73] 33.11 36.03 33.66 33.62| 33.99 34.17 32.52] 33.99 0.35
Y203 38.49| 40.37. 37.48 41.25 38.80; 37.89| 39.34| 3826| 3710 36.20] 3845 40.99 39.35] 37.93] 40.35. 39.33| 36.62| 36.63] 38.80. 38.64| 38.61 0.63
Nd203 0.00 0.21 0.14. 0.15 0.12 0.03 0.04 0.00 0.03 0,03 0.02 0.16, 0.15 0.01 Q.02 0.02 0.01 0.02 0.05 0.07 0.06 0.03
$Sm203 | 025 043 059 037/ 062 050/ 026/ 044 042 065 0.30] 033 034 050 057 035 077 068 060 048] 047 0.06
Eu203 0.47 0.21 025,  0.22 0.52 0.51 0.33 0.59 9.57 0.66 0.52 0,23} 024 0.64 0.67 0.52 0.79 0.80 0.56 0.28] 0.48 0.08
Gd203 4.08 3.25 3.16 2.73 5.50. 5.08 4.00 5.39 517 6.44 4.72 2.331 2,25 5.70 6.32 4.92 7.91 1.97 5.40 3.57 4,79 0.72
Th203 1.01 0.75 0.88 0.72 0.59: 1.12 0.56 1.13 8.69 121 1.08 0.61] 0.63 1.18 1.23 1.10 1.27 1.39 1.11 0,74 0.99 .10
Dy203 7.50 6.58 7.44 6.30 6.57 7.74 Z:33 8.02 8.09 7.73 7.64 6.16: 5.85 8,25 8.30 7.87 8.14 8.23 7.88 7.61 7.46 Q.33
He203 1.42 1.43 1.46 1.41 1.30. 1.36 1.40 1.40 1.42 1.29 1.40 1.43] 1.34 1.45 1.44 1.44 127 1.35 1.42 1.43 1.40 0.02
Er203 | 344| 393 372 407] 376 328 348 321 328 300 341 419 432 333 3.27] 334 3.6 315/ 323 342f 350 | 016
Tm203 058 067 065 071 069 056 056 055 057 054] 057] 072 079, 058 059 056 0.60] 059 058  0.60| 061 0.03
Yb203 1.91 3.00 2,28 3.29! 2.91 1.76 1.95 1.69 1.80 1.52 1.82 3.41] 4.04 1.84 1.84 1.83 1.75 1.78 1.82 2.03 22 0.31
Lu203 0.74 0.96 .82 1.00! 0.92 0.70 0.75 0.70 0.73 0.68 0.76 1.G8) 1.05 0.75 0.73 0.73 0.73 0.72 0.71 0.75 (.80 0.05
ThO2 035, 008 087 006 011 078 102, 054 053 027 030 005 003 008 006 0217 003 0.04l 047 069 033 0.14
U203 0.10 0.38 042 0.30 0.27 0.14 0.15 0.10 0.11 Q.15 0.08] 0,271 Q.45 0.03 0.03 0.07 0.02 0.02 C.16: 0.30 0.18 0.06
YREF 21.40 21.42 21.39  20.98 239 22.65 21.05 23.12 22.77 23.73 22.25| 20,56 20.99 24.24 24,97 22.67 26,49 26.68 23.36 20,971 2278 0.79
Total 95.09 97.02 95.10:' 97.66 57.86  96.08 96.92 96.73 96.91 93.69 95.54 96,76 94.86 95.84, 101.81 96.66, 97.07 97.63 97.48 94.84] 96.58 0.74
| |
LIS-34 outer xenolime outgrowth WD$S analyses ! i
oxide wi%h :L34.2r L34.3r (L3457 [L34.8r L34.21r |L34.20r |L34.55r L34.3§[ 1.34.39r L34.49r (L34,13r [L34.12r [L34.14r iL34.15r 'L34.25r {L34.27r |L34.57r L34.53r |L34.54r |L34.32r Mean  95% conf.
5i02 i 0.09: 0.13 0.36 0.19 0.11 Q.10 0,12 0.13 0.15 0.13 0.13 0.10 017! 0.11 0.15 0.17 0.12 0.10 0.14 0.03
Cag_ 0.04 003 004/ 0.4 2002 001 004 003 002 003 004 002/ 002 002 005 003 006 002 003 004 _ 001 |
P205 - 34,25° 33.80] 32.83| 3432 34.54] 33.98| 34.64 34.08| 33.84] 34,83} 33.29 34.37| 345! 3350 32,98 34.07| 34.36 33.77| 33.08] 33.93 0.24
Y203 | 4035 39.98! 34.23| 39.80 40.57| 41.96 39.74| 40.36] 41.26 39.33| 41.23| 40.45. 40.091 39.43] 40.90. 41.25 40.32| 39.57| 40.13  0.68
Nd203 | 0.28: 0.18 0.05 0.13 0.15 0.13 0.22 0.22 0.15 0.20 0.22 0.18 0.28/ 0.17 0.23 0.18 0.17 017
Sm203 0.43 0.34 1.32 0.37 0.35 0.34 .38 0.40 0.41 0.34 044 0.37 0.37, 0.33 0.41 0.37 0.36 .35
| 1031 036 _o21 019 026 016 024 021 025 021 241 026 021 018 0.
7.63 373 193] 235 3.02 1.64 236!  1.89 2,271 2.34 2.10
1.01 0.91: 0.53 0.67 0.39 0.62 0.28 ] 0.58 0.61 0.551
6.54 6.77| 5.70 6.44 B 5.09 6.36 5.47 6.54 5.98 6.00 5.88
1.25 1.39] 1.39 1.43 1.43 1.38 1.44 1.37 1.38 1.35 1.38 1.37
3.39]  3.79 445/ 406 4.03| 463 414 442] 384 419 421 433 15
067|063 0.77| 067, 071| 087/ 063 080 067 072 0.73[ _ 0.77] 073
2.16 2.58 3.29 3.01 3.20 4.77 3.24 4.16 2.84 3.36 3.48 3.81
0.75 0.83 1.1 0.95 1.02 1.27 1.00 1.14 0.96 1.14 1.08 Ll
.0 0.49 0.31 0.03 0.04 0.05 0.04 0.08 0.03 0.16 0.05 0.06 0.03
i A 0.05 0.25 0.23 0.18 0.34 0.43 0.30 0.39 0,25 0.25 0.25 0.27
ZREE 20.59! 20.81) 25.811 21.50 20.59] 20.24] 21,56 - 20.81 20.64, 20.29| 21.35| 20.35] 19.73 20.57| 20.64
Total | 9564, 9526/ 93.89] 96.57 95.58 097.21 95.97| 95.70| 97.34 93.69 97.69| 95.41 95.16| 93.74




Table 4.3. SHRIMP U-P isotopic data for xenotime from LIS-34.

Spot  |U (WI%)SREE (wi%)| ThU |%Comm| b/ by [ P7PbPh | P°PbU age| Discordance
name | (WDS)| (WDS) [(SHRIMP) ™Pp, & 1o %) (+ g %) Matlo) | (Mazlo) %
outer Xenotime outgrowth
L34.13R | 03532 1774 028 022 | 00891 | 292 |00597] 358 | 593 ] 78 | 550 | 16 8
L348R | 02246 | 1878 0.36 008 | 00892 | 244 |00590| 188 [ 566 | 41 | 551 | 13 3
L34.12R | 0.2647 18.65 0.28 011 | 00893 | 475 |0.0589| 653 | 564 | 142 | 551 | 26 2
L3439R | 03699 | 1821 0.28 020 | 0.0916 | 248 [00580] 359 | 532] 79 | 565 | 14 -6
13427R | 03178 | 17.82 0.34 000 | 606921 | 23300593 1.53 | 579| 33 | 568 [ 13 2
13454R | 02315] 1798 0.28 009 | 00926235 |00588| 155 | 558 | 34 | 571 [ i3 2
L34.55R | 01666 | 17.69 0.21 010 | 00928 | 261 |60583] 273 | 541 | 60 | 572 | 15 -6
13414R | 02295 1779 0.17 011 | 00931 [ 248 00577 196 | 520 | 43 | 574 | 14 9
L3457R | 04542 | 1736 03 008 | 00957 | 256 |0.0609] 311 | 634 | 67 | 589 | 15 8
L3449R | 02749 | 18.04 0.21 001 | 00959 | 328 |00605| 278 | 620 | 60 | 590 | 19 5
1.3432R | 02427 ] 1804 0.13 015 | 6.0974 | 351 |0.0586] 2.64 | 552 | 58 | 599 [ 21 g
[323R |03716| 1820 0.13 004 00985 | 241 |0.0603| 247 | 613 | 53 [ 605 | 15 1
inner pyramidal xenotime outgrowth
13438C | 01248 | 1978 3.25 070 | 01351 | 279 |00740] 379 |142] 75 | 817 | 23 28
13430C | 040461 1835 192 021 | 07419 | 3.00 [0.0809] 3.69 [1219] 73 | 836 | 26 42
[33.1C | 0.1005 ] 19.88 239 0.07 | 01462 | 242 [00771] 1.88 [1124] 37 | 879 | 21 28
L3448C | 0.2421 1757 233 D08 | 01587 | 283 [00788] 1.70 |1167| 34 | 949 | 27 23
1346628 | 00312 | 2180 0.95 012 | 0.1665 | 3.52 |0.0910] 295 [1447] 56 | 993 | 35 a6
[3456C | 0.2721 1834 3164 003 | 0.1698 | 3.05 |0.0863| 224 |1344] 43 | I011] 31 33
134661 | 00312 | 2117 246 078 | 0.1786 | 2.84 |00797] 3.15 | 1190] &2 [ 1059 30 12
134665 | 00204 2330 267 002 | 01901 | 277 |0.0882] 245 |1386] 47 |1122] 31 24
134641 | 01457 2040 232 0.09 [ 01966 | 252 |0.0012] 1.66 |1452] 32 | 1157 29 25
L34663 | 00648 1979 283 0.03 | 01993 | 319 [0.0875] 352 |1371] 76 72| 37 17
[34.46C | 00906 | 2017 346 0.06 [ 0.1995 | 241 [0.0826] 1.55 |1259] 30 73| 28 7
1.345C | 00909 1868 431 (.47 [ 0.2008 | 3.11 [0.0822| 4.31 |1250] 84 79 37 6
[3450C | 02466 | 2089 4.62 026 [ 02017 | 287 [0.0839] 2.76 |1290] 54 | 1184| 34 9
L3434C | 0.0708 19.43 3.84 010 | 0.2065 | 2.76 [0.0887| 219 [1397] 42 |1210] 33 15
1.34.7C | 0.3434 18.71 5.43 013 | 02066 | 2.70 |0.0851] 2.75 [1407] 53 | 1211 | 33 16
L3425C | 0.1375| 2072 1.91 002 | 02073 | 253 10,0851 148 [1318| 29 |1214| 31 B
L3447C | 0.136 18.38 5.05 030" | 02123 | 253 [0.0911] 1.47 [1449] 28 |1241| 3I 17
134664 | 0.021 2313 2.51 -0.08 | 02133 ] 3.06 |0.0873| 2.64 |1366| 51 |1247| 38 10
[34.642 | 0.2741 18.32 2.79 007 [ 02143 | 251 [00876] 1.24 |1375] 24 [1252] 31 10
134662 | 0.0312| 21.80 3.88 008 [ 02145 | 2.44 |0.0865] 2.04 |1345] 39 | 1253 3I 8
L3423C [ 03847 1869 2.49 002 | 02342 | 2.48 [00918] 1.01 |1462] 19 | 1356 34 8
outer Xenotime outgrowth greater than 10% discordant
L3438R | 0.306 18.84 0.33 093 | 0.0756 | 2.87 | 0.0506| 7.45 | 225 | 172 | 470 | 13 52
T342IR | 0.1985| 1817 0.40 006 100792 241 (00600 228 [ 603 | 49 | 491 | 12 23
[3453R | 02712| 1839 071 0.00 | 0.0899 | 266 (00614] 262 | 655 | 56 | 535 | 15 18
13415R | 04022 | 1724 6.24 001 | 0.0946 | 311 |0.0574| 3.25 | 507 | 71 | 583 | 18 -13
13425R | 01838 17 44 0.10 011 | 0.0987 | 222 [0.0582| 1.17 | 536 | 26 | 607 | 13 -12
1345R | 0.0471 | 2357 G67 0.41 | 00989 | 306 |[0.0582] 338 | 536 | 74 | 608 | 19 -12
I3420R [ 02112 1800 0.19 022 (00995 | 286 [0.0582] 232 | 537 | 49 | 611 | 17 12
I.342R [ 02447 | 1800 0.48 026_ | 0.1021 | 416 [0.0587] 4.06 | 557 | 88 | 627 | 26 -1
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Fig. 4.7. Chondrite normalised (WDS) REE patterns for the inner xenotime and outer,
massive xenotime outgrowths. The inner xenotime outgrowths have elevated concentrations
of the MREE (Sm—Dy) and lower concentrations of the HREE (Er—Lu) in comparison to the
outer, massive xenotime outgrowths. Note the slight negative dip in Yb and positive rise for

Lu probably represents a calibration problem with these elements. Error bars are 95%

confidence (standard deviation of the mean).

4.5.3 SHRIMP U-Pb geochronology

4.5.3.1 Zircon
Nineteen SHRIMP analyses were carried out on the zircon from LIS-34 by Dr.

Richard Armstrong (RSES) (Fig. 4.8 and Table 4.4). U contents range from ~300 to
~700 ppm and Th/U ratios from ~0.3 to ~0.8, indicating that most of the zircon was

probably derived from felsic igneous sources (Williams 2001). Common **Pb
contents are mostly below 1%. One spot (7.1) which has a relatively high proportion
of common “*Pb (1.19%), also has the highest U concentration (~700 ppm). This
grain (not plotted) is grossly discordant and omitted from further consideration. Three
additional grains (4.1, 15.1, and 17.1) are more than 10% discordant and are not
discussed further. The remaining 16 grains have 27ph/2%ph ages that range from ~2.7
to 1.96 Ga. There are two small clusters of ages at ~2.08 Ga (n=4, MSWD = 0.64)
and ~2.15 Ga (n=3, MSWD = 0.24) and two grains with similar ages of ~2.12 Ga.
There are also older individuals at ~2.39 Ga, ~2.48 Ga, ~2.6 Ga and 2.7 Ga. The
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youngest grain analysed from this sample is concordant and has a 207pp/2%ph apparent
age of 1957 + 20 Ma (20).

) : i e
Lis-34 zircon
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Fig. 4.8. Concordia plot for SHRIMP RG zircon analyses from LIS-34.

Table 4.4. SHRIMP U-P isotopic data for zircon from LIS-34.

Spt | U | Th | ThU |%Comm| U | pbA%h | 2pbpbage Discordance
name | (ppm) | (ppm) 206pp,_ (£lo %) (*1lo %) (Ma £ 1o} (%)
| 11 ] 134 [ 76 | 058 | 009 | 05087 | 12 | 0.18517 | 051 | 2700 | & 2
B 338 | 174 | 053 | 003 | 03706 | 1.1 | 013185 | 0.73 | 2123 13 4
41 135 57 0.44 011 | 03241 | 12 | 013234 | 075 | 2129 13 15
[ 51 | 196 | 189 1.00 013 [ 0384 11 [ 012955 | 071 | 2092 | 12] 0O
61 | 495 120 025 | 003 | 03814 | 1 | 013202 | 036 | 2125 6 2
71 | 738 | 140 | 020 | 119 | 01397 | 1 | 01159 | 084 | 1894 | 15 56
81 | 250 270 | L1 012 | 03544 | 1.1 [ 012497 | 07 | 2028 | 12 .
9.1 368 | 141 0.40 0.06 | 0383 | 1.1 | 0.13461 | 04 2159 7
10.1 126 | 47 0.38 011 | 04863 | 12 | 016209 | 058 | 2478 | 10| -3
111 | 143 | 75 0.54 022 | 04405 | 1.2 | 01536 | 1.1 | 2386 19, 1
12.1 205 | 128 064 | 019 | 03776 | 1.1 | 01276 | 14 | 2066 25 0
13.1 263 | 142 0.56 013 | 03785 | 1.1 [ 01282 | 0.87 | 2074 15] 0
41 | 192 106 | 057 017 | 04522 | 1.1 | 01744 | 0.73 | 2600 12 8
151 | 256 50 | 020 0.29 0346 | 11 | 01352 | 09 2167 16| 12
161 418 55 | 014 0.07 | 03923 1 0.13398 | 0.56 | 2151 10| 1
17.1 111 38 035 | 0.03 02672 | 13 | 01289 | 0.89 | 2082 16| 27
18.1 173 84 | 050 | -0.22 | 04017 | 12 | 01341 L1 2152 200 -1
19.1 233 180 080 | -007 | 03553 | 11 | 012009 | 057 | 1957 | 10| 0
201 | 237 113 | 049 | -0.19 03598 | 1.1 | 01275 1.4 2064 | 24] 4
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4.5.3.2 Monazite
The tiny monazite cores with their characteristic diffuse margins meant that only the

rims were able to be wholly targeted with confidence by the ~30 pum SHRIMP spot. It
is for this reason that only the monazite rims were analysed by SHRIMP. Forty-seven
monazite rims were analysed on SHRIMPII from LIS-34 (Fig. 4.9, Table 4.5). Of
these, eleven SHRIMP spots overlapped both core and rim monazite growth zones
(the SHRIMP was operating in auto-run mode) and are not considered further as they
represent mixed analyses. The remaining thirty-six analyses sampled the monazite
rims. Four of the monazite analyses are more than 10% discordant and omitted from
the age calculations. The remaining 32 analyses have a range in 206pp/2381J ratios that
is slightly larger than that expected from their analytical uncertainties (MSWD=1.5).
Omitting the analysis with the highest 2*Pb/?*U (m17.2) removes the excess scatter,
leaving 31 analyses that combine to give a weighted mean 206pp/ 28U age of 570 = S
Ma (MSWD = 1.3).

data-point error ellipses are 68.3% conf.

0.072
LIS-34
monazite
0.068
850 Weighted Mean W8pp238Yy age
i 569.5 + 4.5 Ma (95% conf.)
N =31; MSWD = 1.3
0.064 |
omitted from *°pb **2U age
o) calculation {m17.2)
[+
0080 [ &
o
Ko}
o
M~
(=]
o~
0058
[ Shaded ellipses are core-rim overlap: 238, 1,206
of the SHR IMP spot . UI Pb
0.052 . - .
7 9 11 13

Fig. 4.9. Concordia plot for SHRIMP II, monazite analyses from LIS-34.
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4.5.3.3 Xenotime
Forty—one SHRIMP analyses were undertaken on xenotime from LIS-34 (Fig. 4.10

and Table 4.3). Twenty spots were analysed on the outer massive growth zones, and
21

analyses were carried out on the inner xenotime zones. All 41 analyses can be
combined to give a loosely defined discordance line (MSWD=2.6) with concordia
intercept ages of ~1470 Ma and ~580 Ma. Two analyses (1.34.38R and 1.34.21R) have
significantly younger **Pb/***U ratios than other xenotime in this sample and are also
greater than 10% discordant. These xenotime may have lost radiogenic Pb and have
been omitted from the regression. A third analysis (1.34.66.2B) is 46% discordant and
plots away from the general Pb-loss trend defined by the other inner xenotime growth
zones. It is interpreted as having a mixed or disturbed U—Pb composition and has
been removed from the interpretation. Omitting these three analyses from the
regression reduces the scatter about the line (MSWD=1.8) but does not eliminate it.
No further omissions are justified. The moderately well defined discordance line has
concordia intercept ages of 1469 + 47 Ma and 587 + 20 Ma (to). It is the inner pitted
zones which give the older ages. The massive lobate shaped xenotime is considerably
younger than the inner xenotime and has a range in WpKPH age of ~550-630 Ma.
The 12 analyses that are less than 10% discordant combine to give a weighted mean
26pp/ A8 age of 573 + 10 Ma (MSWD = 1.3), the sanie as the monazite rim age

within analytical uncertainties.
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sotopic data for monazite from LIS-34.

Table 4.5. SHRIMP U-P i

Spot u Th/U %coan 26pp 238y 07pp208py, | 207ppy/2%ph a0 | 26pp 23y age |Discordan
name | (ppm) Wy 1 %) (£ %) (Ma£1) L (%)
monazite rims |
mi12.1] 2983 | 496 | 003 [00891] 237 [00587 | 124 | 3556 | 28 550 13 1
mi2:5| 2757 | 7.13 | 0.105 [ 0.0894 | 211 | 0.0592 | 081 | 575 18 | 552 1 4
mi2.2| 4170 | 6.05 | 0.068 | 0.0894 | 224 [ 00589 | 0.51 | 562 11 552 12 2
mi19.2| 3316 | 5 | 0.159 | 0.0895| 214 [0.0582| 117 | 536 26 552 11 -3
m5.7 | 5675 | 22.64 | 0.247 [ 0.0895| 239 |0.0582 | 156 | 538 35 553 13 -3
ms.3 | 12517 | 743 | 0.114 | 00896 | 2.16 | 0.0576 | 156 | 516 35 553 11 -7
m62 | 7014 | 123 | 0204 [00899 | 221 | 0.0576 | 1.68 | 514 37 555 12 -7
mi43| 3231 | 512 | -0.028 | 0.0905| 229 | 0.0603 | 111 | 613 24 | 558 12 10
ml62| 2782 | 6.67 | 0.069 | 00908 | 225 | 0.0590 1.07 | 568 24 | 560 12 1
mi6.3| 2187 | 52 | 0.8 |0.0912] 220 | 0.0577 | 1.26 | 520 28 562 12 -3
mig.1| 2082 | 592 | 0123 [ 00912 222 [0.0584] 128 | 545 28 | 563 12 -3
ml6.1| 3077 | 6.1 | 0.105 | 00922 211 | 0.0581 | 102 | 534 22 568 11 %
ml6.5| 4401 | 544 | 0.101 | 0.0925 223 [0.0585 | 0.74 | 547 i6 570 12 -4
m3.1 | 6143 | 529 | 0.163 [ 0.0926[ 243 [0.0587 | 129 | 557 28 571 13 2
ml13.2| 2833 | 10.51 | 0.087 | 0.0929 | 213 | 0.0583 | 0.79 | 542 18 572 12 -5
ml7.1] 4317 | 92 | 0.138 [0.0929| 218 | 0.0588 | 0.83 | 560 18 573 12 2
ml2.4| 2799 | 56 | 0.081 |[0.0929| 309 [0.058 | 1.13 | 554 25 s | 17 -3
mi4.2| 2832 | 63 | 0.051 [0.0930 232 | 0.0602] 090 | 612 19 573 13 7
ml0.1] 7343 | 7.75 | 0.105 [ 00930 227 | 00595 111 | 584 24 [ 5713 12 2
~ mll2] 3463 | 646 | 0.173 | 0.0932| 226 | 0.0583 | 1.15 | 541 25 574 12 6
mi3.3| 2238 | 11.51 | 0.057 [ 00932 228 | 0.0599| 104 | 598 B | 575 13 4
ml6.4| 3187 | 67 | 0.1 | 0.0934] 230 | 0.0597 | 0.85 | 591 18 576 13 3
- mi9.1] 1544 | 12.97 | 0.157 | 0.0935] 219 [ 0.0595| 143 | 584 31 576 12 1
mi82| 974 | 1879 | 021 |[00935] 223 | 00584 | 1.61 | 546 35 576 12 -5
mi4.1| 1828 | 12.01 | 0.17 [0.0940| 318 | 0.0597 | 1.68 591 37 579 i8 2
mi3.1| 1638 | 859 | 0.094 [00945| 228 | 00581 121 | 533 27 58 | 13 -8
m92 | 3253 | 732 | 0.077 | 0.0946| 300 |0.0587 | 136 | 557 30 | 583 | 17 -4
m7.1 | 3947 | 9.1 | 0.096 | 00963 | 233 | 00589 121 564 26 | 593 13 5|
m10.2| 1019 | 1542 | 0.231 | 0.0965| 229 | 0.0596| 149 | 589 33 594 13 -1
m72 | 2887 | 622 | 0.105 | 0.0968 | 2.3 | 0.0587 | 1.26 | 556 | 28 596 12 -7
mi3.4| 2622 | 441 | 0.097 | 00980 233 [0.0592| 076 | 576 17 | 603 13 -4
m17.2[ 1197 | 14.94 | 0.053 [0.0994 | 240 | 0.0614 | 1.33 | 655 29 | 61 14 7
monazite analyses greater than 10 % discordant |
mil.1] 3047 | 679 | 0.123 [00970| 222 | 00577 | 0.95 | 516 21 597 13 -13
ml5.1| 3199 | 10.52 | 0.148 | 0.0977| 251 | 00576 | 137 | 513 31 601 14 -13
m6.1 | 3731 | 561 | 0.167 [ 00994 222 [0.0583 | 1.00 | 540 22 | 61l 13 -12
m9.5 | 504 [ 2513 | 0381 [ 0.1039] 270 [0.0562 | 247 | 462 56 | 637 16 -28
SHRIMP spot overlap onto monazite cores and rims |
m64 | 2317 | 13.98 | 0.107 | 00976 242 | 0.0580 | L.54 | 528 34 600 14 -12
mS2 | 9918 | 23.94 | 005 [0.0996| 259 | 0.0597 | 1.94 | 593 43 612 13 -3
m93 | 17104 | 698 | 0.129 [ 00999 230 |0.0588 | 1.22 | 560 27 | 614 13 -9
ml1.3] 1319 | 7.74 | 0057 [ 0.1002] 236 | 0.0618 | 150 | 667 33 616 14 8
m5.1 ] 30241 [ 9.7 [ 0.19 [0.1013[ 221 [ 0.0606 | 1.60 | 623 35 622 13 0
m94 | 3621 | 422 | 0.092 [0.1025| 225 | 00576 | 134 | 514 30 629 13 -18
m5.5 | 3989 [ 747 | 0.2 [0.J030] 222 | 0.0625| 155 | 691 34 | 632 13 9
mi2.3| 1861 | 1555 | 0.017 [ 0.1040| 245 | 0.0628 | 1.08 | 700 | 23 638 15 10
m7.3 | 4373 | 931 | 0.112 [ 0.1055| 280 | 00623 | 133 | 684 29 | 646 17 6
~ m63 | 3599 | 634 | 0.019 [ 0.1060| 224 |0.0596| 0.91 | 589 20 [ 650 4 [ 9
m56 | 2641 | 37.44 | 0.628 | 0.1265| 296 | 0.0673 | 293 | 846 62 768 21 10
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Fig. 4.10. Concordia plot for SHRIMP RG, xenotime analyses from LIS-34. Striped ellipses
are outliers and have been omitted from the regression.

4.6 Discussion

Xenotime outgrowths on detrital zircon from LIS-34 occur as two generations
distinguishable by their distinctive texture, chemical composition and U-Pb isotopic
composition. The discordance trend shown by the inner xenotime outgrowths (Fig.
4.10) indicates that this xenotime formed during one event at ~1.47 Ga and later lost
some radiogenic Pb at ~570 Ma, coincident with the precipitation of the outer
xenotime outgrowths. The monazite rims have a consistent U-Pb and minor element
composition, whereas the cores are chemically heterogeneous, particularly for La and
Nd, indicating that they are probably derived from a range of different source rocks
and therefore detrital in origin. The monazite rims and outer xenotime outgrowths
have mutually indistinguishable **Pb/”*U ages of 570 + 5 Ma and 573 = 10 Ma

respectively, demonstrating that they precipitated during the same geological event.

4.6.1 Depositional age constraints for the Serra da Mesa Group
SHRIMP U-Pb detrital zircon analyses of LIS-34 demonstrate a provenance from

Palaeoproterozoic to late Archaean sources. These data corroborate a Sm—Nd model
Tom age of ~2.67 Ga (pers. comm. Reinhardt Fuck) from the same sample. Very

minor detrital zircon groups in LIS-34 occur at ~2.05 Ga and ~2.15 Ga, and may have
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been derived from similarly-aged local Palacoproterozoic basement granitoids and
gneisses. The Late Archaean zircon ranges in age from ~2.70 to ~2.47 Ga, which is
similar to the ages of some metavolcanic units and granite-gneiss bodies of the Goids
Massif reported by Pimentel et al. (2000). The youngest zircon has a 207pp2%pp age
of 1957 + 20 Ma (20) and assuming no later radiogenic Pb-loss, can be used to define
a maximum deposition age for the Serra da Mesa Group in this region. The inner
xenotime outgrowths crystallised at ~1.47 Ga which defines a minimum age for this
unit. However a more precise minimum age estimate for the group is the 1503 +3 Ma
age of the Peixe Alkaline Complex, which intrudes Serra da Mesa Group rocks further
to the north of the sample site. Additionally, the minimum age defined by the inner
xenotime outgrowths of 1469 + 47 Ma is probably not to related to the timing of
diagenesis but rather the intrusion of the Peixe Alkaline Complex. Therefore, this
attempt to isotopically constrain the timing of sedimentation for the Serra da Mesa
Group has yielded very limited new information. The ~1.96 Ga maximum deposition
age defined by the youngest zircon although ~200 m.y. younger than the ~2.2 Ga
basement, nevertheless still leaves a ~500 million year interval (i.e. ~1.96 to 1.50 Ga)

in which the Serra da Mesa Group could have been deposited.

Further field and geochronological studies are clearly required to better constrain the
depositional age of the Serra da Mesa Group. Detailed field studies could also be used
to establish whether an intrusive relationship exists between the Serra da Mesa Group
and nearby ~1.61 to ~1.57 Ga, Serra do Encosto, Serra Dourada and Serra da Mesa
Granitoids of the RTS. Further work could also be carried out on the LIS-34 sample
itself. Only sixteen zircon grains analysed by SHRIMP have concordant U-Pb ages.
An additional SHRIMP U-Pb zircon dating session could be devoted to substantially
increasing this number to better investigate whether zircon younger than ~1.96 Ga is
present in this sample. Additionally, a number SHRIMP U—Pb detrital zircon studies
could be carried out on other samples from the Serra da Mesa Group and also samples
from the Arai Group. These studies could also better constrain a maximum deposition
age as well as provide the opportunity to compare the detrital zircon spectra from each
of the units and thereby test the possible extent to which the Arai Group and Serra da

Mesa Group can be correlated.
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4.6.2 Late Neoproterozoic metamorphism of the Serra da Mesa Group

The outer xenotime outgrowths and monazite rims have identical ages of ~570 Ma,
The most precise age for this event is given by the SHRIMP U-Pb analyses of the
monazite rims of 570 + 5 Ma. Given that the muscovite in LI1S-34 defines the foliation
in this rock and that there is a close association between monazite and muscovite, it is
likely that the U—Pb isotopes in the monazite rims represent the timing of the host
fabric. However, a thorough petrogenetic study combined with in-situ SHRIMP U—
Pb analyses of the monazite particularly from the surrounding mica shist unit is

needed to confirm this.

The ~570 Ma ages for the xenotime outgrowths and monazite rims are within error of
the ID-TIMS U—Pb zircon lower intercept age of 577 + 26 Ma for a nepheline
syenite within the Peixe Alkaline Complex which intrudes the Serra da Mesa Group
(Kitajima et al. 2001). This age was interpreted by these workers as probably related
to a metamorphic event associated with the very late stages of the Brasiliano
Orogeny. These ~570 Ma ages from phosphate minerals in the Serra da Mesa Group
and zircons from the Peixe Alkaline Complex record the same event and are similar in
age to the post-orogenic, ~590 to ~560 Ma mafic to felsic plutomc rocks in the Mara

Rosa and Arenopolis arcs.

The extent to which this ~570 Ma event affected rocks east of the Rio dos Bois fault
should be investigated further. Crucial to this study would be petrogenetical studies
coupled with in-situ geochronology. However, the results of this study and also that of
Kitajima et al. (2001) opens up the possibility that in this region, the final effects of
the Brasiliano Orogeny may have occurred at about ~570 Ma. Interestingly, the
effects of the ~670 to ~630 Ma Brasiliano Orogeny appear to be significant only in
the arc rocks, west of the Rio dos Bois Fault. East of the fault, isotopic evidence for
the main ~670 to ~630 Ma phase of the Brasiliano Orogeny is scarce. For example,
mylonites associated with the Rio Maranhéo thrust system have whole rock Rb-Sr
ages of ~640 Ma (Girardi et al. 1978, as cited in Pimentel et al. 2000). Ferreira Filho
(1994, as cited in Pimentel et al. 2006) has also reported 207pp/Mph ages for rutile
fractions from Niquelandia Complex rocks of between ~660 Ma and ~690 Ma. These
‘Brasiliano’ ages are further corroborated by a Sm-Nd mineral isochron age of

approximately 610 Ma on a Nigueladndia Complex gamet-rich band (Ferreira Filho &
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Pimentel 2000). Additionally, Pimentel et al. (1991a) report an ID-TIMS, U-Pb
zircon lower intercept age of ~660 Ma for the ~1770 Ma, RPS, Soledale Granite.

4.7 Conclusions

SHRIMP U-Pb xenotime, monazite and zircon analyses from a sample of quartzite
from the Serra da Mesa Group, Brasilia Fold Belt were undertaken in an attempt to
isotopically constrain the timing of sediment deposition and amphibolite grade
metamorphism of the Serra da Mesa Group. Two texturally, chemically and
isotopically distinct generations of xenotime occur as outgrowths on detrital zircon. It
was originally hoped that the inner pyramidal xenotime growth zone may have
formed during diagenesis and thereby establish the timing of sedimentation for the
Serra da Mesa Group. However, the 1469 + 39 Ma age determined from this xenotime
zone probably grew in a response to the intrusion of the 1503 + 3 Ma, Peixe Alkaline
Complex which intrudes rocks of the Serra da Mesa Group and is located
approximately 60 km north of the sample site. Additionally, the youngest zircon
analysed from just 16 concordant compositions, gives a 207pp2%p age of ~1.96 Ga.
Therefore deposition of the Serra da Mesa Group is constrained between ~1.96 Ga
and 1.50 Ga, which in practical terms is only a relatively minor improvement on the
existing maximum age constraint provided by the 2.20 Ga gneissic basement. Further
SHRIMP U—Pb detrital zircons studies of other Serra da Mesa Group sedimentary

rocks may be useful in better establishing a maximum deposition age for this unit.

The monazite rims and outer xenotime outgrowths have indistinguishable 206pp/ 238y
ages of 570 + 5 Ma and 573 + 10 Ma respectively. These phases from the Serra da
Mesa Group are identical within error of a ID-TIMS U—Pb zircon lower intercept
age recorded in the Peixe Alkaline Complex of 577 + 26 Ma (Kitajima et al. 2001),
which probably records the same event. This ~570 Ma age was interpreted by
Kitajima et al. (2001) to be related to metamorphism associated with the final stages
of the Brasiliano Orogeny. Further U—Pb studies on other metamorphic rocks in this

region are needed to investigate this and establish its regional extent.

This SHRIMP U-Pb xenotime dating exercise is the first example where *°Pb/~*U

ages have been used to accurately determine the crystallisation age of xenotime
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occurring as outgrowths on zircon. The identical ages of the outer xenotime
outgrowths and monazite rims support the accuracy of the SHRIMP U-Pb xenotime
analytical protocols, 2*Pb/**®U calibration technique and ***Pb/**U matrix correction

techniques developed during this PhD project.
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5. IN SITU SHRIMP U-Pb DATING OF HYDROTHERMAL
XENOTIME FROM THE CALLIE AND COYOTE AU DEPOSITS:
ESTABLISHING TEMPORAL LINKS BETWEEN GRANITE
INTRUSION AND LODE-AU MINERALISATION IN THE
TANAMI REGION AND PINE CREEK OROGEN, NORTHERN
TERRITORY

5.1 Introduction

Preface
During the early stages of this PhD project a SHRIMP U--Pb xenotime experiment

was conducted on hydrothermal xenotime from the Callie Au deposit in the Northern
Territory. This was undertaken using SHRIMP IIB at the Curtin University of
Technology in Perth, Western Australia under the guidance of Dr. Ian Fletcher (Curtin
University of Technology). The U-Pb matrix correction procedures followed those of
Fletcher et al. (2000) and the analysed xenotime crystals gave a 207p/2%ph age of
1803 £ 19 Ma (95% confidence, MSWD = 0.57). This was interpreted to be the age of
mineralisation for the Callie deposit and was reported in an extended abstract in Cross
et al. (2005), (Appendix 5.1). This age for the Callie xenotime has since been cited
and incorporated into the results of six peer reviewed scientific journal articles
(Huston et al. 2007; Crispe et al. 2007; Williams 2007; Rasmussen et al. 2006; Bagas
et al. 2007; Tunks & Cooke 2007). With the aim of improving the precision of the
Callie xenotime age, and also applying the U-Pb matrix correction techniques
developed in this study, the xenotime from the Callie Au mine was re-analysed and is
fully reported here. SHRIMP U-Pb analyses were also undertaken on hydrothermal
xenotime from the Coyote deposit in the western Tanami region. Xenotime from this
sample had also been analysed previously using SHRIMP by Dr. Richard Armstrong
(Australian National University) and reported confidentially to Anglogold Australia
Ltd. in 2002. That SHRIMP experiment did not use any U-Pb matrix correction
procedures necessary for SHRIMP U-Pb xenotime determinations and an interpreted
207pp/2%pp age from these data of 1791 + 8 Ma has been reported by Bagas et al.
(2007). Therefore, a second SHRIMP U-Pb dating experiment was conducted on this
sample using the techniques and U-Pb matrix correction procedures developed in this
study. Together the new SHRIMP U—Pb xenotime results for the Callie and Coyote
Au deposits place the timing of mineralisation in these mines on a firmer grounding to

be incorporated into exploration and tectonic models for the genesis of lode-Au
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deposits in mnorthern Australia. The temporal relationships between lode—Au
mineralisation in the Tanami Region and Pine Creek Orogen were also investigated.
To do this, a SHRIMP U-Pb monazite age used to infer the timing of mineralisation
at the Goodall Deposit by Sener et al. (2005), which was reinterpreted by Rasmussen
et al. (2006), was further examined here.

5.1.2 Regional Geology
The geology and evolution of the Tanami region have recently been discussed by

Crispe et al. (2007) and Cross & Crispe (2007, i.e. Chapter 1) and only a brief
synopsis is given here. The region consists of a thick sequence of variably deformed,
dominantly marine, sedimentary rocks and rare volcanics that was deposited on a late
Archaean substrate and intruded by granite mostly between ~1.82 and 1.79 Ga.
Deposition of the sedimentary units probably spanned the time period between ~1.87
and ~1.64 Ga. Recent unpublished geochronology suggests that the oldest known
rocks in the Tanami region occur in the Bald Hill sequence in Western Australia. A
rhyodacite from this unit has a SHRIMP zircon U-Pb age of ~1.86 Ga (Data of D.
Maidment, cited in Huston et al. 2007). The sedimentary rocks have been subdivided
into six main units. From base to top these are: the Dead Bullock Formation (lower
sandstone, upper carbonaceous siltstone with lesser iron formation) and the Killi Killi
Formation (widespread turbidite), which comprise the Tanami Group; the Ware
Group (coarse sandstone, felsic volcanic rocks); the Mount Charles Formation
(predominantly turbidite, arkosic sedimentary rocks with interlayered basalt); the
Pargee Sandstone (sandstone and conglomerate); and the Birrindudu Group (marine
to fluvial sandstone, conglomerate and calcareous sedimentary rocks). There is a
progression within the sequence from deeper to shallower water facies. The principal
hosts for Au mineralisation are the Dead Bullock and Mount Charles Formations,
however mineralisation also occurs in the Killi Killi Formation in the Coyote and

Bald Hill regions in the western Tanami (Fig. 5.1).

The Tanami basin was interpreted by Cross & Crispe (2007; see Chapter 1) to have
developed between ~1.87 and 1.84 Ga in response to the Hooper Orogeny (Halls
Creek Orogen), the Nimbuwah Event (Pine Creek Orogen) or very early stages of the

Tanami Event. The initial uplift of Archaean basement rocks caused sedimentary
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detritus to be shed into the early Tanami Basin forming the Ferdies Member of the
Dead Bullock Formation, which is dominated by ~2.50 Ga detrital zircon. The
extensive turbiditic sandstone units of the Killi Killi Formation were largely derived
from the erosion of ~1.86 Ga orogenic granitoids and deposited at ~1.84 Ga (Cross &
Crispe 2007). Crispe et al. (2007) suggest that deposition of the Killi Killi Formation
was probably halted by the ~1.84-1.82 Ga collision of the North Australia Craton
(NAC) with the Kimberley Craton (Myers et al. 1996; Sheppard et al. 1999; Bodorkos
et al. 2002). This event also caused deformation and predominantly greenschist facies
metamorphism (D—M;) in the Tanami region. Two further periods of compressional
deformation (D; and D3) were broadly synchronous with intrusion of ~1.82-1.79 Ga
granitoids that might be related to the similarly aged Stafford event in the Arunta
region to the south-east. In the Arunta region, the ~1.81-1.79 Ga Stafford event is
recorded by bimodal volcanism, high-temperature, low pressure metamorphism and
also the emplacement of voluminous granitic and minor mafic magmas (Scrimgeour
2006). Scrimgeour (2006) suggests that during this time, tectonism in the NAC
shifted to the southern margin of the craton in what is now the Aileron province of the
Arunta region where a long-lived north-dipping subduction system was active
between ~1.81 and 1.69 Ga. Closely following D3, but before another compressional
event (Dy), is an interpreted extensional event which resulted in the deposition of the
sedimentary rocks and eruption of the Mount Charles basalts. Ds transpression
resulted in the development of faults and shear zones that are interpreted to have had a
significant control on Au mineralisation in the Tanami and to have been active
between ~1.81 and 1.79 Ga. Late thrust faults, many of which postdate ~1.70 Ga, may
be related to the King Leopold and Alice Springs Orogenies and are grouped as D
A generalised time-event diagram for the Tanami region is shown in Fig. 3 of Chapter

L
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Fig. 5.1. Generalised geology map of the Tanami Region.
Adapted from Huston et al. (2007).

5.2 Mineralisation

The Tanami region is host to significant lode-Au mineralisation. Over the past 20
years production has exceeded 4.8 Moz, with proven reserves of over 7.7 Moz
(Wygralak et al. 2005). Mineralisation is concentrated in three principal regions, Dead
Bullock Soak, The Granites and Tanami Goldfields. Significant Au deposits also
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occur in the western Tanami at the Coyote deposit and in the Bald Hill area (Fig. 5.1).
Reactive carbonaceous and iron rich units of the Dead Bullock Formation are the host
to major mineralisation at the world class Callie deposit (Dead Bullock Soak
goldfield) and at The Granites. Mineralisation at the Coyote deposit predominantly
occurs in finer grained siltstone units of the Killi Killi Formation. Mernagh &
Wygralak (2007) have suggested that Au deposition in the Tanami mainly occurred at
depths ranging from ~1.5 to 11 km, from low to moderate salinity carbonic fluids with
temperatures between ~200 and 400°C. These fluids are thought by Huston et al.
(2007) to have resulted from metamorphic dewatering related to elevated crustal

temperatures or alternatively, from coeval granite intrusion.

5.2.1 The timing of Tanami lode-Au mineralisation

Lode-Au mineralisation in the Tanami Region is interpreted to have occurred during
two phases, an early phase associated with 1.84-1.82 Ga, D;—M, structures such as at
The Granites (Adams et al. 2007) and the Bald Hill deposits (Bagas et al. 2007), and a
later phase associated with ~1.82—1.79 Ga, Ds structures at Callie (Smith et al. 1998),
Tanami Goldfields (Adams et al. 2007) and Coyote (Bagas et al. 2007). These
interpretations imply that mineralisation was associated with two separate tectonic
events marginal to the NAC, Firstly, the collision between the NAC and Kimberley
Craton to the north-east between ~1.84 and 1.82 Ga (D;-M;), and secondly the
~1.81-1.79 Ga Stafford event (Ds) to the south-east (Scrimgeour 2006).

The timing of the major Ds mineralising event has been somewhat loosely constrained
by recent SHRIMP U-Pb xenotime geochronology by Cross et al. (2005) and also a
SHRIMP xenotime *"’Pb/**Pb age mentioned but not fully reported in Bagas et al.
(2007). Cross et al. (2005) reported a relatively imprecise SHRIMP xenotime
27pb/%Pb age of 1803 + 19 Ma for the Callie deposit. This age range allows for
mineralisation at this deposit to have occurred as early as ~1.82 Ga and as late as
~1.78 QGa, associated with the very latest stage of granite generation. The xenotime
207pp2%pp age reported by Bagas et al. (2007) of 1791 + 8 Ma for hydrothermal
xenotime from the Coyote deposit was based on an unpublished SHRIMP xenotime
age interpretation based on five xenotime analyses undertaken by Richard Armstrong

(RSES) without the necessary U-Pb xenotime matrix corrections. A relatively recent
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YAr*?Ar study of hydrothermal biotite from the Callie deposit by Fraser (2002),
which suggested mineralisation occurred at ~1.72 Ga, is now in the light of the 1.80
Ga SHRIMP U—Pb xenotime result of Cross et al. (2005) to more likely represent a
later thermal overprint possibly related to the ~1.74-1.69 Ga Strangways Orogeny
which was a major thermal and fluid flow event that principally affected the rocks in

the Arunta region (Scrimgeour 2006).

The timing of the earliest phase of mineralisation interpreted to be associated with
~1.84-1.82 Ga, D;—M, structures has not yet been properly established. However, a
preliminary P Ar° Ar muscovite age from an ore-stage vein of ~1.80 Ga has been
reported by Fraser et al. (2006) for the Sandpiper deposit, which is interpreted by
Bagas et al. (2007) to have formed during D;-M,. The significance of this relatively
young age in relation to the suggested timing of D, by (Crispe et al. 2007) has yet to

be resolved.

5.3 The Callie Au deposit

The Callie deposit has an estimated resource of 6.6 Moz of Au and is the largest in the
Tanami region. It is located in the Dead Bullock Soak goldfield approximately 550
km north-west of Alice Springs in the Northern Territory. Mineralisation at this
deposit has been recently reviewed by Williams (2007) and also discussed by Smith et
al. (1998), Voulgaris & Emslie (2004) and Huston et al. (2007). There are four types
of quartz veins at Callie. The earliest are pre-ore, bedding parallel with minor chlorite
and biotite and were folded by the major D, deformation. Ore-stage quartz veins are
coincident with Ds regional deformation, planar, with variable chlorite, biotite,
apatite, carbonate, feldspar, pyrrhotite, chalcopyrite, gold, ilmenite, arsenopyrite,
marcasite and anatase (Huston et al. 2007). There are also two post-ore vein types,
one comprising of carbonate-quartz with accessory sphalerite, galena and pyrite and a
later stage of calcite-quartz and ankerite-quartz veins which cut previous fabrics and
faults including Dg structures (Huston et al. 2007). The auriferous ore-stage veins are
localised within a series of east-west trending structural corridors of up to 180 metres
wide which intersect the D; anticlinal closures (Smith et al. 1998; Williams 2007;
Voulgaris & Emslie 2004)
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The host unit is the informally named Blake beds of Smith et al. (1998) which is
broadly equivalent to the Callie Member of the Dead Bullock Formation described by
Crispe et al. (2007). The Blake beds consist of over 350 m of graphitic turbidites and
mudstones that have undergone greenschist facies metamorphism during the ~1.84 to
1.82 (D;-M,) event (Crispe et al. 2007). Hydrothermal alteration at Callie during the
Ds event is associated with bleaching (decarbonisation) of the graphitic host rocks and
growth of bedding parallel hydrothermal biotite (Williams 2007).

A xenotime-bearing ore-stage quartz vein was sampled from diamond drill core of the
Callie deposit (DBD395D3, 899.0 m) and supplied by Nick Williams (Geoscience
Australia) for SHRIMP U-Pb analysis. A thin section of a ~2 mm wide vein
containing a quartz-chlorite-apatite-titanite-Au assemblage with associated xenotime
was cut and mounted in epoxy resin. Xenotime in the quartz veins occurs as small (~5
to 20 pm) equant, euhedral to anhedral pale yellow-green crystals (Fig. 5.2 and 5.3).
No xenotime was observed outside of the quartz vein. The mineral assemblage

observed in the thin section clearly identifies it as a typical Ds auriferous vein.

Fig. 5.2. Reflected light photomicrograph of xenotime and gold in an ore-stage, quartz-
chlorite-apatite-gold-(xenotime) vein from the Callie deposit (sample: DBD395D3, 899m).
Scale bar is 100 microns.
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hydrothermal xenotime from the Callie Au deposit (sample: DBD395D3, 899m). Images
shown are of a ~1-2 mm wide quartz-chlorite-ilmenite-apatite-gold-(xenotime) vein. The
textural setting for each xenotime and SHRIMP spot location is shown for all analyses. Ages
are calculated from *’Pb/*°°Pb and uncertainties are lo.
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5.4 The Coyote Au Deposit

The Coyote Au deposit has an estimated resource of 0.447 Moz of Au (Huston et al.
2007). It is located in Western Australia in the west of the Tanami region
approximately 650 km north-west of Alice Springs. The geology and mineralisation at
Coyote have recently been described by Bagas et al. (2007). This deposit lies under
~40 m of transported regolith and is hosted mainly in finer siltstone units of Killi Killi
Formation. Mineralisation is hosted along the sheared southern limb of the D; Coyote
anticline and is interpreted to have occurred during deformation associated with Ds
deformation (Bagas et al. 2007). Quartz veins at Coyote comprise pre-, syn- and post-
ore types. Pre-ore quartz veins are layer parallel with chlorite and dolomite, are
commonly located near anticlinal hinge zones and are interpreted by Bagas et al.
(2007) to have formed during the regional D deformation event. These veins are in
turn cut by two types of syn-ore veins, a plannar auriferous type and a laminated
quartz-chlorite one. Ore stage Au veins at Coyote consist of the assemblage quartz-
chlorite-pyrite-(arsenopyrite-galena-sphalerite-xenotime) and are interpreted to be
associated with granite-related metamorphic-metasomatic assemblages (Bagas et al.

2007).

An ore-stage quartz vein containing xenotime from the Coyote deposit was kindly
supplied by Dr. Richard Armstrong (ANU) for SHRIMP U-Pb analysis. The sample
consists of a thin section of a ~10 mm wide quartz-K-feldspar-biotite-apatite-pyrite-
(xenotime-monazite) vein mounted in epoxy resin. The xenotime grains are euhedral
to anhedral, equant, pale green and are ~20-40 pm in diameter (Fig. 5.4). No

xenotime was observed in the wall rock.

171



1799+10 Ma e 1781+14 Ma *

quartz

quartz

181111 Ma

quartz

200pm

quartz

quartz

500 pm i

18139 ME™s
i

<
%

~

LTOY-11.1

Fig. 5.4. BSE images of ore-related xenotime from the Coyote Au deposit. Images shown are
of a ~10 mm wide quartz-biotite-apatite-pyrite-(xenotime-monazite) vein. The textural setting
for each xenotime and SHRIMP spot location for each analysis included in the pooled age
calculation is shown. Ages are calculated from *’Pb/***Pb and uncertainties are 1o. Brighter
regions on the xenotime crystals themselves and in the thin section are due to a residual
SHRIMP Au coating. Cracking of the thin section within the epoxy resin permitted only a
light cleaning of the sample prior to further Au coating and post SHRIMP SEM imaging.
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5.5 Analytical methods

The analytical conditions and xenotime U-Pb matrix corrections under which the
xenotime SHRIMP U-Pb data and electron microprobe analyses were undertaken and
processed follow those described in Chapter 3. Xenotime from the Callie and Coyote
deposits were analysed in separate SHRIMP RG sessions. For these sessions, a
primary O beam was focussed through a 30 pm Kohler aperture which produced a ~7
um spot. Xenotime trom Coyote was analysed using a primary beam current of ~0.9
nA in late December 2006, whereas xenotime from the Callie deposit was analysed
with an ~0.7 nA primary beam in February 2007. For both of these SHRIMP sessions
the primary calibration standard MG1 and secondary calibration standards Z6413 and
BS1 were analysed concurrently from a separate mount. Xenotime crystals from the
Callie and Coyote deposits were identified and imaged using a Cambridge 360

scanning electron microscope located at the ANU electron microscopy unit.

5.6 Results

5.6.1 Electron Probe
Electron microprobe (WDS) analyses of eight Callie xenotime crystals from

DBD395D3 show them to be similar in composition (Table 5.1a). U and Th
concentrations are low and average ~400 ppm for U and ~200-300 ppm Th. Th/U

ratios are also typically low and have an average ratio of ~0.5 (Table 5.2a). The REE
concentrations are elevated compared to the typical levels observed in xenotime (see
Table 2.1, Chapter 2). Relatively high concentrations of Gd, Dy, Er and Yb contribute
to a 3 REE;O3 of ~24 wi%, which is approximately 10 wt% higher than that measured
in the primary calibration standard MGI. The nine xenotime grains analysed by WDS
from the Coyote deposit also have generally similar compositions (Table 5.1b). U
concentration is much higher than that observed in the Callie xenotime, with an
average of ~2500 ppm. Th concentrations are generally below the detection limit (<
150 ppm). The relatively high U and very low Th levels in the Coyote xenotime result
in Th/U of ~0.05 which is an order of magnitude lower than that ineasured in the
Callie xenotime (Table 5.2b). Relative to the Callic xenotime, the Coyote crystals

have lower concentrations of Gd, Dy, Er and Yb, which are the main components of
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the > REE>O3; which is ~19 wt%. This is ~4 wt% higher than that in the primary

xenotime calibration standard MG1.

Table 5.1a. Electron microprobe (WDS) analyses of hydrothermal xenotime from the Callie

Au deposit.

oxide

wit% A3.1 A3.2.1 AATA AA2.2 AA4 4 CC.1 CC.2 CC.3
Si02 0.23 0.12 0.18 0.14 0.26 0.24 0.16 0.27
CaO 0.02 0.01 0.02 0.01 0.02 0.03 0.03 0.03
P205 32.49 32.36 32.27 32.76 32.43 32.57 32.1 32.66
¥203 37.53 37.25 40.74 39.72 37.05 38.34 36.88 38.42
Nd203 0.18 0.13 0.05 0.05 0.18 0.12 0.16 0.14
Sm203 0.59 063 0.13 0.17 0.90 0.44 0.60 0.46
Eu203 0.48 0.52 0.05 0.06 0.59 0.44 0.49 0.44
Gd203 3.1 3.41 0.92 2.37 4.36 2.98 3.21 2.67
Tb203 0.77 0.77 0.13 0.49 0.89 0.70 0.34 0.47
Dy203 7.14 7.50 4.84 7.1 7.74 7.36 7.20 7.11
Ho203 1.57 1.61 1.50 1.74 1.60 1.60 1.60 1.64
Er203 4.25 4.16 5.02 4.47 3.89 4.40 4.26 4.46
Tm203 0.84 0.79 0.94 0.79 0.76 0.83 0.82 0.85
Yb203 4.27 4.05 5.95 3.83 347 436 415 454
Lu2O3 1.10 1.12 1.38 0.97 0.96 1.13 1.13 1.16
ThQ2 0.01 0.01 0.05 0.02 0.07 0.01 0.02 0.01
U203 0.03 0.02 0.05 0.04 0.08 0.03 0.02 0.03
ZREE 2429 2469 20.89 2207 25.34 24.35 23.96 23.94
Total 94.67 94.59 94.41 95.06 95.34 95.69 93.72 95.75

Table 5.1b. Electron microprobe (WDS) analyses of hydrothermal xenotime from the Coyote

Au deposit.

oxide  COY- _COY- COY- COY- COY- COY- COY- COY- COY-
wt% 1.1 3.1 4.1 7.1 10.1 111 2.1 8.1 9.1
Si02 0.91 0.59 052 0.59 0.81 0.37 0.28 0.30 0.42
Ca0 0.02 0.02 0.02 0.03 0.02 0.02 0.24 0.02 0.00
P205 34.40 33.80 33.76 34869 33.51 34.45 34.01 3402 33.64
Y203 42,94 43.19 4212 43.31 41.56 42.85 42.61 42.20 41.65
Nd203 0.15 0.36 0.37 0.17 0.69 0.14 0.14 0.25 0.18
Sm203 0.52 0.64 0.63 0.50 0.95 0.52 0.47 0.62 0.57
Eu203 0.58 0.39 0.33 0.58 0.62 0.55 0.49 0.67 0.58
Gd203 2.69 2.46 2.38 265 3.01 2.68 2.53 2.90 275
Tb203 0.60 0.51 0.35 0.55 0.60 0.60 0.59 0.63 0.59
Dy203 563 5.52 5.35 5.59 561 5.63 5.67 5.70 5.71
Ho203 1.27 1.22 1.23 1.23 1.20 1.33 1.26 1.18 1.30
Er203 3.59 3.53 3.61 3.45 3.29 3.56 3.61 3.44 3.58
Tm203 0.62 0.62 0.67 0.62 0.68 0.63 0.64 0.63 0.64
Yb203 2.88 2.58 3.07 267 279 2.83 2.86 2.80 2.93
Lu203 0.87 0.73 0.82 0.80 0.83 0.87 0.83 0.88 0.83
ThO2 0.02 <0.01 <0.01 0.01 <0.01 0.02 <0.01 0.01 <0.01
U203 0.30 0.07 0.11 0.36 0.20 0.32 0.11 0.52 0.38
ZREE 19.40 18.56 18.82 18.80 20.27 19.35 19.07 19.69 19.66
Total 98.06 96.31 95.57 97.93 96.49 97.52 96.34 96.88 95.85
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The Callie and Coyote xenotimes have similar chondrite normalised REE profiles
(Fig. 5.5). Both samples show a steep rise from Nd to Gd and a flat transition to Lu.
There is only a very minor negative Fu anomaly seen in two of the Callie xenotime
grains, all other crystals show a smooth transition through to Lu. For comparison,
chondrite normalised REE profiles of two igneous xenotime samples (Z6413 and
XTC) show a distinctive negative Eu anomaly, a characteristic typical for igneous
derived xenotime which reflects feldspar fractionation of the source rocks (Kositcin et
al. 2003; Forster 1998). The REE profiles for the Callie and Coyote xenotime do not
support an igneous origin but are more typical of those observed for hydrothermal or

diagenetic xenotime (see Kositcin et al. 2003; Rasmussen 2005).
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Fig. 5.5. Chondrite normalised REE patterns of xenotime from the Callie and Coyote Au
deposits. REE patterns of two igneous xenotime SHRIMP standards (Z6413 and XTC) are
shown for comparison. Chondrite data from Boynton (1984). XTC data is from Kositcin et al.
(2003).

5.6.2 SHRIMP U-Pb Results
Eight SHRIMP RG analyses were carried out on eight xenotime crystals from Callie

sample DBD395D3 (Fig. 5.6, Table 5.2a.). These crystals have concordant to slightly
discordant compositions that are interpreted to reflect recent Pb-loss. All analyses are

less than 10% discordant and combine to vield a weighted mean *"Pb/”*Pb age of
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1809 + 13 Ma (95% confidence, MSWD = 0.85). This age determination is well
within error of the previous age estimate for this sample by Cross et al. (2005) of

1803 + 19 Ma.
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Fig. 5.6. Concordia plot of SHRIMP RG U-Pb xenotime analyses from the Callie Au deposit.

SHRIMP RG data for the Coyote sample consists of nine analyses on nine crystals
(Fig. 5.7 and Table S.2b.); The xenotime has generally concordant to near concordant
compositions, however one analysis is more than 10% discordant and is not included
in the pooled age calculation. The remaining eight analyses combine to yield a
weighted mean *”’Pb/**Pb age of 1800 + 8 Ma (95% confidence, MSWD = 1.2). This
age measurement is identical within error to the previous 2’Pb/”%Pb age measured for

this sample of 1791 + 8 Ma reported in Bagas et al. (2007).
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Fig. 5.7. Concordia plot of SHRIMP RG U-Pb xenotime analyses from the Coyote Au
deposit.

5.7 Discussion

Convincing textural and chemical criteria strongly support a hydrothermal origin for
the Callie and Coyote xenotime analysed in this study. Texturally the xenotime grains
are confined within Au-stage quartz veins. For the Callie xenotime found in sample
DBD395D3, Williams (2007) cites strong arguments for its hydrothermal origins,
including a close association with vein apatite, ilmenite and Au (typical for Au-
bearing veins at Callie) as well as the absence of xenotime in the wall rocks. The
xenotimes from both deposits also have chemical signatures that point toward a
hydrothermal origin. Typical chemical features of hydrothermal xenotime include low
concentrations of U and Th, Th/U ratios generally < ~0.5 and the absence of an Eu
anomaly (Kositein et al. 2003; Rasmussen 2005). The chemical properties of the
Callie xenotime seen in Tables 5.1a and 5.2a and Figure 5.5 are consistent with a
hydrothermal origin for these crystals. The relatively high concentration of U (~2500
ppm) in the Coyote xenotime is the highest yet recorded for hydrothermal xenotime
reported in the literature. Regardless of the relatively high U concentration for this
xenotime, the extremely low Th/U ratio (~0.05) and absence of a negative Eu
anomaly are chemical indicators suggestive of a hydrothermal origin for these grains.
Considered together, the textural setting and chemical characteristics for both the

Callie and Coyote xenotime strongly suggest that they are hydrothermal in origin.
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Table 5.2a. SHRIMP U-Pb isotopic data for hydrothermal xenotime from the Callie Au deposit.

_Spot | U (Wi%) [EREE (wt%) Th/U_|% Comm,___ **Pp/**y “’pb®Ph | #®Pb/P®U age | *’Pb/”®Pb | Discordance
|_name | (WDS) | (WDS) (SHRIMP] **Pb (£ 15 %) (£ 15 %) (Ma + 10) (Ma # 15) %
A3-1.1 0.0232 21.24 0.48 0.33 0.2968 4,39 0.1086 1.80 1675! 40 1776 33 6
A3-21 | 00178 2159 043]  031] 03023 252 01111 1.67, 1703 43 1818 30 7
AA1-1.1 0.0444 18.28, 2.00| 0.05 03069 1.93 01115 053] 1725 33 1824 10 6
AA2-1.1 0.0386/| 1928, 071 021 03017] 215 01092 1.38 1700 37 1786, 25 5
AA4-1.1 0.0682 2215 0.40 0.19 0.3099 2.09 0.1 097 1.03 1740 36 1794 19 3
CC.1 0.0278 21 29 0.38 0.30 0.2928 248 0.1099  2.19 1656 4 1797 40 9
CC.2 0.0195 20.95§ 0.42 -0.06 0.3174| 236 0.1101 _1.09 1777 42 1802 20 1
€C.3 0.0263 20.94. 0.45 0.19 0.3101 2.29! 0.1092, 143 1741 40 1786. 26 3
Table 5.2b. SHRIMP U-Pb isotopic data for hydrothermal xenotime from the Coyote Au deposit.

Spot | U (wi%) EREE (wt%) Th/U |% Comm  **Pb/*’u “Pb/APb | **Pb/**U age  *"Pb®Pb__ Discordance

name | (WDS) | (WDS) (SHRIMP] **Pb (£ 16 %) (£ 15 %) (Mat1o) | (Matic) | %
COY-1.1 0.2698 16‘97; 0.02 0.01 0.2943 2.49 0.1100 0.57 1663 41 1799 10} 8
COY-3.1, 00628 1623 008 | 001 03249 ~ 252/ 01107 062 1814 46 s 0
COY-4.1 0.0994 16.46? 0.03 0.01 0.3294 2.78§ 0.1107 0.67 1836; 51 1811 12 -1
COY-10.1 __ 0.1809 1774 0.08 0.01 03075 262  0.1092 108 1728 45 1787 200 3
COY-11.1 0.2950 1692  0.05 0.00 0.3029 2.56 0.1108  0.52 1706 44 1813 9 6
COY-21| 01009 1668 006 | 001 02954 249 01089 079] 1668 42 1781 14 7
COY-8.1 0.4757 17.220  0.02 0.01 0.3009 3.89 0.1088  0.65 1696 66 1780 12] 5
discordant * | 1
COv-7.1 0.3230 16.44:  0.02 0.00 0.2801 2.80! 0.1089  0.55 1592 45 1781 10 12




The SHRIMP *’Pb/**Pb xenotime age determinations reported here are considered
to likely represent the ages of their host Au-stage veins and by inference the age of
mineralisation in these two deposits. The new and preferred age of mineralisation for
the Callie deposit is 1809 + 13 Ma, whereas the preferred age of mineralisation for the
Coyote deposit is 1800 + 8 Ma.

Considered together these ages constrain the Ds mineralising event in the Tanami
region to between ~1.82 and ~1.79 Ga, coincident with the main period of granite
intrusion. A broadly similar age is also inferred for mineralisation at the Tanami
Goldfields which is also associated with Ds structures. The ages presented here
support the suggestion made by Scrimgeour (2006) that the ~1.81-1.79 Ga Stafford
event is principally responsible for lode-Au mineralisation in the Tanami. The
determination of the timing of the ID;—M; event is yet to be firmly established. The
Granites deposit is interpreted by Adams et al. (2007) to have formed during D1—M,.
This deposit has not been dated radiometrically, however a possible candidate mineral
for this task at The Granites deposit is titanite, which was identified by Scrimgeour
and Sandiford (1993) in the alteration assemblages of ore stage veins. The results of
this study confirm a strong temporal and spatial link between granite generation and

mineralisation in the Tanami Region.

5.7.1 Lode-Au mineralisation in the Pine Creek Orogen
The application of SIMS U-Pb dating of hydrothermal phosphate has achieved

particular success in constraining the timing of lode-Au mineralisation in many parts
of the world (Pigois et al. 2003; Sener et al. 2005; Salier et al. 2004; Salier et al. 2005;
Brown et al. 2002; Rasmussen et al. 2006; Cross et al. 2005). These age
determinations are able to be used in both local and regional exploration and ore
genesis models. As described above, a convincing spatial and temporal link between
granite generation and Au mineralisation occurring between ~1.81 and 1.79 Ga, exists
in the Tanami region. However, in the Pine Creek Orogen (PCO) to the north of the
Tanami region, a spatial and temporal relationship between significant Au
mineralisation and Palacoproterozoic granites that has been proposed in a number of
studies (see below), has been questioned in recent years. Sener et al. (2005) and
Rasmussen et al. (2006), based on the results of SHRIMP U—Pb analyses of
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hydrothermal monazite and xenotime from mineralised PCO Au systems, have argued
that Au mineralisation in this region is significantly younger than the local granites
and therefore not temporally related. With the aim of investigating the possibility of a
regional temporal link between Au mineralisation across northern Australia, the
SHRIMP U-—Pb monazite analyses presented in Sener et al. (2005) were
reinvestigated and compared with the SHRIMP U—Pb measurements of xenotime

from the Callie and Coyote deposits.

3.7.2  Generalised Geology of the Pine Creek Orogen
The central domain of the PCO consists of variably deformed and intruded

Palacoproterozoic metasedimentary rocks and metavolcanics that have been deposited
on a rifted late Archaean granitic basement. Recent geochronology has constrained
two periods of Palaeoproterozoic sedimentation, an early phase which probably
ceased between ~2.02-2.05 Ga, and following a hiatus of ~160 m.y., a later period of
sedimentation at about 1.86 Ga (Worden 2006). Between 1.86 and 1.85 Ga, rocks of
the PCO were deformed and underwent low-grade regional metamorphism during the
Nimbuwah event (Stuart-Smith et al. 1993; Worden 2006). This was closely followed
by an extensional event characterised by felsic volcanism and the intrusion of
voluminous, post orogenic granites of the Cullen Batholith. The Cullen Batholith is
spatially associated with significant Au and base metal mineralisation; it consists
predominantly of fractionated I-type granitic rocks exposed over an area of
approximately 3,300 km® (Fig. 5.8). Crystallisation ages for granites of the Cullen
Batholith range fron1 ~1.84 to ~1.80 Ga (Stuart-Smith et al. 1993).

Gold deposits in the Cullen mineral field have been interpreted to have resulted from
the interplay between structure, host rock and degree of fractionation of the nearby
granites (Budd et al. 2001). For example, Budd et al. (2001) suggested that Au, Ag,
Pb, Cu, Sn, W and Fe mineralisation appear to be associated with fractionated
leucogranites. By contrast, the Saunders suite is the least fractionated of the Cullen
batholith and is unmineralised (Budd et al. 2001). Attesting to the close spatial
association between mineralisation and granite emplacement are the Au deposits of
Goodall, Cosmopolitan Howley, Enterprise, Mount Todd and Golden Dyke, which all

occur in the contact aureole of the Cullen Batholith. Field relationships, structural
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investigations, geochemical and stable isotope studies of Au mineralisation in the
Cullen Mineral field suggest that mineralisation was synchronous with emplacement
of the Cullen Batholith (Sheppard 1996; Matthai 1995; Stuart-Smith et al. 1993;
Ewers and Scott 1977; Wall and Taylor 1990; Budd et al. 2001; Wygralak and Ahmad
1990).
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Fig. 5.8. Generalised regional geology map of the Pine Creck Orogen showing the location of
the Cullen Mineral Field and Alligator Rivers Uranium Field (after Stuart-Smith et al. 1993).
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U-Pb isotopic evidence in support of the strong temporal link between the Cullen
granites and Au mineralisation was provided by Compston & Matthai (1994) who
reported a 207pp/2%ph age of 1810 + 10 Ma from SHRIMP U-Pb analyses of
xenotime and monazite sampled from auriferous veins from the Goodall Au deposit.
This age linked Au mineralisation at the Cullen Mineral Field with the younger
phases of the Cullen Batholith. However, more recently Sener et al. (2005) reported a-
SHRIMP *”Pb/*%Pb age of 1727 + 13 Ma from ore-related monazite also sampled
from the Goodall deposit, almost ~100 m.y. younger than the younger Cullen
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Batholith granites. Rasmussen et al. (2006) reinterpreted the SHRIMP data of Sener et
al. (2005), suggesting that mineralisation at the Goodall deposit was related to an
older generation of sixteen monazite crystals that were analysed by Sener et al. (2005)
but not included in their age calculation. The sixteen older SHRIMP monazite
analyses give a weighted mean *“’Pb/”™Pb age of 1776 £ 13 Ma, which was
interpreted by Rasmussen et al. (2006) to better represent the age of mineralisation at
this deposit. Rasmussen et al. (2006) also reported a similar SHRIMP **’Pb/*"Pb age
of 1780 + 10 Ma for monazite from the Toms Gully Au mine, located ~50 km to the
north of the Cullen mineral field (Fig. 5.8). These ~1.78 Ga age interpretations led
Rasmussen et al. (2006) to conclude that hydrothermal Au mineralisation in the PCO
was not temporally related to the intrusion of granites, but more likely related to a
younger period of minor magmatism, deformation and metamorphism associated with
the Shoebridge event which affected rocks across the PCO and adjacent Litchfield
province at ~1.78 Ga (Stuart-Smith et al. 1993).

Surprisingly, neither Sener et al. (2005) nor Rasmussen et al. (2006) gave reasons as
to why the previous age interpretation of Compston & Matthai (1994) of 1810 + 10
Ma should be superseded by their significantly younger age interpretations. Indeed,
my reinterpretation of all of the SHRIMP monazite data presented for the Goodall
deposit by Sener et al. (2005) suggests an age that approximates the original ~1.81 Ga
age interpretation of Compston & Matthai (1994). The SHRIMP analyses of monazite
from the Goodall deposit presented in Table 1 of Sener et al. (2005) (see Appendix
5.2) were re-examined as a part of this study to properly assess the differences in age
interpretations between the results of Compston & Matthai (1994) and those of
Rasmussen et al. (2006) and Sener et al. (2005) and thereby establish whether a
temporal link exists between mineralisation and the emplacement of the Cullen
Batholith. All of the SHRIMP monazite analyses presented in Table 1 of Sener et al.
(2005) (excluding two crystals, H.1-3 and H.1-4 which have very high common Pb

2ppy form a moderately well defined

contents between 5 and 9% common
discordance line (MSWD = 2.5, n=44). This can be improved by rejecting two of the
most discordant analyses (H.2-6 and H.5.1), the oldest and most imprecise analysis
(H.2-2, 1909 = 101 Ma) and the youngest concordant analysis (H.5-4, 1593 £ 37 Ma);
no further rejections are justified. The remaining 40 SHRIMP analyses form a

moderately well defined discordance line with an MSWD of 1.6, which is slightly
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greater than the upper 95% confidence interval for this number of points (Fig. 5.9).
This discordance trend does however indicate an upper intercept at 1822 + 37 Ma
which is consistent with the ~1810 + 10 Ma age of mineralisation at the Goodall
deposit reported by Compston & Matthai (1994). The lower intercept shown on Fig.
(5.9) has an imprecise intercept age of 780 + 140 Ma. This age corresponds to a late
period of U mineralisation between ~800-950 Ma, recorded in all of the major U
deposits of the Alligator Rivers Uranium Field, located approximately 100-150 km
north-east of the Cullen Mineral Field. (Gulson & Mizon 1980; Polito et al. 2005;
Hills & Richards 1976). Furthermore, it is also within error of a ~760 Ma population
of SHRIMP U-Pb xenotime analyses from the Molyhil scheelite-molybdenite skarn,
located approximately 1000 km south of the PCO in the northeast Arunta Region (see
Chapter 6).

data-point error ellipses are 68.3% conf. ( Goodall Au deposit
monazite
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Fig. 5.9. Concordia plot of SHRIMP monazite analyses for the Goodall Au deposit reported
by Sener et al. (2005).

The SHRIMP U-Pb monazite age interpretations of Sener et al. (2005) and
Rasmussen et al. (2006) for the timing of mineralisation at the Goodall deposit of
~1.73 Ga and ~1.77 Ga respectively, are interpreted here to more likely represent

monazite compositions that have experienced a period of ancient Pb-loss. Therefore,
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individual *’Pb/*%Pb determinations from these crystals cannot be used to establish
original crystallisation ages. Collectively the data of Sener et al. (2005) support an
earlier age interpretation for this deposit of 1810 + 10 Ma, reported in Compston &
Matthai (1994). This age supports a temporal link between the emplacement of the
youngest phases of the Cullen Batholith and mineralisation at the Goodall Au deposit.
However, the SHRIMP U-Pb monazite age of 1780 + 10 Ma by Rasmussen et al.
(2006) for the timing of mineralisation at the Toms Gully Au deposit, does not appear
to be temporally associated with Cullen Batholith granites. This implies that there
may be two phases of Au mineralisation in the central PCO, an early phase related to
the intrusion of the Cullen Batholith and a latter phase associated with the ~1.78 Ga
Shoebridge event. Further work is needed to establish whether these two
mineralisation events can be associated with particular structures or regions
throughout the central PCO.

The period between ~1.81 and ~1.78 Ga marks a period of significant Au
mineralisation in the Tanami Region and PCO. Additionally, similarly aged minor
occurrences of VAMS and 10CG style mineralisation occur in the Aileron Province,
central Australia (Hussey et al. 2006) and as minor Ag—Pb veins in the Tennant Creek
Province, central Australia (D. Huston pers. comm.). These data imply that a major
widespread mineralising event occurred across much of the NAC between about 1.81
to 1.79 Ga. This event may be related to convergent tectomics that occurred along the
southern margin of the North Australia Craton, where Scrimgeour (2006) suggested a

north—dipping subduction system was active from ~1.81 to ~1.69 Ga.

5.8 Conclusions

In the Tanami Region, SHRIMP U-Pb xenotime ages constrain the timing of Au
mineralisation at the Callie deposit to 1809 + 13 Ma and at the Coyote deposit to 1800
= 8 Ma. These ages coincide with the main phase of granite intrusion between ~1.82
and 1.79 Ga and by inference, also constrain the timing of Ds structures associated
with significant Au mineralisation at the Callie deposit (Smith et al. 1998), Coyote
deposit (Bagas et al. 2007) and at the Tanami Goldfields (Adams et al. 2007). This
time period is coincident with the ~1.81-1.79 Ga Stafford event which may be linked
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to a long—lived, north-dipping subduction system active at the south-east margin of
the NAC (Scrimgeour 2006).

Re-interpretation of SHRIMP U-Pb monazite data for the Goodall Au deposit, PCO
presented in Sener et al. (2005) supports a previously reported SHRIMP monazite-
xenotime ““’Pb/2"Pb age for this deposit of 1810 = 10 Ma by Compston & Matthai
(1994). This age coincides with the intrusion age of the youngest phases of the Cullen
Batholith and demonstrates a temporal link between the two events. This finding in
part contradicts a suggestion made by Rasmussen et al. (2006) that Au mineralisation
in the PCO is not temporally associated with granite emplacement. An age
interpretation of ~1.78 Ga for the Toms Gully Au deposit by Rasmussen et al. (2006)
suggests that there may be two stages of Au mineralisation in the PCO, an early phase
associated with the emplacement of the Cullen Batholith and a younger event
associated with the ~1.78 Ga Shoebridge event. The SHRIMP "’Pb/*’°Pb xenotime
ages reported here for the timing of mineralisation in the Tanami Region and also the
age for mineralisation reported for the Goodall deposit by Compston & Matthai
(1994) confirm the temporal link between the significant Au mineralisation in these
two regions and granite intrusion. These results also show that the time period
between ~1.81 to ~1.79 Ga marks a period of mineralisation widespread across much

of the NAC.
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6. SHRIMP U—Pb XENOTIME AND RE-OS MOLYBDENITE
DATING OF THE MOLYHIL SKARN, NORTHERN AUSTRALIA.

6.1 Introduction

The Eastern Arunta region has a complex, prolonged and polyphase history extending
from the Palaeoproterozoic to the mid-Palacozoic (Mawby et al. 1999; Hand et al.
1999; Buick et al. 2005; Scrimgeour & Raith 2001; Huston et al. 2006). Mineral
deposits in this region are typically small but cover a diverse range including lode-Au,
VHMS, carbonate replacement Zn-Cu, Cu-Au (10CG), skatm W—(Mo—Cu-Au) as
well as the industrial minerals vermiculite and garnet (Huston et al. 2006).
Establishing which time periods are the most favourable for mineralisation in this
complex region is of fundamental importance in the exploration for mineral resources.
The Molyhil scheelite-molybdenite skarn is the largest intrusion-related deposit in the
Eatern Arunta region (Huston et al. 2006). Located in the northern margins of the East
Arunta (north-east Arunta) (Fig. 6.1), it has previously been mined for W and Mo
during the 1970°s and early 1980’s.

This study was primarily designed as a geochronological investigation and undertaken
to test the accuracy of the SHRIMP U—Pb xenotime matrix correction procedures
developed in Chapter 3 of this thesis. To do this, molybdenite separated from
mineralised skarn was sent to the University of Alberta and analysed for Re-Os by Dr.
Robert Creaser. These results would then allow a comparison to be made between the
dates obtained from the Re-Os analysis of molybdenite and SHRIMP U—Pb analysis
of xenotime. Additionally, it was also hoped that this study would provide

preliminary isotopic constraints for the timing of mineralisation at the Molyhil Skarn.
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6.2 Regional Geology

The north-east Arunta area consists of Palaeoproterozoic to early Palaeozoic rocks
which have undergone periods of magmatism, metamorphism and deformation from
the Proterozoic to the Late Devonian (Scrimgeour & Raith 2001). It is unconformably
overlain by Neoproterozoic to Palaecozoic sedimentary rocks of the Georgina and
Amadeus Basins to the north and south-east Arunta, respectively. The principal
terranes of the north-east Arunta region consist of: Palacoproterozoic high grade
(upper amphibolite to granulite facies) rocks of the Strangways Metamorphic
Complex (Kanandra Granulite), the informally named Jinka region, consisting of
Palaeoproterozoic amphibolite to granulite facies metasedimentary rocks that have
been intruded by Palaeoproterozoic granites (Scrimgeour & Raith 2001), and the
Palaeozoic amphibolite to granulite facies metasedimentary rocks of the Harts Range
Group. These terranes are separated by two major west trending shear zones. In the
south of the region, the Entire Point Shear Zone (EPSZ) partitions rocks of the Harts
Range Group from the Kanandra Granulite, and the Delny Shear Zone (DSZ)
separates the Kanandra Granulite from the northern Jinka region rocks (Fig. 6.2).
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Fig. 6.2. Generalised solid geology map of the north-east Arunta region, adapted from
Serimgeour & Raith (2001).
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The Kanandra Granulite outcrops south of the Mopunga Range region and north of
Huckitta (Fig. 6.2). It is a part of the Strangways Metamorphic Complex which
principally occurs in the Strangways and Harts Ranges (Shaw & Warren 1975). The
Kanandra Granulite forms a 150-200 km west trending belt of intermittently
outcropping pelitic granulite, mafic granulite, garnet biotite migmatite, with rare calc-
silicates and small ultramafic units (Scrimgeour & Raith 2001). Rocks of the
Strangways Metamorphic Complex experienced high grade metamorphism (upper
amphibolite to granulite) and granite intrusion during two Palacoproterozoic
Orogenies. These events consisted of two cycles of burial and exhumation, termed the
Yambah Event (~1.78-1.77 Ga) and Strangways Event (~1.73-1.71 Ga) that
Maidment et al. (2005) suggested took place in a broadly convergent setting at the
southern margin of the North Australia Craton (NAC). Granite intrusion during the
Yambah Event was widespread across the Arunta region (Zhao & Bennett 1995) and,
on geochemical grounds, interpreted by Zhao & McCulloch (1995) to be related to
subduction. Strangways plutonism was also widespread and occurred across much of

the northern Arunta and also the southern Davenport province.

The informally named Jinka region of Scrimgeour & Raith (2001) is a narrow (525
km) belt of low-pressure amphibolite to granulite facies metasedimentary rocks that
have been intruded by granites and extend for over 100 km from the Perenti
Metamorphics in the west to the Jervois region in the east (Scrimgeour & Raith 2001)
(Fig. 6.2). Metamorphic units in the central Jinka region outcrop in the Mopunga
Range region and consist of the granulite facies felsic granulites and gneisses of the
Perenti and Deep Bore Metamorphics and the amphibolite facies metapelite and
amphibolite of the Cackleberry Metamorphics (Freeman 1986; Scrimgeour & Raith
2001). Further to the west, lower amphibolite facies schists of the Ledan Schist
unconformably overlic upper greenschist to lower amphibolite facies rocks of the
Delmore Metamorphics (Freeman 1986; Scrimgeour & Raith 2001). The amphibolite
facies Bonya Schist outcrops in the east of the Jinka region at Bonya Hills and east of
the Jervois Range. This unit consists mostly of schist, amphibolite, calc-silicates and
quartzite (Freeman 1986). The Jinka region is dominated by granitic intrusive rocks
that were intruded during the Yambah and Strangways events. SHRIMP U-Pb zircon
dating by Zhao & Bennett (1995) has constrained the Dneiper and Mount Swan
Granites of the central Jinka region to have crystallised at 1762 + 14 Ma and 1713 £7
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Ma respectively, whereas the Jervois granite in the east of the region has an age of
1771 + 6 Ma.

The oldest rocks in the north-cast Arunta were the sedimentary and volcanic
protoliths of the Deep Bore Metamorphics, Cackleberry Metamorphics and the
Kanandra Granulite. SHRIMP U-Pb dating of zircons from the Deep Bore
Metamorphics and Kanandra Granulite defines a maximum deposition age of ~1.80
Ga (Scrimgeour & Raith 2001). These units were intruded by granites during the
~1.78-1.77 Ga, Yambah Event. The subsequent ~1.73—1.71 Ga, Strangways Event
resulted in granulite to amphibolite facies metamorphism, deformation and granite
intrusion throughout the region. This event is recorded by the intrusion of the Mount
Swan Granite and SHRIMP U-Pb zircon ages of ~1.73—1.72 Ga that are interpreted to
record metamorphism in the Deep Bore Metamorphics and Kanandra Granulite
(Scrimgeour & Raith 2001).

Harts Range Group lithologies in the Huckitta area are similar to those observed
elsewhere in the Eastern Arunta and are dominated by migmatitic metapelite,
metabasite, garnet-biotite gneiss and lesser calc-silicate, marble and quartzite
(Scrimgeour & Raith 2001). The protoliths of these units were deposited during a
period of extension and associated mafic magmatism during the early Cambrian
(~520-500 Ma) into the Irindina sub-basin (Buick et al. 2005). These rocks later
underwent granulite facies metamorphism which peaked at >800°C, 8-12 kbar during
the ~480-460 Ma, Larapinta Event (Mawby et al. 1999; Hand et al. 1999; Buick et al.
2001).

A period of protracted exhumation and metamorphism during the intracratonic Alice
Springs Orogeny between ~450 and 300 Ma, affected much of central Australia
(Collins & Shaw 1995). The earliest expression of this Orogeny may have occurred in
the Harts Range region where at about 450 Ma the tectonic regime switched from
extension to compression, which resulted in southward directed thrusting in the Harts
Range (Mawby et al. 1999). During this time sinistral transpression along the EPSZ,
resulting in the juxtaposition of the Harts Range Group and Kanandra Granulite is
interpreted to have occurred at 445 + 5 Ma, as recorded by SHRIMP U-Pb monazite
dating of an EPSZ mylonite (Scrimgeour & Raith 2001). Later during the Alice
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Springs Orogeny between ~400 and 360 Ma, north-vergent movement associated with
the DSZ initially resulted in mid amphibolite metamorphism and later, exhumation
and cooling of the Harts Range Group and Kanandra Granulite (Scrimgeour & Raith
2001). Carboniferous felsic magmatism and high grade metamorphism at about 330
Ma recorded in the Harts Range region to the south (Hand et al. 1999; Maidment et al.
2005) does not appear to have affected rocks in the north-east Arunta region
(Scrimgeour & Raith 2001).

6.3 The Molyhil Skarn deposit

The Molyhil scheelite-molybdenite skarn is located ~225 km north-east of Alice
Springs within the informally named Jinka region of Scrimgeour & Raith (2001) at
lat. 22°45° S, long. 135°45° E, on the Huckifta 1:250 000 sheet and is ~1 km north of
the DSZ and ~5km north of the EPSZ (Fig. 6.2). Additionally, north-west trending
splay faults associated with the DSZ occur north of the deposit (Freeman 1990).
Mining at Molyhil between 1974 and 1976 produced 20,000 tonnes of ore that yielded
100 tonnes of concentrate at 70% WO; (Freeman 1990). Thor Mining PLLC has more
recently defined a JORC-compliant mineral resource at Molyhil of 2.4 Mt at 0.54%
WO; and 0.26% MoS,. It is interpreted to have developed from hydrothermal fluids
associated with the intrusion of the Marshall Granite and contains typical features
normally associated with skarn-type mineralisation including a common association
of minerals, close spatial association with a large plutonic body and the presence of

receptive calcareous host rocks (Barraclough 1979).

Mineralisation at Molyhil occurs in two adjacent orebodies, termed the Yacht Club
and Southern orebodies (Fig. 6.3). These orebodies occur in skarn that formed within
rafts of metasediment in the Marshall Granite (Freemian 1990; Shaw et al. 1984). The
leucogranite in the pit has two distinct alteration assemblages. Along the southermn
walls is a chlorite altered biotite granite, described as a “green granite”, whereas on
the north and western walls it is described as a K-feldspar altered pink granite (Huston
et al. 2006).

Three types of metasomatic rocks were defined at the Molyhil deposit by Barraclough

(1979). These are endoskarn, unmineralised calc-silicate exoskarns and ore-zone calc-
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silicate exoskarns. The endoskarn is grey, coarse grained, often foliated and is
dominated by K-feldspar and hornblende, with variable concentrations of quartz,
calcite, biotite, molybdenite, magnetite and scheelite (Barraclough 1979; Huston et al.
2006). Unmineralised calc-silicate exoskarn separates granitoid rocks from the
mineralised ore-zone calc-silicate exoskarn. It has been catagorised by Barraclough
(1979) as either a “banded” or “mixed” type. The banded variety consists of
alternating diopside and garnet rich bands with accessory garnet, quartz, biotite, and
epidote. Additionally, this unit contains minor magnetite, pyrite and rare molybdenite
and scheelite (Barraclough 1979; Huston et al. 2006). By comparison, the mixed
variety contains rare magnetite and sulfide, and is a mixture of garnet, pyroxene,
epidote and calcite (Barraclough 1979). Ore-zone calc-silicate exoskarn is dark
coloured and consists of magnetite, pyrite, pyroxene, garnet, amphibole, scheelite,

molybdenite, chalcopyrite and quartz (Barraclough 1979; Huston et al. 2006).

193



" freasoson \ noN—-’\

Amphibole-magnetite-feldspar-quartz endoskarn = Vein, showing apparent orientation;
Chiorite altered biotite granite 50 g =quartz, ¢ = carbonate, f = fluorite

¥ Orientation of bedding;
K-feldspar altered pink granite A e

il Sulphidic magnetite-amphibole-quartz skarn ﬂ Pit wall; dashed line indicates approximats
| Pyroxene<garnet-magnetite exoskarn position of pit wall underwater

| Quartz-pyroxene-garnet-magnetite exoskarn / Extent of pit flooding, August 2003
[ ! Biotite-guartzofeldspathic gneiss , =
2003087854L ‘Green Granite ™
(approximate location)
Soveral 0.2-0.5 m bands
of sulphidic magnetite skam
4900N

-
i
-

S70950E

T482800N

Fig. 6.3. Geological pit map of the Molyhil deposit, adapted from Huston et al. (2006). Map
grid is AGD66.

Hornblende from exoskarn associated with the Molyhil deposit has an *Ar/Ar* age
of between ~1.72 and 1.70 Ga (G. Fraser, unpub. data; Geoscience Australia). This
age is similar to the 1713 = 7 Ma crystallisation age of the Mount Swan Granite (Zhao
& Bennett 1995) which outcrops about 80 km to the west of the Molyhil skarn.
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Rhenium—Osmium analyses of molybdenite from a sample of exoskarn as well as
SHRIMP U—Pb xenotime analyses fom a sample of endoskarn were carried out as a
preliminary step toward constraining the age of mineralisation at Molyhil. This dating
exercise was undertaken with the assumption that the skarn mineralisation at molyhil
has resulted from the same hydrothermal system over a relatively short time. The
samples were supplied by David Huston (Geoscience Australia) and consist of a
sample of endoskarn which is a chlorite altered xenotime bearing “green granite” and
a sample of ore-zone exoskarn containing molybdenite. The exoskarn sample was
collected from the Molyhil waste dump and is a magnetite-amphibole skamn rock. The
sample consists of amphibole, magnetite, garnet, quartz, molybdenite and pyrite. The
garnet 1s fine to medium grained (0.2 to 1.5 mm) and appears to be the earliest phase.
Garnets are light brown, euhedral, strongly fractured and usually embayed. The
embayments and fractures are commonly infilled with either quartz, magnetite or
amphibole. Some of the garnets are completely or partially replaced by amphibole
which occurs as fine to course grained aggregates (~0.1 to 6mm) and clearly post
dates the garnet in the sample. The molybedentie is texturally the youngest phase. It is
medium grained (~0.5 to ~3mm), homogenous, free of inclusions and occurs in veins
intergrown with magnetite and lesser pyrite. In some cases magnetite is found entirely

or partially replacing earlier formed amphibole.

Sample 2003087854L is a sample of intensely altered “green granite”. It was sampled
from diamond drill core of the Molyhil deposit (MDDHS, 85.5-85.9m). The sample
consists of >95% of massive intergrown chloritised biotite up to ~2 mm in diameter
with lesser sericite, actinolite and quartz. Accessory minerals include titanium oxide,
zircon, xenotime, apatite, titanite and molybdenite. TiO, crystals (probably rutile or
anatase) are up to ~70 um in diameter and occur along the cleavage planes of the
chlorite. Zircon is clearly identifiable in transmitted light by dark brown pleochroic
haloes and xenotime occurs as overgrowths on zircon as well as single, irregular

crystals (see below). Rare relict apatite and titanite crystals are irregular and embayed.

6.3.1 Xenotime description
Xenotime in sample 20030878541 occurs either as <1-20 um overgrowths on

euhedral zircon crystals or as single irregular crystals with a diameter of up to ~80
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um. Both the xenotime overgrowths and single crystals have internally slightly
variable BSE responses, which appear as lighter and darker, patchy and streaked
zones (see Fig. 6.4 and Fig. 6.6-MH3-8.1). The xenotime overgrowths either partially
or more rarely wholly surround their zircon substrates. Nearly all overgrowths are
variably cracked and embayed to some degree. Planar crystal margins when present
are often very finely serrated. All are characterised by a pitted and/or porous surface
texture, with some pits measuring up ~2 um in diameter (Fig. 6.5 a-g). The majority
of the single irregularly shaped xenotime crystals have embayed edges and also
pitted/porous surface textures. One large grain (MH1-9.1, MH1-9.2, Fig. 6.6a) is
intergrown with variably orientated TiO; laths. In one location irregular xenotime is
in close association with relict apatite suggesting that some xenotime crystallisation
may be associated with the dissolution of apatite (Fig. 6.6b). One small crystal
appears to be texturally unique. This grain (MH3-8.2) has a uniform BSE response
and does not have the pitted surface texture observed in other single xenotime grains
and overgrowths in this sample. Interestingly, it is within ~50 pm of another single

xenotime crystal that has a pitted surface texture and variable BSE response, typical

for xenotime in this sample (Fig. 6.6b).

Fig. 6. 4. BSE images of an irregular shaped xenotime crystal (a) and a xenotime overgrowth
on zircon (b). Note the slight variability in BSE response in both crystals which show patches
and streaks of lighter and darker zones. Both xenotime grains also show a pitted surface
texture. Brighter regions are due to residual SHRIMP Au-coating. Dark coloured ellipses are
SHRIMP spot locations (see Fig. 6.5). Sample 2003087854L..

The association of the xenotime overgrowths with euhedral zircon crystals indicates
that they post date crystallisation of what is likely to be magmatic zircon. Subsequent
later periods of fluid dissolution have resulted in embayments and irregular crystal

margins for both the xenotime overgrowths and single crystals. There is no apparent
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textural setting which favours either the single xenotime crystals or Xenotime
overgrowths. Both types occur within the chlorite, sericite and quartz in the sample
studied (Fig. 6.5 and 6.6). It is likely that the distribution of the xenotime overgrowths
were governed by the location of the precursor magmatic zircon substrates and the

discrete xenotime grains by the dissolution of apatite (see Fig. 6.6b).
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Fig. 6.6(a-b). BSEM images of single irregularly shaped xenotime crystals MH1-9 (a) and
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ages and 1o errors for MH1-9.1, 9.2 and MH3-8.1, and *’Pb/***Pb age and 1o error for MH3-
8.2. The brightest regions are caused by residual SHRIMP Au coat. Sample 2003087854L.

6.4 Analytical Methods

The SHRIMP and electron microprobe analytical conditions and xenotime SHRIMP
U-Pb matrix correction procedures are fully described in Chapter 3 of this thesis. The
xenotime was analysed using SHRIMP RG, employing an O” primary beam focussed
through a 30 um Kohler aperture which vielded a spot diameter of ~6 pm. A polished

thin section from sample 20030878541 was cut into a number of sections and

199



mounted in epoxy resin within a standard sized 2.5 cm diameter SHRIMP mount. The
primary calibration standard MG1 and secondary standards Z6413 and BS1 were
analysed concurrently with the unknown sample from a separate mount. All mounts
used during the SHRIMP analytical session were gold coated together. Electron
microprobe (WDS) analyses were carried out on the unknown xenotime as well as the
primary and secondary xenotime standards before SHRIMP analysis. Prior to the
SHRIMP session, all xenotime were photographed in transmitted and retlected light
and BSE imaged on a Cambridge 360 scanning electron microscope located at the
ANU electron microscopy unit. Molybdenite analyses were carried out at the
University of Alberta Radiogenic Isotope Facility by Dr. Robert Creaser. The
molybdenite Re and Os concentrations were determined by isotope dilution mass
spectrometry following the analytical protocols detailed in Selby and Creaser (2001;
2004). The '*’Re decay constant used was 1.666 x 107" yr™! (Smoliar et al. 1996).

6.5 Results

6.5.1 Electron Microprobe (WDS)
WDS results for the Molyhil xenotime grains show them to have broadly similar

compositions (Table 6.1). U;0O3 concentrations range from ~700 to 3000 ppm with an
average of ~1600 ppm, whereas ThO, levels range between ~1300 and 9000 ppm and
have an average of ~4800 ppm. This results in Th/U > 1, which is uncommon in
xenotime (Table 6.2). The HREE concentrations from Dy through to Lu are
remarkably similar and only vary amongst these xenotime grains by about 5%. Of
note also are the low to very low concentrations of Tb which range from <0.01 to
~3000 ppm Tby0Os. Total REE (oxide) concentrations average ~18.40 wt% which is
~2.5 wt% higher than that in the primary calibration standard MG1.

Chondrite normalised REE profiles for the Molyhil xenotime WDS analysis are
generally similar and are plotted together with the pattern from igneous xenotime
76413 for comparison (Fig. 6.7). Molyhil xenotime shows a gradual rise from Nd to
Dy and flat profile from Dy to Lu. Significantly, these xenotime grains have a
distinctive negative Eu anomaly, which is typical of igneous derived xenotime and

reflects the incorporation of Eu®* in plagioclase (Kositcin et al. 2003; Forster 1998).
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Table 6.1, Electron microprobe (WDS) analyses for xenotime from the Molyhil deposit. Sample 2003087854L.

oxide wt% | MH1-1 | MH1-2 | MH1-3 | MH1-4 | MH1-5 | MH1-6 | MH1-8 MH1-0.1MH1-9.2 MH3-1 | MH3-2 | MH3-3 |MH3-5.1/MH3-5.2MH3-5.3 MH3-6 | MH3-7 MH3-8.1|MH3-8.2
Si02 0.71 | 1.08 | 038 | 2.08 | 0.86 | 0.52 | 0.98 | 0.96 _ 1.07 _ 0.48 _ 1.02 | 1.39 | 2.10 | 1.52 | 0.77 | 1.1 | 0.79 | 1.46 | 0.85
Ca0 0.03 | 003 | 001 | 0.10 005 | 0.02 | 0.04 0.06 A 008 L 0.03 _ 0.05 | 005 | 0.07 | 0.12 | 0.05 | 0.06 A 0.06 | 0.09 | 0.03
P205 34.00 | 32.96  34.52 | 30.44 | 32.51 | 32.25 | 32.24  31.24  31.63 31.88 | 30.68 | 29.89 | 32.01 | 32.40 | 33.09 | 32.01 33.91 | 30.29 | 33.11 |
Y203 | 43,55 | 43.41 | 43.42 | 38.41 | 43.60 | 41.97 | 41.13 | 4220 | 41.39 | 43.25 | 40.83 | 40.54 | 41.16 | 43,58 @ 41.73 41,90 41.84 | 39.78 | 41.78
Nd203 0.03 | 004 | <0.01 | 009 | 009 | 0.02 | 010 | 008 017  <0.01 | 0.11 | 0.03 | 0.04 | 002 | 0.06 0.07 | 0.02 | 024 | 0.11
Sm203 | 020 | 023 | 026 | 020 | 025 | 023 | 028 : 020 : 046 | 020 | 025 | 022 | 019 | 017 | 017 | 023 | 024 : 063 | 034
Eu203 0.04 | 007 | 004 | -0.01 | 015 | 0.01 | 0.09 005 : 017 005 070 | 0.03 | 0.02 | 008 | 005 | 005 004 | 022 | 0.0
Gd203 169 | 162 | 1.87 | 1.62 | 1.58 | 1.78 | 1.86 | 1.81 | 2.35 | 1.78 | 1.78 | 1.56 | 1.62 | 1.59 | 1.74 | 1.62 | 1.83 | 3.24 | 2.27
Th203 <0.01 | <0.01  <0.01 | <0.01 | <0.01 | <0.01 | 0,06  0.23 | 0.46 <0.01 | 0.03 | <0.01 | <0.01 | 0.13 | <0.01 . 0.23 | <0.01 | 0.36 | 0.32
Dy203 581 | 576 580 | 542 | 518 | 587 | 595 594 607 606 | 585 | 562 | 517 | 544 | 571 578 604 | 665 | 5.60
Ho203 145 | 1.35 | 1.31 | 1.30 | 1.28 | 1.45 | 1.40 | 1.41 | 1.36 | 143 | 1.43 | 137 | 1.31 | 127 | t44 | 1.39 | 1.37 | 1.37 | 1.26
Er203 429 | 400 | 416 | 402 | 408 | 425 | 421 | 432 | 404 | 430 428 | 420 | 405 | 418 | 424 427 | 425 | 4.03 | 387
Tm203 | 051 | 0.48 | 0.50 | 0.49 | 0.50 | 0.52 | 049 ' 052 | 053 052 054 | 051 | 049 | 052 | 049 | 052 051 | 055 | 0.48
Yb203 344 | 314 | 335 | 324 | 374 | 332 | 339 358 | 365 344 368 | 345 | 333 | 363 | 339 | 355 334 | 3.65 | 3.49
Lu203 095 | 088 | 097 | 092 | 1.05 | 099 | 095 095 103 | 093 096 | 092 | 0.99 | 098 | 093 | 1.00 | 0.95 | 1.09 | 0.97
ThO2 020 | 028 | 030 | 061 | 013 | 047 | 0.54 | 053 024 043 | 074 | 0.65 | 0.38 | 055 | 0.54 | 071 | 0.0 | 1.21 | 0.31
U203 0.16 | 020 | 0.07 | 0.17 | 021 | 0.15 | 014 | 019 020 . 010 | 015 | 0.15 | 0.11 | 0.18 | 0313 | 0.16 | 0.11 | 037 | 027
ZREE | 18.41 | 17.56 | 18.27 | 17.28 | 17.90 | 18.45 | 18.77 | 19.09 | 20.30 | 19.25 | 19.01 | 17.90 | 17.20 | 18.01 | 18.20 | 18.70 _ 18.60 | 22.05 | 18.84
Total 97.71 | 96.24 | 97.49 | 89.74 | 95.78 | 94.62 | 94.30 _ 94.56 | 95.16 _ 95.46  92.96 | 91.41 | 93.92 | 96.69 | 95.02 | 94.96 _ 96.73 | 95.62 | 95.44
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Table6.2. SHRIMP U-Pb isotopic data for xenotime from the Molyhil deposit. Sample 2003087854L. | f

_Spot | U (wi%) EREE (Wt%) ThU | % Comm|  Pb/™u |  *Pbf™pb | ™Pb"*Pb P/ age | Discordance

name | (WDS) | (WDS) [(SHRIMP)| *®pb (+ 15 %) (+ 16 %) (Ma + 10) (Ma + 16) %

MH3-8.2 0.2454 16.46 1.31 0.05|  0.2945 2.49]  0.1050 0.73 1714 13 1664 41| 3
MH3-5.1 0.1021 14.43 0.90 0.08  0.1263 249  0.0651 1.53! 778 32 767 19 1
MH1-8 0.1292 16.41 2.09 0.07|  0.1257 299  0.0651]  2.14 778 45 764 23 2
MH3-8.1 0.3335 19.27 216 027  0.1241 2.52|  0.0644 1.53! 754 32 754, 19, 0 |
MH1-9.2 0.18 17.74 0.81 0.00 01227 3.65|  0.0630 2.52: 707 54 746 27 -5
MH1-9.1 0.1693 16.68 2.29 0.11 0.1193 414  0.0642 6.12! 747 129 726 30 3
MH1-2 0.1823 14.98 2.85 0.39| 0.1125 3.54  0.0622 3.84 682 82 687 24 -1
MH1-4 ~ 0.1515 14.9 2.45 0.90  0.1103 3.75  0.0581 7.39 533 162 674 25 -21
MH3-2 0.1372 16.62 457 0.48/ 0.1080 2.82| 0.0618  5.86 667 125 661 19 1t
MH1-6 0.1394 15.82 3.41 0.00!  0.1078 7.97|  0.0623 7.68 686 164 660 53 4
MH3-5.2 0.1605 15.75 3.78 0.45|  0.1044 828/ 00599 12.05 600 261 640 53 -6
MH3-5.3 0.1212 15.81 3.48 0.20|  0.1008 3.36|  0.0602 2.40 611 52 619 21 =1
MH1-1 0.1462 15.95 2.22 0.03  0.0988 3.68| 0.0633 311 717 66 607 22 18
Pb-loss |
MH3-6 | 0142 1635 543 037 00908/ 494 00583 553 539 121] 560 28 -4
MH3-3 0.1328 15.20 5.59 1.84|  0.0850 296  0.0498 8.79. 185 205 526 16  -65
MH3-1 0.091 16.26 6.20 0.43]  0.0836 3.07)  0.0531 4,99 335 113 518 16 -35
MH3-7 | 0.1004 1619  7.34 0.02|  0.0797 4.03|  0.0595 3.79: 585 82 494 20 18
MH1-5 0.1876 15.60 2,82 1.57]  0.0722 292/  0.0563 7.44 466 165 450 13 4
MH1-3 0.0631 15.91 5.20 0.25  0.0647 474/  0.0585 5.01 547 109 404 19 35
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Fig. 6.7. Chondrite normalised REE patterns of xenotime from the Molyhil altered green

granite sample 2003087854L. REE pattern for igneous derived xenotime standard Z6413 is
shown for comparison. Chondrite data from Boynton (1984).

6.5.2 Molybdenite Re-Os results
The molybdenite analysis of the ore-zone skarn rock gave a 87Re-"¥0s model age of

1720.7 £ 5.9 Ma (95 % confidence, Table 6.3).

Table 6.3. Results of Re—-Os analysis of molybdenite.

Age Age uncertainty
Sample weight  Re ®'Re Wos Model uncertainty with 0.31% decay
sample {milligrams} {ppm) {ppb) (ppb)  Age (Ma) {2s)  :onstant uncertaint
Molybdenite (ore-zone skarn)  0.04286 13.45 8.455 2459 1720.7 59 8
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6.5.3 SHRIMP U-Pb Results
Nineteen SHRIMP U-Pb xenotime analyses were undertaken on Molyhil sample

2003087854L (Fig. 6.8, Table 6.2). U-Pb isotopic compositions in this sample range
over ~1.20 Ga. The oldest grain (MI3-8.2) has a 2’Pb/%Pb age of 1714 + 26 Ma

(20). There are also two significantly younger xenotime groupings with 26pp2y
ages at ~760 Ma and ~650 Ma, as well as six individual grains at ~560 Ma, 525 Ma,
520 Ma, 490 Ma, 450 Ma and 405 Ma. The oldest xenotime grouping consists of five
analyses which combine to give an age of 755 £ 20 Ma (95% confidence, MSWD =
0.39). The ~650 Ma grouping is made up of seven analyses which all contribute to an
age of 648 = 29 Ma (95% confidence, MSWD = 1.6).

Molyhil deposit

0.12 xenotime
2003087854L
? 1714 +13 Ma (1a)
0.10 r
1600 Neoproterozoic
xeno_time
450 800 50 500 z:::"‘“ul'::. 750 800 850 SO0
0.08 I 1200 ~770-610 Ma
S ]
006 [ o
©
[ =]
N‘--.
=]
"EL 238, 4,206
& U Pb
0.04 L i L 1 i i 1 i
2 6 10 14 18

Fig. 6.8. Concordia plot for SHRIMP RG U-Pb xenotime analyses for the Molyhil green
granite sample 2003087854L. Unfilled ellipses are interpreted to have undergone Pb-loss.
Also shown is a probability density distribution plot of the Neoproterozoic U—Pb xenotime
analyses.
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6.6 Discussion
Rhenium-Osmium analysis of molybdenite from ore-zone exoskarn constrain the

formation of the Molyhil skarn to have occurred at 1720.7 + 5.9 Ma. This age is
similar to an *Ar/Ar” age of between ~1.72 and 1.70 Ga measured on hornblende
from mineralised exoskarn (G. Fraser, unpub. Data; Geoscience Australia) and also
the age of the oldest SHRIMP U—Pb dated xenotime, 1714 + 26 Ma (206) (MH3-8.2).
However, the U—Pb isotopes, chemistry and textures of xenotime in the sample
(2003087854L) also show that this deposit has probably experienced two younger
tectonothermal events which have caused xenotime dissolution and reprecipitation
during the Neoproterozoic. The six individual xenotime grains between ~560 and
~405 Ma are interpreted to have experienced partial Pb-loss in a response to for

example, the ~450 to 300 Ma Alice Springs Orogeny.

Experimental and U-Pb isotopic studies have shown xenotime to be very resistant to
diffusive Pb loss. Closure temperatures for xenotime appear to be similar to those for
zircon and monazite (Cherniak 2006). U-Pb studies of natural xenotime also support
this, Xenotime interpreted to be diagenetic in origin from metasedimentary rocks of
the Palaeoproterozoic Mount Barren Group in south Western Australia, record
diagenesis at 1.7 Ga despite having undergone amphibolite grade metamorphism at
~1.20 Ga (Dawson et al. 2003). However, studies by Rainbird et al. (2006) and this
study (Chapter 4) show that like monazite and zircon, xenotime can also undergo Pb-
loss. Therefore, caution is warranted when interpreting U—Pb xenotime systematics
especially with Phanerozoic samples where imprecise 207pp2%ph  determinations
make assessments of U-Pb concordance ambiguous. It is for this reason that the
interpretation of the SHRIMP xenotime **°Pb/***U ages in this sample is weighted in
favour of the xenotime age clusters over individual xenotime “*Pb/”*U age

measurements.

There is seemingly no relationship between xenotime type, textural setting and
xenotime U-Pb ages in sample 2003087854L.. Both the ~760 Ma and ~650 Ma
xenotime occurs as both zircon outgrowths and distinct crystals associated with either
quartz, sericite or chlorite. Interestingly the oldest xenotime analysed (MH3-8.2,
~1.71 Ga) is located ~50 um from another irregularly shaped crystal (MH3-8.1) that
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is about one billion years younger. Both are situated within quartz with nearby relict
apatite (Fig. 6.6b). Additionally, the chemical compositions of these two xenotime
crystals are very similar, indeed both share near identical chondrite normalised REE
patterns (Fig. 6.9). However, these two xenotime grains are texturally distinguishable.
Xenotime MH3-8.2 has a smooth surface texture and uniform BSE response, whereas
MH3-8.1 has a pitted surface texture and variable BSE response which is similar to all
other xenotime analysed from this sample (see Figs. 6.6 and 6.5). The textural
contrast between the oldest xenotime (MH3-8.2) and other younger xenotime in this
sample is intriguing and may provide clues as to the origins of xenotime MH3-8.2. It
may be that xenotime MH3-8.2 is magmatic in origin and crystallised as a part of the
Marshall Granite prior to skarn development. By contrast, the younger xenotime in
this sample is likely to be associated with compositionally different fluids which co-
precipitated xenotime as well as other alteration minerals such as quartz that have
subsequently been plucked during preparation of the polished thin section and have

resulted in their pitted surface textures.
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Fig. 6.9. Chondrite normalised REE patterns of xenotime MH3-8.1 and MH-8.2. Chondrite
data from Boynton (1984).

The oldest cluster of Neoproterozoic SHRIMP xenotime in this sample forms a
distinct grouping at 755 + 20 Ma. Xenotime in this group occurs as both zircon

overgrowths and irregularly shaped crystals. Two analyses on one large irregularly
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shaped grain (MH1-9.1 & -9.2, Fig. 6.6b) combine to give an age of 737 + 40 Ma
(20), indicating that this crystal grew during one event. However, on one xenotime
overgrowth (MH3-5, Fig 6.5b) two distinct SHRIMP 2*Pb/**U ages are recorded at
767 £ 19 Ma (o) (MH3-5.1) and 619 + 21 Ma (o) (MH3-5.3). These different ages
probably indicate that this xenotime has undergone a phase of dissolution and re-
precipitation at ~620 Ma following a prior crystallisation at ~760 Ma, Multiple age
domains in xenotime overgrowths and single crystals are not unusual and have also
been reported by Kositcin et al. (2003); Vallini et al. (2002) and Rasmussen et al.
(2007).

The similar chemical composition and chondrite normalised REE patterns for
xenotime in this sample suggest they crystallised from a compositionally similar fluid.
The distinctive negative Fu anomaly common to the xenotime as well as their textural
location within a sample of altered granite, supports a magmatic origin. However, it is
the U-Pb isotopes that reveal that these xenotime grains have crystallised episodically
during the Neoproterozoic. Therefore, the similar chemical composition and REE
profiles for these xenotime grains suggests that they probably developed during
various stages of dissolution and reprecipitation of pre-existing xenotime rather than
the influx of distinct, successive Y and HREE bearing fluids. This process clearly
proceeded at the local scale and involved the dissolution of xenotime resulting in
embayed crystal margins, closely followed by xenotime reprecipitation which in some

cases must have infilled pre-existing embayments.

6.6.1 Tectonic implications
Skarn formation at Molyhil was synchronous with the crystallisation of the Marshall

Granite during the Strangways Orogeny. Younger xenotime “*Pb/”*U ages in this
sample record later Neoproterozoic thermotectonic events. The older of the two
xenotime Neoproterozoic age groupings at 755 + 20 Ma, is within error of the 732 + 5
Ma U-Pb zircon crystallisation age of the Mud Tank Carbonatite, located
approximately 100 km south-east of the Molyhil deposit (Black & Gulson 1978). This
is the first instance where a thermotectonic event with an age similar to the Mud Tank
Carbonatite has been detected within the NAC. Alternatively, the ~760 Ma Molyhil

xenotime may have crystallised in response to far-field tectonic events recorded in the
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Adelaide Geosyncline and/or Pilbara Craton. In the Adelaide Geosyncline, a phase of
crustal extension with associated bimodal volcanism and normal faulting is recorded
by the Boucaut Volcanics which have a SHRIMP U—Pb zircon age of 777 £ 7 Ma
(Preiss 2000). This age is similar to ~760-780 Ma granite intrusion in the north-west
of Tasmania and on King Island (Turner et al. 1998). Additionally, dolerite dykes in
the Pilbara Craton of Western Australia record a similar age. The intrusion of the
extensive Mundine Well dyke swarm was constrained by SHRIMP U—-Pb zircon and
baddeleyite dating to have occurred at 755 + 3 Ma (Wingate & Giddings 2000).
Finally, the ~760 Ma event recorded in xenotime from Molyhil, Boucaut Volcanics
(Adelaide Geosyncline) and Mundine Well dyke swarm (Pilbara Craton) all
correspond with the ~750 Ma age for the separation of the western half of Rodinia as
suggested by Li et al. (2008).

The xenotime **Pb/**U age grouping at 648 + 29 Ma is less easy to reconcile with
the known event chronology of central Australia. This age may however, relate to a
period of felsic magmatism that occurred in the Paterson Province in Western
Australia between ~650 to 640 Ma as recorded by Dunphy and McNaughton (1998).
Alternatively, the 650 Ma xenotime group may correlate with the very loosely defined
~0.8-0.6 Ga, Areyonga Movement of Wells et al. (1970), which resulted in the
unconformity between the Bitter Springs and Areyonga Formations of the Amadeus

Basin.

6.7 Conclusions

The Molyhil scheelite-molybdenite skarn formed from fluids associated with the
crystallisation of the Marshall Granite during the Strangways Event which in the
north-east Arunta was associated with granulite to amphibolite facies metamorphism,
granite intrusion and deformation in the Jinka region and Kanandra Granulite of the
Strangways Metamorphic Complex. This preliminary study suggests that currently the
best estimate for the timing of this event is a Re—Os analysis of molybdenite from an
ore-zone skarn rock which gave a model age of 1720.7 + 5.9 Ma. This is similar to an
“Ar/*’Ar hornblende age of ~1.72-1.70 Ga for this deposit (G. Fraser, unpub. data;
Geoscience Australia) and is well within error of the oldest xenotime grain analysed

by SHRIMP RG which has a “’Pb/%Pb age of 1714 + 26 Ma (26). The fact that one
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of the xenotime grains analysed has a concordant U—Pb age within error of the ages
determined by two other different isotopic systems on different samples from this
deposit, gives credibility to the SHRIMP U—Pb analytical protocols and **Pb/?*U
matrix correction techniques employed during this study. However, the majority of
the xenotime in the sample of green granite analysed by SHRIMP crystallised more
than 1000 million years after the formation of the Molyhil Skarn and record the
effects of far-field thermotectonic events which up until now have gone undated in
this region. These younger xenotime record two previously unrecognised
Neoproterozoic tectonothermal events at 755 = 20 Ma and at 657 + 21 Ma. The older
of these events may be related to the ~730 Ma intrusion of the Mud Tank Carbonatite
or events further-afield such as extension in the Adelaide Geosyncline at ~770 Ma
and also the ~760 Ma intrusion of the Mundine Well dyke swarm in the Pilbara
Craton. The Molyhil xenotime growth at 755 + 20 Ma is also coincident with the
break-up of Rodinia, which Li et al. (2008) suggest occurred at about 750 Ma.
Evidence for a tectonothermal event occurring at ~660 Ma in central Australia is
presently more cryptic. However, the ~660 Ma xenotime may be related to granitoid

intrusion in the Paterson Province of Western Australia between ~650 to ~640 Ma.

Also shown by this study is the tendency for xenotime to form by dissolution and re-
precipitation which could mean that in some environments the earliest formed
xenotime could, over time, be completely removed or become volumetrically minor.
This scenario has probably occurred at the Molyhil deposit where only one of the
xenotime crystals analysed has a 2*’Pb/”%Pb age that is synchronous with the time of

skarn formation.
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7. CONCLUSIONS

This study has shown that for SHRIMP U—Pb xenotime analysis, chemical contrasts
of U and YREE between the ***Pb/***U calibration standard and unknown sample can
cause significant “*Pb/***U fraction of the unknown relative to the standard.
Experiments conducted on SHRIMP II and SHRIMP RG demonstrate that on
average, a 1 wt% contrast in U causes an ~11.9% difference in the 2*Pb/***U ratio
whereas a YREE contrast of 1 wt% results in a 2*Pb/***U contrast of on average
~0.9%. In some experiments matrix effects principally caused by elevated U
concentrations, resulted in individual SHRIMP 2%pPb/2*®U xenotime determinations

which were elevated by up to 25% relative to their known age.

For SHRIMP U—Pb xenotime analysis, a number of lines of evidence suggest that it
is the ionisation and emission of the Pb' ions that are influenced by U and Y} REE
matrix mismatches. Firstly, the independently calculated SHRIMP **Pb/?*U and
208pb/22Th ratios in each sample are equally affected by matrix contrasts (see Figs.
3.16-3.18). Also, the increased emission of the Pb" ions must equally affect all Pb
isotopes as there is no detectable matrix influence on xenotime “UPb/?%Pb ratios.
Equally, there is no significant and/or consistent difference in Th/U calibration factors
between reference xenotime samples even though they have markedly contrasting
chemical compositions indicating again that the xenotime ***Pb/**Pb ratios are likely

to be equally affected by matrix contrasts (see section 3.36).

Previous mvestigations of SIMS matrix effects have demonstrated that energy
filtering of the low energy secondary ion population can significantly reduce or
eliminate matrix effects (e.g. Shimizu & Hart 1982). However, for SHRIMP U-Pb
analysis even energy filtering of ~90% of the low energy secondary ion population
does not reduce the SHRIMP ***Pb/**U ME. Therefore, an empirical xenotime
206pb/28U matrix correction procedure was adopted. This technique requires the
concurrent analysis of three xenotime standards that are used to monitor and correct
the SHRIMP xenotime ***Pb/**U ME. Correction factors for the SHRIMP ***Pb/>*U
xenotime, U and 2.REE induced matrix effects are determined using a simple linear
least squares routine, which is fully described in Chapter 3 and Appendix 3.6. The

results from eight SHRIMP analytical sessions demonstrate that these correction
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factors change from session to session, and should be determined for each analytical
session in the same way for example that the SHRIMP **Pb/***U zircon calibration is

routinely determined.

For the SHRIMP U—Pb xenotime analyses conducted in this study, the most
effective means to calculate xenotime “*Pb/*U ratios was via raw 2Pb"/7°(U0O,")
ratios as described in Chapter 3.3.4.1 and as suggested for SHRIMP zircon *Pb/**U
calibration by Stern & Amelin (2003). Of particular note also is the finding made
during this study that for some xenotime, independent SHRIMP 2%*Pb/**2Th ratios can
be calculated from the raw “®*Pb+/2**(ThO™) ratios with a reproducibility only slightly
worse than that achieved using **Pb*7°(U0,") to calculate **°Pb/**U. However, this
calibration may only be effective for xenotime with > ~1000 ppm Th. Further

investigation of this calibration is needed to determine its usefulness.

Additionally, the SHRIMP RG was identified as ideal for xenotime U—Pb analysis as
this instrument effectively filters out the scattered ions associated with the mass 204
peak that SHRIMP II instruments routinely detect. The analytical and matrix
correction protocols developed and described here can serve as a basis for further
future SIMS U-—Pb studies of xenotime matrix effects and indeed may also assist

with studies of SIMS matrix effects in other minerals such as monazite and uraninite.

Future studies should initially be concentrated on the search for and characterisation
of new xenotime Pb/U standards. Currently the single-crystal xenotime MGI1 (490
Ma) is a good standard. It is relatively homogenous and typically yields a 1o Pb/U
reproducibility of between 1 to 2%. A major advantage of using MG1 as the primary
xenotime “*Pb/?*U calibration standard is its low U concentration of ~1000 ppm.
Diagenetic and hydrothermal xenotime typically contain similar U concentrations,
therefore the major U-induced matrix effect associated with SHRIMP 206pp/ 28y
xenotime analyses when using MG1 will be minor. Stocks of MG1 crystal fragments
are becoming increasingly limited, therefore the characterisation of a new low U
xenotime is of key importance to SIMS U—Pb xenotime dating. Also, the ID-TIMS
characterisation of xenotime standards with a wide range of compositions will further
increase our knowledge of SHRIMP *Pb/2U matrix effects and how to better

correct for them.
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Crucial to the SHRIMP *%Pb/**U matrix correction technique developed is the
accurate determination of U and REE xenotime concentrations. This is best carried
out using EMPA (WDS) analysis or relative sensitivity factors (RSFupe) as
explained in Chapter 3.3.5. The wide range in the concentration of Y and the REE in
natural xenotime, means that there is no element that has a constant or near-constant
concentration which can be used as a reference from which to calculate elemental
abundances in the same way that for example, Zr is often used as a reference element
for SIMS elemental quantification of zircon (see section 3.3.5.1 and Claou¢-Long et
al. 1995). Furthermore, a comparison of U concentrations determined in different
xenotimes using WDS, RSFu.no and RSFq.y) (see Table 3.6) showed that RSFw.v)
can lead to U abundance determinations that are significantly elevated compared to
WDS and RSFu.no) determinations, indicating that the ionisation of the 19%v,0%

molecule may also be affected by contrasts in Xenotime matrix.

Besides being necessary for SHRIMP U—Pb xenotime matrix corrections, WDS
analyses of xenotime combined with SHRIMP U—Pb studies can provide an
important ‘fingerprint” of the xenotime type and hence greatly assist the interpretation
of the U-—Pb isotopic results (e.g. Kositcin et al. 2003). For example, for the case
study of hydrothermal xenotiine from the Callic and Coyote deposits in the Tanami
region (Chapter 5), strong support for the hydrothermal origins of the analysed
xenotime grains are given by their WDS analyses. The xenotime from the two
different deposits has similar chondrite normalised REE patterns that are typical for
hydrothermal xenotime. This xenotime typically does not have the negative Eu
anomaly that is more normally associated with igneous xenotime. It also has a steep
rise from Nd to Gd and a flat transition through to Lu (see Fig. 5.5). The WDS results
for the two different types of xenotime outgrowth from the Serra da Mesa Group
(Chapter 4) show them to have crystallised from chemically different fluids.
Chondrite normalised REE patterns for the inner ~1.47 Ga xenotime have elevated
concentrations of MREE (Sm-Dy) and lower concentrations of the HREE (Er-Lu)
relative to the outer ~570 Ma xenotime (see Fig. 4.6). In contrast to these results are
those for the xenotime from the Molyhil scheelite-molybdenite skamn in the north-east

Arunta region where similarities of the chondrite normalised REE profiles between
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xenotime of markedly different age are near-identical, indicating that xenotime

growth probably proceeded by dissolution and re-precipitation (see Fig 6.9).

Interpretation of the results of a SHRIMP U—Pb isotopic study of detrital zircons
from 12 sedimentary rocks representing the primcipal units of the Tanami Basin
(Chapter 1) demonstrates the potential for U—Pb detrital zircon studies to provide
important clues for basin development and regional tectonic reconstructions.
However, major questions concerning the actual timing of sedimentation were left
mostly unanswered or only very loosely constrained for some of the units. Therefore
this study also highlighted a major and very typical frustration associated with the
significance that should placed on maximum deposition ages derived from the U—Pb
dating of detrital zircons and how closely they represent the true timing of
sedimentation. Typical of other Palacoproterozoic basins throughout the world, in the
Tanami Basin, dateable intercalated felsic volcanic rocks which can be used in
combination with detrital zircon U—Pb studies to bracket the timing of sediment
deposition are rare. It is in these circumstances where SHRIMP U—Pb dating of
diagenetic xenotime can provide either a direct age measurement of sedimentation
and/or establish a minimum age, if suitable material can be found. Maximum and
minimum depositional constraints for sedimentary units can be obtained by a
combination of U-—-Pb dating of both detrital zircon and diagenetic xenotime. The
timing of sedimentation for the Gardiner Sandstone has been bracketed in this way to
have occurred between ~1.77 and ~1.64 Ga by the results of a SHRIMP U—Pb study
conducted during this study and a SHRIMP U—Pb xenotime age reported in Vallini
et al. (2007).

An outstanding question identified by the SHRIMP U—Pb detrital zircon study of the
Tanami Basin is that of the true depositional age of the Mount Charles Formation.
Based on structural grounds, Crispe et al. (2006) interpreted this unit to have been
deposited at ~1.80 Ga. However, three SHRIMP U—Pb detrital zircon studies from
separate samples of the Mount Charles Formation conflict with this. The youngest
zircon component from all three samples analysed has preserved crystal faces with no
signs of abrasion and a SHRIMP 2YPb/**®Pb age of ~1.91 Ga, 100 m.y. older than the
interpretation of Crispe et al. (2006). It was hoped that if diagenetic xenotime could
be found in samples from this unit, their SHRIMP U—Pb analysis could potentially
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resolve this 100 m.y. discrepancy. However, even though an extensive geochemical
and SEM investigation was conducted, no xenotime was found associated with the
Mount Charles Formation samples investigated. This outcome is well worth noting as

significant time and resources can be spent on what may ultimately be a null result.

The centrepiece of this study is the results for the SHRIMP U—Pb analysis of
xenotime outgrowths from the Serra da Mesa Group, central Brazil. Analyses of the
massive outer outgrowths gave a SHRIMP ***Pb/”*U matrix corrected age of ~570
Ma which is identical within error to a SHRIMP **Pb/**U monazite age measured on
the same sample. Both minerals are interpreted to possibly record a period of
amphibolite facies metamorphism related to the final stages of the Brasiliano Orgeny.
SHRIMP U—Pb analyses of the inner, pyramidal and pitted outgrowths are texturally,
chemically and isotopically different from the outer ~570 Ma outgrowths.
Collectively, their 207pb/2%ph ratios and matrix corrected 2*°Pb/=*U ratios define a
Pb-loss trend that has an upper intercept age of ~1.47 Ga which is probably related to
the intrusion of the Peixe Alkaline Complex that intrudes rocks of the Serra da Mesa
Group to the north of the sample site. Additionally, the youngest detrital zircon
analysed from just 16 concordant compositions, gives a 207ph/2%ph age of ~1.96 Ga.
Therefore deposition of the Serra da Mesa Group is constrained between ~1.96 Ga
and 1.50 Ga, which is only a minor improvement on previous depositional constraints

for this unit.

The importance of xenotime as a geochronometer of hydrothermal orogenic Au
mineralisation has again been demonstrated by this study. SHRIMP U—Pb analyses
of xenotime from the Callie and Coyote Au deposits mark the period between ~1.81
to ~1.79 Ga as significant for Au mineralisation in the Tanami region (Chapter 5).
This time period also appears to be important in the Pine Creek region to the north of
the Tanami. Re-interpretation of SHRIMP U—Pb monazite data for the Goodall Au
deposit presented in Sener et al. (2005) supports a previously reported SHRIMP
monazite and xenotime age for the Goodall deposit of 1810 = 10 Ma by Compston &
Matthai (1994) and also suggests that the time period between ~1.81 to ~1.79 Ga is

important for mineralisation across much of the North Australia Craton.
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Mineralisation at the Molyhil scheelite-molybdenite skarn deposit in the north-eastern
Arunta region was shown to be coincident with nearby ~1.73 Ga Strangways-aged
granites. Rhenium—Osmium dating of ore-stage molybdenite constrains the timing of
mineralisation to 1727 + 5.9 Ma. This age is coincident with skam-related hornblende
which has an “°Ar/*Ar age of between 1.72 and 1.73 Ga (Fraser, unpublished data).
Significantly for this project is that the oldest xenotime analysed by SHRIMP RG has
a 2"Pb/*Pb age of 1714 + 26 Ma and therefore coincident with the minerals dated by
the other two isotopic methods. This result adds further support to the SHRIMP U—
Pb analytical protocols and ***Pb/**U matrix correction techniques developed during
this study. The agreement of three independent isotopic systems is indeed a notable

result.

The majority of xenotime from the Molyhil skarn sample crystallised more than 1000
m.y. after the formation of the skarn and record events that were previously
unrecognised in the north-east Arunta. In particular is the major Neoproterozoic age
component in the sample at 755 £ 20 Ma which most likely crystallised during the
same thermotectonic event as the ~730 Ma Mud Tank Carbonatite, located ~100km
south-east of the Molyhil skarn. This is the first example where an event with a
similar age to the Mud Tank Carbonatite has been recorded in the North Australia

Craton.

The ability of xenotime to form during low temperature events has advantages and
disadvantages. If host rocks remain permeable, xenotime crystallisation can occur at
low temperatures in a response to far-field thermotectomic events and thus record
events that no other isotopic system can. The attractiveness of xenotime as a U—Pb
geochronometer of low temperature events is enhanced by the high temperatures
(~900° C) which xenotime remains closed to diffusive Pb-loss. However, as
demonstrated by this study, the oldest xenotime analysed from the Molyhil skarn
formed at ~1.71 Ga and represents a very minor component of this sample relative to
the Neoproterozoic xenotime. Therefore it is quite conceivable that in some
environments, the earliest formed xenotime could over time become a very minor
component of the rock either by the successive influx of Y, REE and P bearing fluids
that precipitate new xenotime, or as is the case at the Molyhil skamn, by xenotime

dissolution and re-precipitation.
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Xenotime has a remarkable potential as a U—Pb geochronometer. It can occur in
igneous, metamorphic and hydrothermal environments and form as an authigenic
component of sedimentary rocks. During diagenesis it can form within a few metres
of the sediment-water interface (Rasmussen 2005) yet has been shown to be resistant
to diffusive Pb-loss even at amphibolite grade metamorphism (e.g. Dawson et al.
2003 and Chapter 4). The dating of diagenetic xenotiine, especially from Precambrian
or non-fossiliferous sedimentary units, can provide a direct measure of the deposition
age that cannot be obtained by any other method. Additionally, dating of
hydrothermal xenotime associated with mineralisation can provide invaluable support
for exploration models. The generally tiny size of diagenetic and hydrothermal
Xenotime grains, (typically <l to 20 pm) has meant that up until recently their
presence has remained largely umnoticed. Furthermore, xenotime from these
environments generally has low concentrations of U and therefore, radiogenic Pb.
Together these factors mean that only large radius SIMS instrumnents such as
SHRIMP or the Cameca 1270/1280 have the mass resolution, sensitivity and spatial
resolution that is required for xenotime U-Pb analysis. However, chemical contrasts
between different xenotime in U and SREE results in significant 2*Pb/”*U matrix
effects that have meant that most applications of SHRIMP U-Pb xenotime dating
have been carried out on rocks older than ~1000 Ma, where 2*’Pb/**Pb ages can be
relied upon. The main emphasis of this PhD study has been to develop SHRIMP U—
Pb analytical and processing protocols for xenotime 2*°Pb/~*U analysis. The
correction procedures developed here enable the accurate determination of SHRIMP
xenotime “*Pb/”~**U and "*Pb/***Th ratios from Phanerozoic rocks with an accuracy

of approximately 2%.
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Table S1 SHRIMP U-Pb isotopic data for zircons from arkose in the Ferdies Member

2003082647).

Spot | U | Th | ThU | *™Pbe | **U/Pb “7pb/”™Pb | ™"Pb/*Pbage | Discordance
name | (ppm) | (ppm) (ppm) (1o %) (£1o %) (Ma= 10) (%)
A86.1 41 53 | 131 | 1.5 226 [2.69 | 01497 | 9.88 | 2342 | 169 -1
Allll 36 | 31 | 089 | 12 232 | 256 | 01545 | 799 | 2396 | 136 4
A7.1 53 74 | 143 | 04 220 | 218 | 0.1586 | 224 | 2441 | 38 1
Al18.1 49 | 49 | 1.03 [ 03 221 [ 219 01597 | 241 | 2452 | 41 2
A99.1 145 | 148 | 1.05 | 22 211 | 1.89 | 0.1602 | 498 | 2458 | 84 2
A21.1 77 | 128 | 173 1.2 2.14 | 2.06 | 01604 | 345 [ 2460 | 58 0
AlI0.1 [ 191 | 154 | 083 | 43 223 [ 174 [ 01611 | 418 | 2467 | T1 3
A48.1 168 | 283 | 1.74 | 24 209 [ 1.76 | 0.1612 | 2.98 | 2468 | 50 -2
A32 56 | 60 [ 111 | 14 215 [ 230 ] 0.1613 | 6.05 | 2470 | 102 0
A97.1 32 | 45 | 146 | 02 200 [ 251 01614 | 297 | 2470 | 50 -6
A52.1 67 30 | 046 | 14 220 | 2.08 | 0.1626 | 4.63 | 2483 78 3
A1031 [ 132 | 73 | 057 | 02 210 | 1.78 | 0.1630 | 091 | 2487 | 15 -1
A20.1 116 88 | 0.78 1.0 217 | 1.86 | 0.1631 | 2.06 | 2488 | 35 2
A37.1 FERE-RET 0.4 211 | 222 ] 01633 | 2.81 | 2490 | 47 -1
A87.1 28 | 35 | 128 [ 02 208 [ 263 ] 01635 | 3.66 | 2492 | 62 -1
A36.1 89 | 8 | 104 | 09 213 [ 194 [ 01638 | 233 | 2495 | 39 1
Al13.1 97 | 99 | 106 1.0 220 [ 189 | 01641 | 251 | 2499 | 42 4
Al14.1 4 | 70 | 164 | 02 215 [ 226 ] 01642 | 1.92 [ 2499 [ 32 1
Al15.1 4 | 70 | 164 | 02 215 [ 226 ] 01642 | 1.92 | 2499 | 32 1
All6.1 44 [ 70 | 164 | 02 215 [ 226 ] 01642 | 1.92 | 2499 | 32 1
A65.1 145 | 126 | 090 | 38 | 220 | 1.84 [ 0.1643 | 524 | 2500 | 88 4
A107.1 | 196 | 134 | 070 | 162 | 1.93 [ 223 [ 0.1643 | 1426 | 2501 | 240 | -7
Al17.1 48 | & | 182 | 33 2.14 [ 295 0.1644 [ 1462 | 2501 | 246 1
A45.1 96 | 139 | 150 1.7 213 [195] 01645 [ 3.73 | 2502 | 63 1
Al104.1 95 | 114 | 124 | 54 193 [ 249 | 01648 | 1292 | 2506 | 217 -7
A84.1 140 | 124 | 091 29 204 | 1.85 | 0.1649 | 432 | 2506 | 73 2
A78.1 252 [ 261 | 107 | 07 211 [ 164 [ 01650 | 095 | 2508 | 16 0
Ad4.1 127 | 714 | 060 1.8 209 [ 182 ] 01650 | 2.83 | 2508 | 48 -1
A85.1 133 | 121 | 094 | 07 209 [ 177 [ 01651 | 142 | 2509 | 24 0
A105.1 | 136 | 132 | 100 | 03 210 [ 1.76 [ 0.1652 | 1.03 | 2510 | 17 0
A34.1 69 | 65 | 097 17 217 [ 222 [ 0.1653 | 594 | 2510 | 100 3
A59.1 258 [ 230 | 092 [ 23 232 [1.64 | 0.1654 | 2.07 | 2512 | 35 9
A60.1 258 | 230 | 092 | 23 232 | 164 | 01654 | 2.07 | 2512 | 35 9
A120.1 | 181 | 190 | 109 | 05 209 | 1.70 [ 0.1655 | 1.04 | 2513 | 17 0
Al 130 [ 8 | 069 | 03 217 | 1.80 [ 01656 | 1.11 | 2514 | 19 3
A39.1 197 | 150 | 079 | 09 217 [ 169 [ 01656 | 126 | 2514 | 21 3
A29.1 167 | 166 | 1.03 1.5 216 | 1.78 [ 0.1656 | 243 | 2514 | 41 2
A3.1 100 | 119 [ 122 [ 03 213 | 1.87 [ 01659 | 1.11 | 2517 [ 19 1
A56.1 43 | 46 | 1.09 | 238 226 | 2.60 | 01659 | 1136 | 2517 | 191 7
A15.1 414 | 210 | 053 1.1 2.2 | 1.58 | 0.1660 | 0.67 | 2517 | 11 1
A4.1 128 | 123 | 099 | 04 209 | 179 | 01660 | 1.02 | 2518 | 17 0
A24.1 291 | 376 | 1.34 13 212 [ 164 01662 | 1.10 | 2519 | 18 1
A35.1 186 | 138 | 0.77 15 228 | 1.72] 01662 | 2.10 | 2520 | 35 8
A79.1 | 88 | 162 | 192 | 04 208 | 190 | 0.1663 | 1.50 | 2520 | 25 -1
A49.1 180 | 189 | 1.08 04 | 207 | 170 | 01663 | 0.78 | 2520 13 -1
A96.1 249 | 100 | 041 0.2 204 | 1.64 | 01663 | 0.50 | 2520 8 -2
A68.1 303 | 94 | 032 | 26 211 [ 161 [ 01663 | 1.66 | 2520 | 28 1
Al6.1 189 | 249 | 136 1.3 217 | 172 ] 00664 | 2.19 | 2522 | 37 3
A112.1 | 397 | 388 | 1.01 | 03 208 | 1.58 [ 0.1664 | 0.39 | 2522 7 -1
A64.1 298 | 331 | 115 | 03 | 2.10 | 1.61 | 0.1664 | 047 | 2522 8 0
A69.1 116 | 107 | 095 1.0 211 | 1.80 [ 0.1666 | 2.12 | 2524 | 36 1
Al3.1 240 | 150 | 065 @ 02 216 | 1.66 | 01667 | 0.57 | 2524 | 10 3
A109.1 95 | 96 | 103 | 02 209 | 1.88 | 01667 | 1.02 | 2524 17 0
A4l.1 250 | 140 | 058 | 20 | 2.15 | 1.65| 0.1667 | 1.78 | 2525 | 30 3
AT74.1 185 | 204 | 114 | 21 208 | 170 [ 0.1667 | 2.24 | 2525 | 38 0
A93.1 102 | 108 | 110 | 02 207 [ 1.86 [ 01668 | 1.07 | 2525 | 18 -1
A%4.1 102 | 108 | 110 | 02 207 [ 1.86 | 01668 | 1.07 | 2525 | 18 -1
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Table S1 SHRIMP U-Pb isotopic data for zircons from arkose in the Ferdies Metnber

2003082647) continued.
Spot U Th | TWU | ™Pbe | Z*U”%Pb 7ph%py | 2’pb/2%Pb age | Discordance
name | (ppm) | (ppm) (ppm) 1o %) (lo%) | (Maxlo) (%)
A95.1 102 | 108 | 110 | 02 | 207 | 1.86 | 0.1668 | 1.07 | 2525 | 18 -1
A89.1 402 | 289 | 074 | 12 | 211 | 158 | 0.1668 | 0.71 | 2526 | 12 1
A70.1 160 | 250 | 161 | 02 | 209 | 1.70 | 0.1668 | 0.81 | 2526 | 14 | 0
A25.1 456 | 141 | 032 | 04 | 218 | 1.58 | 0.1668 045 | 2526 7 4
AS8.1 317 | 304 | 099 | 19 | 207 | 1.61 | 0.1669 | 1.34 | 2527 | 22 =]
A106.1 | 144 | 106 | 076 | 08 | 2.05 | 1.76 | 0.1670 | 1.50 | 2527 | 25 |
A2.1 171 | 182 | 110 | 0.1 214 | 171 | 01670 | 0.64 | 2527 | 11
ASL1 173 | 169 | 1.01 | 3.6 | 208 | 1.74 | 0.1670 | 3.57 | 2528 | 60 |
A90.1 127 | 79 | 0664 | 0. 209 | 1.77 | 01670 | 0.75 | 2528 | 13 |
A91.1 127 | 79 | 064 | 0.1 209 | 1.77 | 0.1670 | 0.75 | 2528 | 13
A92.1 127 | 79 | 064 | 0.1 209 | 1.77 | 0.1670 | 0.75 | 2528 | 13

Al0.1 205 182 0.92 28 2.15 173 | 01671 | 258 | 2529 | 43

AT77.1 151 0 0.53 0.3 2.08 1.72 | 0.1672 | 0.83 2529 14

A30.1 105 139 | 137 0.3 2.14 1.88 | 0.1672 | 1.14 | 2530 19 |

A47.1 491 148 0.31 2.1 209 | 1.56 | 0.1672 | 0.85 | 2530 14

Al101.1 93 13 1.26 7.8 208 | 233 | 0.1672 | 12.80 | 2530 215

A73.1 189 182 1.00 0.3 2.15 1.67 | 0.1672 | 0.71 2530 12

A98.1 260 167 0.67 0.3 2.14 1.64 | 0.1673 | 0.63 | 2531 11 —
A9.1 144 128 0.92 0.4 2.25 1.77 | 0.1673 | 1.05 2531 18
All7.1 188 127 0.70 0.5 214 | 1.69 | 0.1673 | 1.47 | 2531 25
1A40.1 164 153 0.96 0.2 2.12 173 | 0.1674 | 0.94 | 2532 16
Ab.1 332 114 0.36 0.4 214 | 161 | 0.1674 | 0.52 | 2532 9
1A33.1 77 43 0.57 0.2 209 | 199 | 0.1674 | 1.27 | 2532 21
A72.1 183 164 | 093 | 07 208 | 1.69 | 0.1676 | 1.50 | 2534 25
A32.1 161 133 | 0.86 0.5 2.11 1.75 | 0.1676 | 0.97 | 2534 16

A38.1 141 177 1.30 2.6 215 | 1.82 | 01677 | 343 | 2535 58

A67.1 404 226 0.58 0.2 207 | 1.57 | 0.1678 | 0.37 2536 6

A3l] 1017 | 386 0.39 0.2 212 | 1.52 | 0.1678 | 0.24 2536 4

A66.1 170 | 197 | 120 1.7 206 | 172 01679 | 231 | 2537 39
A5.1 177 | 196 | 1.14 1.6 221 | 1.73 | 0.1680 | 2.05 | 2537 34
A43.1 499 | 310 | 0.64 0.4 211 | 1.56 | 0.1682 | 039 | 2540 7
A57.1 188 | 164 | 0.91 19 203 | 172 ] 0.1683 | 231 | 2540 39
A58.1 188 | 164 | 001 1.9 203 | 172 ] 01683 | 2.31 | 2540 39
A80.1 104 95 0.94 23 2.11 | 1.88 | 0.1683 | 3.94 | 2541 66
AS81.1 104 95 0.94 2.3 211 | 1.88 ] 01683 | 3.94 | 2541 66
A82.1 104 | 95 0.94 2.3 211 | 1.88 | 0.1683 | 3.94 | 2541 66
A76.1 173 | 107 | o064 28 202 | 174 | 0.1683 | 3.10 | 2541 52
A54.1 57 41 0.75 0.2 206 | 2.08 | 0.1684 | 1.35 | 2542 23
A8.1 219 | 183 | 0.86 0.2 211 | 1.68 | 0.1684 | 0.50 @ 2542 8
A46.1 132 | 71 0.56 15 205 | 1.79 | 0.1685 | 232 | 2542 39 i
A26.1 151 | 137 | 093 3.5 225 | 1.83 | 0.1686 | 4.40 | 2544 74

A27.1 213 186 0.91 0.9 219 | 1.69 | 0.1688 | 1.06 | 2546 18

A28.1 125 96 0.79 0.4 216 | 1.82 | 0.1688 | 1.13 | 2546 19
Al8.1 230 357 1.60 0.2 213 | 1.68 | 0.1689 | 0.67 | 2547 11

A102.1 150 147 1.02 0.7 2.10 1.74 | 0.1690 | 1.26 | 2548 21

A22.1 291 | 234 | 083 | 04 | 216 | 1.64 | 0.1691 | 0.74 | 2549 | 12

wcua&mmauq!.’_wa,{,wmN,‘_,.i;—-m;.wow—-c—wuw-a_uwo:owcucocow

A83.1 191 134 0.73 0.5 2.15 1.68 | 0.1694 | 0.83 | 2551 14
A50.1 64 70 | 112 0.0 212 | 203 | 0.1694 | 1.28 | 2552 21
Al4.l 115 101 0.90 0.7 2.06 185 | 0.1694 | 1.46 | 2552 25
A621 | 225 172 0.79 1.0 213 | 165 | 0.169 | 1.04 | 2554 17
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Table S1 SHRIMP U-Pb isotopic data for zircons from arkose in the Ferdies Member
(2003082647) continued.

| Spot | U_| Th | TWU _"*Pbe | **u*Pb 27pp %P, *’Pb/™Pbage Discordance |
name | (ppm) | (ppm) _pm) | (1o %) (1o %) (Ma £ 10) (%)
A108.1 847 169 0.21 0.3 2.04 1.52 | 0.1699 | 0.25 2557 4 -1
A6l.1 329 183 0.58 0.7 2.09 1.63 | 0.1709 | 0.60 2567 10 2
A23.1 88 142 1.67 1.9 213 2.00 | 01723 | 428 2580 71 4
AS55.1 146 99 0.70 5.5 2.03 1.86 | 0.1723 | 5.85 2580 98 0
AllLl 286 199 0.72 0.3 2.03 | 1.63 | 0.1852 | 0.48 2700 . 8 4
Analyses greater than 10% discordant and/or with uncertainties greater than 15%
AL00.1 195 56 0.30 7.8 2.70 1.91 | 0.1643 | 8.64 | 2501 145 23
AB3.I 308 640 2.15 76.2 286 | 446 | 0.1671 | 38.72 | 2529 650 31
A7l.d 188 102 0.56 1.5 287 | 1.70 | 01701 | 2.16 | 2558 36 33
Al9.1 163 260 1.65 1.7 309 | 1.80 | 0.1617 | 3.63 | 2474 61 37
A421 28 30 1.10 35 200 | 394 | 0.1886 | 1795 | 2730 296 5
A75.1 143 99 0.71 11.5 | 238 | 2.82 ] 0.1491 | 20.65 | 2335 353 3
As3d 61 32 0.54 5.7 209 | 2.86 | 0.1605 | 1637 | 2460 277 2
Al19C1 | 72 84 1.20 11.7 199 | 3.84 | 0.1417 | 32.79 | 2248 567 -15
Al2.1 267 139 | 054 138.9 1.63 | 8.03 | 0.1860 | 52.76 | 2707 871 -12
Isotope ratios are corrected for common Pb by reference to the measured abundance of **'Pb
“pbe denotes the amount of common 2“Pb measured (the common Pb contents are quoted in ppm)
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Table S2 SHRIMP U-Pb isotopic data for zircons from feldspathic arenite in the Ferdies
Member (2003082649).

[ spot | U | th [ ThU [ ®Pbc | PUA%Pb | *PbAPb | *"Pb*™Pbage | Discordance
name | (ppm) | (ppm) | | opb) | @1o%) (10 %) (Ma+ 1a) (%)
B82.1 | 25 0 | 001 | 148 | 3.07 | 284 01163 | 5.19 | 1900 93 5
B75.1 | 209 | 155 | 0.77 0 2.80 | 1.66 | 0.1308 058 2109 10 7
B40.1 | 90 | 273 | 3.11 0 2.16 | 1.88 | 0.1581 | 1.10 | 2435 19 -1
B9L1 | 547 | 71 | 013 | 1043 | 213 | 1.59 | 0.1583 | 0.55 | 2438 9 Zz_ |
B732 | 232 | 176 | 078 | 405 | 216 | 1.65 | 0.1588 | 0.81 | 2443 14 0
B63.2 | 915 | 590 | 0.67 | 1623 | 235 | 1.53 | 0.1590 | 0.50 | 2445 8 7
B22.1 | 378 | 174 | 048 | 107 | 213 | 1.58 | 0.1598 | 0.38 | 2454 6 -1
B23.1 | 748 | 124 | 0.17 | 130 | 2.14 | 1.53 | 0.1599 | 0.26 | 2454 4 -1
B42.1 | 194 | 228 | 121 | 126 | 211 | 1.68 | 0.1599 | 0.61 | 2455 10 -2
B34.1 | 216 | 120 | 057 | 103 | 214 | 1.66 | 0.1603 | 0.53 | 2459 9 -1
B49.1 | 162 | 87 | 056 | 158 | 226 | 1.73 | 0.1610 | 0.78 | 2466 13 5
B89.1 | 247 | 39 | 016 | 101 | 214 | 1.64 | 0.1614 | 0.50 | 2470 8 0
B21.1 | 270 | 193 | 074 | 102 | 205 | 1.62 | 0.1648 | 0.41 | 2506 | 7 -2
B69.1 | 152 | 112 | 0.76 | 93 210 | 1.71 | 01651 | 0.59 | 2508 10 0
B90.1 | 504 | 400 | 0.82 | 278 | 2.11 | 1.56 | 0.1659 | 035 | 2517 6 1
B4l | 216 | 150 | 071 | 167 | 207 | 1.66 | 0.1677 | 0.56 | 2535 9 0
B43.1 | 126 | 28 | 023 | 67 217 | 179 | 01699 | 0.72 | 2557 12 5
B482 | 229 | 99 | 045 | 378 | 2.20 | 1.66 | 0.1730 | 0.65 | 2587 ! 7
B26.1 | 314 | 723 | 238 | 167 | 1.96 | 1.61 | 0.1804 | 0.40 | 2657 7 0
B51 | 44 | 49 | 117 | 161 | 203 | 225 0.1811 | 1.57 | 2663 26 3
B102.1] 101 | 48 | 049 | 1544 | 179 | 2.02 | 01812 | 3.61 | 2664 | 60 7
Bil.1 | 123 | 89 | 075 | 488 | 207 | 1.81 | 0.1813 | 1.37 | 2665 23 5
B57.1 | 51 | 42 | 086 | 410 | 213 | 2.18 | 0.1818 | 2.10 | 2669 35 8
B47.1 | 129 | 57 | 045 | 217 | 195 | 1.78 | 0.1821 | 0.75 | 2672 12 0
B104.1] 67 | 65 | 099 | 22 192 | 2.04 | 0.1828 | 0.83 | 2678 14 -1
B30.1 | 136 | 101 | 077 | 55 199 | 1.77 [ 0.1832 | 0.65 | 2682 11 2
B78.1 | 47 | 59 | 131 | 126 | 193 | 221 | 0.1840 | 1.30 | 2690 21 0
B27.1 | 140 [ 112 [ 082 | 115 | 203 | 1.75 | 0.1844 | 0.86 | 2693 14 4
B81.1 | 237 | 189 | 082 | 112 | 197 | 1.65 | 0.1851 | 0.46 2699 8 -1
BI5.1 | 61 | 53 | 091 | 224 | 191 | 206 | 0.1858 | 1.48 | 2706 4 | ¢
B70.1 | 101 | 17 | 018 | 134 | 203 | 1.82 | 0.1859 | 0.78 | 2706 13 5
Bl142 | 208 | 120 | 0.60 | 2132 | 193 | 1.86 | 0.1883 | 2.53 | 2727 | 42 2
B51.1 | 108 | 58 | 056 | 250 | 1.92 | 1.83 | 0.1892 | 0.87 | 2736 14 1
B81 | 32 | 25 | 081 | 212 | 185 | 246 | 0.1898 | 2.71 | 2740 | 45 2
B38.1 | 43 | 40 | 096 | 133 | 193 [226 | 0.1900 | 1.53 | 2742 25 2
B37.1 | 84 | 57 | 0.69 | 204 | 194 | 192 0.1900 | 1.08 | 2742 18 2
B741 | 49 [ 61 | 141 81 187 | 215 0.1905 | 1.09 | 2746 18 -1
B31.1 | 44 | 54 | 127 | 344 | 189 | 236 0.1906 | 3.15 | 2747 52 0
B29.1 [ 77 | 9 | 121 | 134 | 188 [ 194 | 0.1908 | 0.95 | 2749 16 0
B63.1 | 225 | 219 | 101 | 404 | 197 | 1.65| 0.1913 | 0.57 | 2754 9 4
B93.1 | 124 | 31 | 026 | 219 | 205 | 1.81| 0.1918 | 0.77 | 2757 13 8
B66.1 | 37 | 30 | 083 | 241 | 1.82 | 235 0.1919 | 230 | 2759 38 2
B80.1 | 83 | 60 | 074 | 41 202 | 193] 01921 | 0.73 | 2760 12 6
B84.1 | 85 | 147 | 180 | 51 1.82 | 1.92 [ 01928 | 0.78 | 2766 13 2
B9%.1 | 82 | 74 | 094 | 174 188 | 1.94 | 0.1930 | 0.80 | 2768 13 1
B103.1 40 | 39 [ 1.00 | 60 186 | 234 | 01930 | 1.25 | 2768 | 21 0
B532 | 191 | 79 | 043 | 242 | 1.89 | 1.68 | 0.1935 | 0.63 | 2772 10 1
B14.1 | 293 | 109 | 038 | 763 198 | 1.61 | 0.1935 | 0.62 | 2772 10 5
B61.1 | 154 | 111 | 074 | 177 | 1.80 | 1.73 [ 0.1940 | 0.62 | 2776 0 | 3
B20.1 | 53 | 48 | 093 | 24 185 | 210 [ 0.1940 | 1.01 | 2777 16 0
B9.1 | 54 | 56 | 107 | 83 191 | 2.09 | 0.1941 | 141 | 2777 23 2
B88.1 | 61 | 55 | 093 | 70 1.81 | 2.06 | 0.1944 | 0.84 @ 2780 14 2
Bi3.1 | 245 [ 13 | 005 | 181 | 192 | 1.64 | 0.1946 | 0.45 | 2781 7 3
B62.1 | 35 | 31 | 091 75 196 | 240 | 0.1946 | 1.53 | 2782 | 25 5
B77.1 | 55 | 45 | 085 | 69 180 | 2.14 | 01958 | 143 | 2791 | 23 |
B33.1 | 115 | 77 | 069 | 102 | 1.86 | 1.81 | 0.1958 | 0.65 | 2792 1 E_
B65.1 | 111 | 78 | 073 0 1.87 | 1.80 | 0.1967 | 057 | 2799 9 | 1
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Table S2 SHRIMP U-Pb isotopic data for zircons from feldspathic arenite in the Ferdies
Member (2003082649) continued.

Spot | U | Th | TWU | ®Pbc | Z*UP™Pb 27pb/*Ph 2ph/2%Ph age | Discordance
name | (ppm) | (ppm) (ppb) (xlo %) (x1o %) Ma+ 1o) (%)
B35.1 | 160 | 159 | 1.02 158 1.97 | 1.73 [ 0.1971 | 0.58 | 2802 9 6
B46.1 | 47 55 121 | 44 191 | 22101979 | 1.04 | 2809 | 17 3
B492 | 55 79 147 123 1.81 | 2.12 | 02000 | 126 | 2826 21 0
B79.1 | 219 | 101 | 0.48 76 1.69 | 1.65 | 02250 | 0.41 | 3017 7 1
B73.1 | 36 26 0.74 44 171 | 229 | 02291 | 1.74 | 3045 28 3
B32.1 | 34 27 0.67 31 1.67 | 243 | 02352 | 1.08 | 3088 17 2
B541 | 27 18 0.69 138 1.62 | 259 | 02383 | 1.72 | 3108 27 0
B161 | 79 46 0.60 168 174 | 1.94 | 02411 | 1.16 | 3127 19 T
B76.1 | 152 98 0.67 74 165 | 171 | 02422 | 045 | 3134 7 3
B10.1 | 32 35 0.69 25 1.66 | 2.11 | 0.2444 | 0.76 | 3149 12 4
B6.1 51 43 0.86 116 162 | 2.12 | 0.2464 | 0.86 | 3162 14 2
B44.1 | 95 59 0.64 83 1.56 | 1.88 | 0.2469 | 060 | 3165 10 -1
B12.1 | 143 76 0.55 110 1.55 | 1.73 | 02475 | 045 | 3169 7 -1
B24.1 | 57 47 0.86 102 1.58 | 2.08 | 02487 | 0.81 | 3177 i3 0
B58.1 | 81 67 0.85 130 157 | 191 | 02490 | 0.67 | 3178 11 0
B19.1 | 50 43 0.89 32 162 | 214 [ 02494 | 0.80 | 3181 13 2
B3.1 38 30 0.81 191 1.59 | 232 ] 02497 | 1.22 | 3183 19 1
B522 | 47 28 0.62 143 158 [ 222 ] 02507 | 094 | 3189 15 1
B60.1 | 53 38 0.75 180 154 | 212 ] 02510 | 1.16 | 3191 18 -1
B95.1 | 103 | 69 0.70 104 154 | 186 | 02522 | 0.58 | 3199 9 -1
B35.1 | 236 | 197 | 086 | 161 | 156 | 1.64 | 0.2522 | 0.51 | 3199 8 0
B64.1 | 65 39 0.61 62 1.50 | 2.00 | 0.2536 | 0.65 | 3207 10 -3
B101.1] 50 42 0.87 82 1.50 [2.19] 02545 | 1.16 | 3213 18 2
B98.1 | 111 60 0.55 76 148 | 1.89 | 0.2552 | 0.68 | 3217 11 3
Bl.1 32 23 074 | 89 1.57 | 244 02552 | 1.12 | 3217 18 1
B452 | 770 | 438 | 059 | 29 149 | 1.53 | 0.2559 | 0.21 | 3222 3 2
B451 | 327 | 241 | 0.76 108 152 | 1.60 | 0.2567 | 0.30 | 3227 5 -1
B97.1 | 73 41 0.59 0 155 | 199 | 02578 | 0.66 | 3233 10 1
B18.1 | 35 23 0.67 366 152 | 240 | 02581 @ 1.74 | 3235 27 -1
B36.1 | 24 16 0.71 39 148 | 270 | 0.2585 | 1.39 | 3238 22 -3
Overgrowths

B752 | 1874 | 1979 | 1.09 | 5591 403 | 157 | 0.0972 | 224 | 1571 42 10
B53.1 | 2134 | 588 | 028 | 2003 | 427 | 1.50 | 0.1000 | 0.67 | 1624 12 20
B48.1 | 1123 | 352 | 032 | 3751 455 | 153 ] 0.1018 | 2.18 | 1657 40 29
B22 | 1004 | 193 | 0.20 382 351 | 153 | 0.1072 | 0.50 | 1752 9 | 8
B2.3 670 | 150 | 023 918 3.15 | 154 | 0.1092 | 0.85 | 1786 15 0
B2.1 648 | 88 0.14 64 3.17 | 1.54 | 0.1102 | 042 | 1803 8 2
B52.1 | 822 | 116 | 0.15 436 3.08 | 1.53 | 0.1109 | 048 | 1814 9 0
B523 | 557 | 72 0.13 | 5165 | 270 | 163 | 01225 | 3.21 | 1993 57 B
Greater than 10% discordant

B50.1 | 251 | 203 | 0.84 63 242 | 1.64 | 0.1628 | 0.60 | 2485 10 11
B55.1 | 73 59 0.83 303 213 [ 21101943 | 2.11 | 2779 < I
B39.1 | 66 58 0.91 279 217 | 205 0.1916 | 1.60 | 2756 26 13
B7.1 91 61 0.69 | 1279 | 226 [ 195 0.1887 | 2.97 | 2731 | 49 16 |
B100.1] 84 120 | 1.48 288 233 1194 0.1828 | 1.53 | 2679 25 16
B4ll | 170 | 148 | 090 [ 2151 | 224 | 1.74 | 0.1928 | 2.19 | 2767 36 16
B99.1 | 109 | 81 0.77 | 449 193 | 1.84 | 02459 | 0.84 | 3158 13 17
B67.1 | 38 40 1.09 | 289 226 | 238 0.1942 | 2.54 | 2778 42 18
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Table S2 SHRIMP U-Pb isotopic data for zircons from feldspathic arenite in the Ferdies
Member (2003082649) continued.

Spot | U | Th | TwU | ™Pbe | **u/®pb 27pb%pb | pb*™Phage  Discordance

name ' (ppm) | (ppm) {ppb) (tlo %) (1o %) (Ma + 1g) (%)
Greater than 10% discordant
B68.1 65 ' 33 (.53 77 2.46 2.02 | 01767 | 1.19 | 2622 20 19
B94.1 85 59 0.71 2147 2.34 2.05 | 0.1896 | 4.93 2739 81 20
IB86.1 | 108 68 0.65 243 237 | 1.84 | 0.1877 | 097 | 2722 16 20
(B83.1 | 287 98 0.35 349 295 | 1.63 | 0.1438 | 097 | 2273 17 21
B28.1 | 154 | 112 0.75 192 258 | 1.74 | 0.1780 | 0.79 | 2634 13 25
B87.1 84 86 1.06 39 2.08 1.93 | 0.2459 | 0.67 3158 11 25
B25.1 77 29 0.39 371 249 | 197 | 01939 | 1.51 | 2775 25 28
B92.1 | 19 | 218 1.15 389 235 | 1.70 | 0.2222 | 0.66 | 2997 11 31
B59.1 | 103 111 1.12 1243 " 247 | 1.94] 02321 | 225 3066 36 40
B56.1 | 781 290 0.38 1877 381 | 1.55 | 0.1402 | 1.37 | 2230 24 48
B72.1 | 152 97 0.66 151 374 | 1.74 | 0.1665 | 0.96 | 2523 16 65
Isotope ratios are corrected for common Pb by reference to the measured abundance of ***Pb
““Pbe denotes the amount of common **Pb measured I ! ‘ l ‘
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Table S3 SHRIMP U-Pb isotopic data for zircons from tuff in the Callie Member
(2001082511).

Spot | U Th | ThU | ™Pbe 23815/2%pp 207pp2%py, 207pb/2%Ph age | Discordance

name | (ppm) | (ppm) (ppb) (*lo %) (1o %) (Ma + 10) (%)
ALl 88 44 0.52 38 314 | 180 ] 0.1125 | 1.16 | 1841 21 3
A2.1 132 70 0.55 93 297 | 173 | 0.1127 | 1.09 | 1844 20 -1
A3.] 95 52 0.57 71 292 | 1.80 | 0.1118 | 1.01 | 1830 18 4
Ad.1 92 48 0.54 50 293 | 1.83 | 0.1121 | 1.13 | 1834 20 3
A5.1 181 | 109 | 062 57 295 | 168 | 0.1136 | 0.71 | 1858 13 -1
A7.1 103 55 0.55 104 308 | 1.78 | 0.1113 | 1.22 | 1821 22 1
A8.1 118 81 0.71 63 292 | 175 0.1117 | 1.10 | 1828 20 -4
A9.1 175 | 139 | 082 97 3.05 | 1.67 | 0.1126 | 0.93 | 1842 17 1
Al0.1 | 163 | 100 | 0.64 47 308 | 170 | 01117 | 0.83 | 1827 15 1
ALL1 | 111 60 0.56 64 297 | 1.76 | 0.1118 | 1.10 | 1829 20 2
Al21 | 76 39 0.54 69 3.00 | 1.84 | 0.1124 | 1.18 | 1838 21 El
Al31 | 124 77 0.64 101 3.00 | 1.73 | 0.1104 | 1.05 | 1806 19 3
Al41 | 84 139 | 1.71 105 295 | 1.88 [ 0.1130 | 1.23 | 1849 22 2
Al51 | 88 36 0.42 24 298 | 181 01131 | 098 | 1851 18 -1
Al6.1 | 166 | 107 | 0.67 49 294 | 168 | 0.1124 | 0.74 | 1839 13 -3
A171 | 98 37 0.39 50 300 | 178 | 0.1126 | 1.20 | 1842 22 q
AI9.1 | 166 | 141 | 0.88 91 3.02 | 169 01115 | 0.95 | 1824 17 -1
A20.1 | 141 71 0.52 82 296 | 1.71 | 0.1126 | 0.92 | 1842 17 3
A231 | 91 43 0.55 80 300 | 183 01105 | 1.25 | 1807 23 3
A241 | 157 | 96 0.64 29 301 | 169 0.1141 | 0.88 | 1866 16 1
A251 | 109 | 61 0.58 11 303 | 177 | 0.1129 | 1.01 | 1847 18 0
A261 | 139 | 70 0.52 67 300 | 1.73 | 0.1136 | 0.94 | 1858 17 0
A27 204 | 125 | 063 45 297 | 165 0.1124 | 0.72 | 1838 13 -2
AZ81| 70 61 0.90 65 3.02 | 189 | 0.1094 | 1.21 | 1789 22 3
A30.1 | 98 48 0.51 35 295 | 1.78 | 0.1137 | 0.90 | 1860 16 1
A3L1| 170 | 104 | 0.63 3 297 | 168 | 0.1132 | 0.67 | 1851 12 3
A321 | 156 81 0.53 51 294 [ 170 | o111 | 072 | 1817 13 -4
High mass 204 counts
A291 | 159 | 268 | 174 12 3.00 [ 1.73 [ 0.1106 | 0.90 | 1810 16 )
A211 ] 159 | 179 | 116 115 3.15 | 1.69] 0.1097 | 093 | 1795 17 1
A22.1 | 131 84 0.66 118 3.02 | 1.73 ] 0.1109 | 1.04 | 1814 19 -2
A18.1 | 131 71 0.56 125 305 | 175 | 0.1116 | 1.09 | 1826 20 0
discordant \
A6.1 224 | 191 | 088 121 339 | 165 01138 | 0.81 | 1861 15 12

Isotope ratios are corrected for common Pb by reference to the measured abundance of *>'Pb

e denotes the amount of common 2“Pb measured l ’ ‘ [ ,
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Table S4 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Killi Killi
Formation (2001082021).

spot | U | Th | TU | ®Pbe | F*uPb 2pp b | *’Pb/*®Pb age | Discordance
name | (ppm) | (ppm) (ppb) (16 %) (tlo %) (Ma + o) (%)
D25.1 | 573 | 277 | 050 | 138 | 3.26 | 1.69 | 0.1118 | 0.48 | 1829 | 9 6
D30.1 | 396 | 117 | 030 | 269 | 331 | 133 | 0.1124 | 0.51 | 1838 | 9 7
DI2.1 | 276 | 93 | 035 | 32 | 296 | 146 | 0.1126 | 043 | 1842 | 8 )
D48.1| 221 | 94 | 044 | 29 | 3.12 | 258 | 0.1127 | 044 | 1843 | 8
DSIT| 191 | 80 | 043 | 60 | 305 | 3.96| 0.1128 [ 092 | 1845 | 17 1
D811 | 230 | 80 | 036 | 110 | 2.80 | 3.93 | 0.1128 | 0.78 | 1845 | 14 7
D88.1 | 126 | 67 | 055 | 55 288 | 398 | 0.1129 | 1.04 | 1846 | 19 )
D39.1 | 213 | 115 | 056 | 12 | 306 | 1.38 | 0.1129 | 049 | 1847 | 9

D7.1 | 284 | 140 | 051 | 39 | 308 | 134 | 0.1129 | 0.45 | 1847 | 8

D87.1 | 223 | 87 | 040 | 29 | 282 | 393 | 0.1133 | 072 | 1853 | 13

D28.1 | 159 | 65 | 043 | 19 | 3.07 | 141 | 0.1133 | 0.63 | 1853 | 11

D26.1 | 438 | 58 | 0.14 | 68 | 3.13 | 132 | 0.1135 | 037 | 185 | 7

D521 | 183 | 143 | 081 | 113 | 331 | 261 | 0.1135 | 0.77 | 1856 | 14 ]
D37.1 | 300 | 130 | 045 | 42 | 301 | 137 | 0.1136 | 042 | 1858 | 8

D91 | 308 | 110 | 037 | 25 | 299 | 133 | 0.1136 | 039 | 1858 | 7

D461 | 235 | 98 | 043 | 31 321 | 258 | 0.1138 | 0.50 | 1862 | S |

D80.1 | 220 | 141 | 0.66 0 283 | 393 | 0.1139 | 0.68 | 1862 | 12

D32.1| 284 | 122 | 044 | 41 | 3.1 | 135 0.1141 | 0.44 | 1865 | 8

D69.1 | 253 | 112 | 046 | 28 | 3.23 | 2.58 | 0.1141 | 0.43 | 1865 | 8

D50.1 | 319 | 96 | 031 | 40 | 314 | 257 | 0.1141 | 037 | 1866 | 7

D941 | 192 | 96 | 052 | 147 | 324 | 397 | 0.1141 | 121 | 1866 | 22

D27.1 | 496 | 162 | 034 | 131 | 324 | 1.32 | 0.1141 | 038 | 1866 | 7

D47.1 | 133 | 47 | 037 | 4l 304 | 263 | 01142 | 0.70 | 1867 | 13

D77.1 | 288 90 0.32 95 | 2380 | 392 0.1142 | 0.76 | 1867 14
D24.1 | 188 83 0.46 7 3.13 1.39 | 0.1142 | 0.54 | 1868 10
Dé6.1 250 54 0.22 39 2.90 135 | 0.1143 | 043 | 1868 8
D90.1 | 277 128 0.48 80 270 | 3.90 | 0.1144 | 0.62 | 1870 11
D21.1 | 209 110 0.54 20 3.16 1.38 | 0.1146 | 0.57 | 1873 10
DI13.1 | 234 80 0.36 22 2.98 1.36 | 0.1146 | 0.44 | 1873 8
D85.1 | 180 90 0.52 16 296 | 393 | 0.1147 | 075 | 1875 13
D82.1 | 245 70 0.30 0 305 | 399 | 01148 | 0.79 | 1876 14
D83.1 | 301 159 | 0.54 131 329 | 391 | 0.1148 | 0.75 | 1876 13
11

7

1

DI7.1 | 139 | 152 | 113 | 26 | 310 | 1.42 | 0.1150 | 0.60 | 1880
D53.1 | 301 | 8 | 028 | 23 | 3.14 | 2.61 | 0.1150 | 0.38 | 1881
D511 191 | 86 | 046 | 151 | 3.19 | 2.59 | 0.1152 | 0.63 | 1883 | 1
D54.1 | 292 | 151 | 054 | 34 | 315 | 257 | 04152 | 039 | 1883 | 7
D36.1 | 237 | 139 | 060 | O 306 | 137 | 0.1157 | 046 | 1891 8
D92.1 | 251 | 78 | 032 | 41 | 292 | 393 | 0.1159 | 0.73 | 1894 13
D33.1| 168 | 124 | 0.76 | 31 | 249 | 1.40 | 0.1370 | 049 | 2190 | 8
D551 | 189 | 69 | 0.38 0 258 | 2.59 | 01385 | 043 | 2209 7
D34.1 | 232 | 57 | 026 | 2 244 | 1.39 | 0.1450 | 040 | 2287 | 7
D41 | 215 | 90 | 043 | 35 | 220 | 136 | 0.1493 | 0.41 | 2338 | 7
D29.1| 232 | 106 | 047 | 14 | 235 | 1.37 | 0.1534 | 039 | 238% | 7
D781 94 | 80 | 087 | 48 | 218 | 407 | 0.1555 | 1.02 | 2408 | 17

D76.1 | 219 78 0.37 53 218 | 3.95 | 0.1563 | 0.69 | 2417 12

L-hd,;wl-h-—cmo\qm-hxowocm\b;{g-hc,.mq-.:-hq-nc,,'c\c—-oc.hmé,\u'—-

'
(S

D86.1 | 94 58 0.64 146 | 202 | 403 | 01598 | 0.75 | 2453 13 -6
D89.1 | 41 43 1.09 0 | 234 | 425 0.1620 | 1.15 | 2476 19 7
D59.1 | 225 | 196 | 0.90 271 240 | 2.58 | 01622 | 042 | 2479 7 g |
D101 | 187 | 97 0.53 34 217 | 137 | 0.1636 | 0.38 | 2493 6 2
D44.1 | 171 101 | 0.61 11 226 | 259 | 0.1637 | 038 | 2494 6 5
D2.1 98 | 47 | 050 0 234 | 14501638 | 055 | 2495 | 9 8
DIi.1 130 | 91 0.72 45 207 | 141 | 0.1640 | 0.46 | 2497 8 -2
D221 | 184 | 108 | 0.61 39 231 | 139 | 0.1647 | 0.45 | 2504 8 8
D14.1 [ 231 91 | 041 75 214 | 135 0.1659 | 035 | 2516 6 2
D79.1 | 399 | 86 0.22 78 | 202 [391] 01663 | 1.26 | 2520 | 21 3

245



Table S4 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Killi Killi
Formation (2001082021) continued.

Spot | U | Th | T™WU | *®Pbc | **U/Pb *pb/Pb | *”’Pb/Pb age | Discordance |
name | {ppm) | (ppm) (ppb) (*lc '%) (1o %) (Ma+ 1o) (%)
D23.1 | 276 99 0.37 49 229 143 | 0.1670 | 047 | 2528 8 8
D8.1 401 178 0.46 11 2.02 1.32 | 0.1800 | 024 | 2653 4 2
D57.1 | 211 166 0.82 31 201 2.62 | 0.1872 | 0.36 | 2718 6 4
Greater than 10% discordant 0
D43.1 | 249 82 0.34 41 3.37 1.41 | 0.1133 | 0.59 | 1853 11 10 |
D38.1 | 228 168 0.76 91 3.25 1.37 | 0.1174 | 0.62 1917 11 10
D41.1 137 57 0.43 3 2.31 1.47 | 0.1734 | 0.52 | 2590 9 10
D63.1 | 300 80 0.28 43 338 | 258 | 0.1152 | 0.50 | 1883 9 | 11

D93.1 73 62 0.88 151 271 | 423 | 01453 | 1.66 | 2292 29 | 12
D67.1 | 317 71 0.23 46 343 | 257 | 0.1151 | 039 | 1881 7 12
D66.1 | 287 147 0.53 92 344 | 258 | 0.1150 | 048 | 1880 9 12
D31.1 | 234 116 0.51 73 3.12 | 1.37 | 0.1265 | 0.49 | 2049 9 12

8

6

T

D16.1 | 340 149 0.45 32 353 135 | 0.1128 | 0.43 | 1846 13

D19.1 @ 585 | 89 | 0.16 0 352 | 131 0.1131 | 031 | 1850 13
D60.1 | 324 | 208 | 066 0 346 | 258 | 0.1152 | 037 | 1883 13
DI81 | 399 | 177 | 046 66 355 | 133 ] 01126 | 041 | 1842 | 7 13
D201 192 [ 129 | 070 | 78 | 343 [ 140 [ 0.1162 | 0.66 | 1899 | 12 13
D701 | 199 | 65 | 034 | 42 350 | 2.60 | 0.1147 | 0.59 | 1876 | 11 14
Do5.1 197 145 0.76 26 349 | 2.60 | 0.1158 | _(1.57 1893 10 14
D3.1 618 | 208 | 035 964 374 [ 136 0109 | 129 | 1792 | 24 15
D42.1 | 302 | 130 | 045 154 362 | 141 01132 | 0.69 | 1851 13 15
D68.1 | 209 | 149 | 0.74 22 361 | 264 01138 | 048 | 186l 9 | 15
D6I.1 | 253 | 158 | 065 375 303 279 01359 | 1.17 | 2175 | 20 16
D621 | 179 | 71 0.41 93 228 | 260  0.1947 | 0.40 | 2782 6 16
D58.1 | 266 | 207 | 080 | 214 360 | 258 | 0.1147 | 0.65 | 1875 12 16
D641 | 95 52 | 057 63 256 | 2.67 | 0.1690 | 0.65 | 2548 11 17
DI15.1 | 228 | 186 | 0.84 190 192 | 135 | 02580 | 029 | 3235 5 17
D56.1 | 308 | 175 | 059 | 305 | 379 | 258 0.1139 | 0.56 | 1863 10 19
D71.1 | 564 | 332 | 061 15 | 279 | 2.56 | 0.1597 | 0.32 | 2453 5 19
D721 | 258 | 179 | 072 86 390 | 258 | 0.1123 | 059 1837 @ 11 20
D841 | 353 | 160 | 047 47 398 | 390 0.1122 | 0.67 | 1835 12 21

D75.1 | 238 141 0.61 Y 3.99 | 259 | 0.1132 | 0.65 1851 12 22

D74.1 | 327 163 0.51 35 391 | 258 | 0.1155 | 0.45 | 1888 8 22
D45.1 | 509 133 0.27 222 418 | 256 | 0.1148 | 0.53 | 1877 10 26
D40.1 | 479 377 0.81 489 432 | 138 | 0.1128 | 0.76 | 1845 14 27
D49.1 | 391 256 0.67 125 456 | 257  0.1104 | 0.48 | 1805 9 2%
D73.1 96 84 0.91 45 326 | 2,66 | 0.1591 | 0.79 | 2446 13 29
DI11.1 | 159 104 0.67 68 332 | 140 | 01612 | 0.53 | 2468 | 9 31
D351 | 386 368 0.98 374 474 | 1.35 | 01121 | 0.76 | 1834 14 33
D5.1 679 351 0.53 264 644 | 3.67 | 01215 | 1.14 | 1978 20 53

Isotope ratios are corrected for common Pb by reference to the measured abundance of **'Pb

**Pbc denotes the amount of common ***Pb measured ‘ ‘ [ ‘
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Table S5 SHRIMP U-Pb isotopic data for zircons from quartz arenite in the Killi Killi
Formation (2001082505).

Spot | U | Th | Thu | ™Pbec | Z*u/™pb 27pb/™pb | ’Pb/*Pbage | Discordance
name | (ppm) | (ppm) (ppb) 1o %) (=15 %) (Ma = 1o) (%)
C221 | 143 | 101 | 0.73 28 302 | 144 | 0.1119 | 062 | 1831 | 11 | =
C581 | 145 | 111 | 0.79 24 328 | 141 | 0.1126 | 0.70 | 1842 13 7
C52.1 | 128 | 78 | 0.63 14 315 | 146 | 0.1127 | 0.62 | 1844 11 4
C16.1 | 126 | 66 | 0.54 24 298 | 142 | 01128 | 063 | 1845 11 B,
C51.1 | 193 | 114 | 0.61 37 331 | 137 | 0.1129 | 057 | 1846 10 3
C39.1 | 185 | 113 | 0.63 28 316 | 139 | 0.1133 050 | 1852 9 4
C471 | 145 | 90 | 064 42 3.19 | 1.41 | 0.1133 | 062 | 1853 11 5
C60.1 | 197 | 131 | 0.69 12 307 | 137 | 0.1133 | 048 | 1853 9 2
C50.1 | 617 | 428 @ 0.72 78 334 | 1.34 | 0.1135 | 0.47 | 1855 8 9
CI8.1 | 167 | 98 | 061 0 310 | 1.50 | 0.1138 | 0.54 | 1861 10 3
C54.1 | 308 | 112 | 038 27 321 | 134 | 0.1139 | 041 | 1863 7 6
Clal | 98 0 | 042 25 290 | 146 | 0.1139 | 0.73 | 1863 13 3
C35.1 | 290 | 120 | 0.43 13 313 | 1.34 | 0.1141 | 040 | 1865 7 4
c291 | 192 | 97 | 052 24 305 | 1.38 | 0.1141 | 047 | 1866 9 5
C46.1 | 111 | 121 | 112 | 122 | 287 | 147 | 0.1141 | 128 | 1866 | 23 3
CIl.l | 214 | 127 | 0.61 23 293 | 136 | 0.1141 | 051 | 1866 9 x|
C30.1 | 103 | 45 | 0.45 6 293 | 147 | 01142 092 | 1867 17 -1
C23.1 | 192 | 119 | 0.64 0 3.05 | 137 | 0.1145 | 048 | 1872 9 2
C49.1 | 109 | 44 | 042 7 331 | 1.48 | 0.1145 | 0.71 | 1872 13 9
C13.1 | 255 | 106 | 043 25 293 | 135 0.1147 | 042 | 1874 | 8 K|
Cc81 | 215 | 108 | 052 16 296 | 136 | 0.1148 | 0.45 | 1877 | 8 0o
C20.1 | 293 | 125 | 0.44 14 298 | 1.34 | 0.1150 | 0.39 | 1880 7 1
C62.1 | 29 10 | 036 56 267 | 592 | 0.1152 | 207 | 1883 37 9
C27.1 | 184 | 104 | 0.58 0 300 | 137 | 0.1154 | 048 | 1886 | © 2
C5.1 63 66 | 1.08 44 | 3.09 | 161 | 0.1154 | 1.07 | 1887 19 4
C44.1 | 70 | 67 | 098 22 3.04 | 155 | 0.1157  0.85 | 1891 15 3
Call | 211 | 60 | 029 64 305 | 136 | 0.1188 | 051 | 1938 9 6
c4.1 4 | 22 | 052 0 279 | 239 | 0.1195 | 097 | 1949 17 o
C12.1 | 130 | 40 | 032 49 282 | 142 ] 0.1196 | 0.62 | 1951 11| 0
C19.1 | 187 | 39 | 021 91 283 | 138 | 0.1198 | 0.64 | 1954 11 0
C17.1 | 361 | 56 | 0.16 | 240 | 2.87 | 1.33 | 0.1200 | 0.56 | 1956 10 2
C251 | 234 | 59 | 026 0 279 | 135 | 0.1207 | 042 | 1966 8 0
C371 | 107 | 25 | 025 36 284 | 149 | 0.1213 | 0.61 | 1975 11 2
C48.1 | 297 | 155 | 054 57 298 | 134 | 0.1213 | 041 | 1976 7 6
C43.1 | 159 | 48 | 031 20 279 | 143 | 0.1214 | 0.51 | 1976 9 0
C63.1 | 217 | 42 | 020 7 269 | 435 0.1214 | 082 | 1977 15 3
C57.1 | 136 | 42 | 032 46 291 | 142 | 0.1218 | 0.63 | 1982 11 4
C53.1 | 142 | 97 | 071 5 | 292 | 141 01223 | 054 | 1990 | 10 5
CLl | 202 | 31 | 044 8 274 | 1.34 | 01225 | 037 | 1993 7 =
C2L1 | %8 52 | 093 35 275 | 1.58 | 0.1238 | 0.98 | 2011 17 1
C551 | 129 | 73 | 058 9 290 | 142 | 01261 | 0.74 | 2044 | 13 | 7
C71 | 129 | 40 | 032 | 40 262 | 141 [ 0.1269 | 0.59 | 2055 10 o
IC2.1 | 144 | 59 | 042 | 37 268 | 1.40 | 0.1269 | 054 | 2055 9 1
C3a.1 | 46 | 65 | 144 | 113 | 276 | 194 0.1276 | 1.67 | 2066 | 29 3
C6.1 | 206 | 145 | 0.73 73 266 | 138 | 0.1342 | 050 | 2154 9 5
C59.1 | 141 | 68 | 0.50 17 2.66 | 1.54 | 0.1371 | 0.52 | 2191 9 6
(c32 [ 221 | 91 | 043 0 251 | 135 0.1381 | 038 | 2204 7 2
C451 | 54 74 | 142 | 20 212 | 158 | 0.1588 | 0.70 | 2443 12 2
C421 | 161 | 238 | 1.53 | 26 218 | 139 | 0.1617 | 043 | 2473 7 2
C641 | 121 | 93 | 0.79 | 105 1.99 | 404 | 0.1629 | 096 | 2486 16 -5
C40.1 | 24 | 32 | 1.38 16 223 | 1.89 | 0.1645 | 1.03 | 2502 17 4
C361 | 29 | 50 | 1.79 0 220 | 1.81 | 0.1660 | 1.14 | 2518 19 4
c241 | 71 55 | 080 | 0 214 | 1.71 | 0.1678 | 0.58 | 2536 10 3
C91 | 136 | 76 | 0.57 0 1.56 | 139 | 0.2383 | 032 | 3109 5 3
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Table 85 SHRIMP U-Pb isotopic data for zircons from quartz arenite in the Killi Killi
Formation (2001082505} continued.

Spot | U | Th | Twu | *pbe | Z*u/*Pp pp/¥pb | *"Pb/Pbage  Discordance

name | (ppm) | (ppm) {ppb) (10 %) (xlo %) (Ma = 16) (%)
Cs6.1 | 219 [ 121 | 057 23 161 [ 1.35] 02863 [ 025 | 3398 4 8
Grains greater than 10% discordant
C281 [ 136 | 60 0.46 59 343 | 143 ] 01146 | 0.74 | 1874 13 12
C6i.i | 45 46 1.06 0 287 | 463 | 0.1381 | 1.58 2204 27 12
331 200 | 75 0.39 48 317 | 1.51] 01252 | 049 | 2032 9 13
C38.1 | 214 | 212 | 1.02 0 3.60 | 152 01140 | 0.52 | 1864 9 15
CRi| 23 037 34 347 | 136 01193 | 052 | 1945 9 16
C26.1 | 295 | 189 | 0.66 188 379 | 162 ] 0.1110 | 062 | 1815 1 17
ci1s.1| 291 | 200 | 071 136 376 | 134 ] 0.1137 | 0.55 | 1860 10 18
Cl04 | 441 | 317 | 074 146 342 | 133 | 01250 | 047 | 2028 8 18
C31.1] 208 [ 184 | 092 76 445 | 150 0.1107 | 0.83 | 1810 15 28

Isotope ratios are corrceted for common Pb by reference to the measured abundance of Pph
206

Pbe denotes the amount of common “*Pb measured | ‘ ‘ ‘
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Table S6 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Killi Killi

Formation (2001082515).

Spot | U Th | ThU | ™Pbec | Z*U’”™Pb 27pp/ %Py | 2"Ph/*"Pb age | Discordance |
name | (ppm) | (ppm) (ppb) (1o %) (xlo %) (Ma + lo) (%)
B94.1 | 22 21 0.98 86 316 [ 524 01040 | 342 | 1696 | 63 -4 ]
B67.1 | 287 | 78 | 0.28 190 298 [ 397 | 01118 | 097 | 1830 | 18 -2
B39.1 [ 188 | 86 | 047 14 3.07 | 136 | 0.1123 | 047 | 1837 8 1
Bl41 | 78 70 | 093 23 297 | 153 | 0.1127 | 098 | 1843 18 5
B66.1 | 190 | 103 | 0.56 123 327 | 406 | 0.1127 | 1.16 | 1843 21 i
B50.1 | 195 | 176 | 093 79 321 | 137 | 01128 | 063 | 1846 11 5

B3.1 44 | 59 1.40 40 330 | 1.67 | 0.1128 | 1.38 | 1846 | 25 7
B25.1 | 998 | 121 | 0.13 579 329 [ 129 01134 [ 027 | 1855 5 8
B33.1 | 184 | 182 | 1.02 156 324 | 138 | 0.1135 | 076 | 1856 14 7

B46.1 | 134 | 43 033 28 283 | 1.74 | 0.1135 | 062 | 1857 11 -5
B18.1 | 275 | 171 | 0.64 13 3.04 | 133 | 0.1139 | 038 | 1862 7 2
B13.1 | 18 | 52 0.29 29 288 | 136 | 0.1140 | 052 | 1865 9 3
B47.1 | 203 | 158 | 0.80 100 287 | 137 | 01141 | 055 | 1865 10 E
B31.1 | 226 | 49 | 023 32 294 | 136 | 0.1141 | 049 | 1865 9 -1
B76.1 241 | 171 | 073 249 3.04 | 397 01141 | 1.16 | 1866 | 21 2
B53.1 | 233 | 79 | 035 71 305 | 135 0.1142 | 047 | 1867 8 2
B74.1 | 360 | 169 | 0.49 385 320 [ 393 [ 01143 [ 1.13 | 1869 | 20 6
B85.1 | 545 | 361 | 0.68 225 292 [390 | 01143 | 0.63 | 1870 11 -1

B86.1 | 194 | 83 0.44 36 3.06 [ 399 | 0.1144 | 083 | 1871 15 3
B36.1 | 76 63 0.86 8 309 | 149 | 0.1145 | 079 | 1872 | 14 3
B12.1 | 220 | 110 | 0.52 410 325 [ 220 01145 | 4.15 | 1873 75 8
B9%.1 | 396 | 137 | 036 85 2.89 | 394 | 0.1146 | 0.67 | 1873 12 3

B44.1 | 194 | 66 0.35 23 2.88 | 137 | 0.1146 | 049 | 1874 9 £
B69.1 | 194 | 59 | 031 93 283 | 401 | 0.1149 | 089 | 1879 | 16 -4
B54.1 | 272 | 137 | 0.52 63 314 | 133 0.1149 | 043 | 1879 3 5
B41.1 | 131 43 | 034 20 3.02 | 140 | 0.1149 | 0.57 | 1879 10 2
B28.1 | 202 | 61 [ 031 10 293 [ 136 0.1150 | 045 | 1880 8 -1 e
B95.1 | 155 | 130 | 087 | 28 304 [ 410 ] 01153 | 0.99 | 1885 | 18 3
B65.1 | 415 | 66 017 | 97 320 | 132 01158 | 039 | 1892 7 7
B71.1 | 222 | 141 | 065 108 3.07 | 398 0.1161 | 1.14 | 1897 | 20 4
B89.1 | 170 | 92 0.56 0 282 | 401 | 0.1161 | 098 | 1897 18 3

B99.1 | 433 54 0.13 0 291 | 395 01167 | 0.66 | 1906 12 0
B108.1| 166 | 65 | 0.40 0 282 [398 ) 01177 | 093 | 1921 17 2
B62.1 | 449 | 119 | 027 78 3.06 | 131 ] 0.1185 | 037 | 1934 7 6 |
B23.1 | 80 | 74 0.09 | 331 300 | 129 0.1192 | 024 | 1944 4 5

B35.1 | 240 | 58 0.25 0 285 | 143 ] 01198 | 040 | 1953 7 1
B90.1 | 83 105 | 130 72 252 | 421 | 0.1209 | 1.87 | 1970 33 -9
B10.1 | 219 | 84 0.39 71 279 | 135 | 0.1215 | 047 | 1978 8 0
B43.1 | 239 | 250 | 1.08 98 3.04 | 134 | 01233 | 047 | 2005 8 9
B104.1] 265 | 157 | 0.61 310 272 (39901243 | 115 | 2018 | 20 0
B22.1 | 157 | 101 | 0.66 119 282 | 153 | 0.1274 | 0.58 | 2062 10 5
B19.1 | 62 69 | L5 29 261 | 153 ] 01278 | 0.96 | 2068 17 -1
B107.2| 148 | 29 020 | 31 2.57 | 405 0.1284 | 0.87 | 2076 15 2
B81.1 | 236 [ 129 | 057 | 212 262 | 395 | 0.1288 | 0.82 | 2081 14 0

B4.1 108 | 41 0.40 35 253 | 143 | 01336 | 0.59 | 2146 10 0
B38.1 | 76 30 0.41 0 2.55 | 1.50 | 0.1345 | 0.68 | 2158 12 1

BY.1 176 | 96 | 0.56 21 2.58 | 137 | 01359 | 042 | 2176 7 5

B5.1 121 75 | 0.64 25 246 | 154 | 0.1364 | 0.50 | 2182 9 -1
B83.1 | 77 73 0.98 3 243 | 42401391 | 1.19 | 2216 | 21 0
B68.1 | 93 105 | 116 9 235 | 420 [ 0.1495 | 1.12 | 2341 19 2
B45.1 | 81 97 124 | 35 223 | 146 | 0.1564 | 0.61 | 2417 10 1
B109.1] 127 [ 21 017 | 47 202 | 402 | 0.1578 | 0.75 | 2433 13 = |
B40.1 | 85 61 0.75 15 220 | 1.45{0.1591 | 053 | 2446 9 1
B32.1 | 145 | 148 | 1.06 53 233 | 138 ] 0.1592 | 0.44 | 2447 7 6
B17.1 | 116 | 121 | 1.07 52 224 | 141 ] 01599 | 048 | 2455 3 3
B88.1 | 79 33 [ 042 | 81 204 [ 417 ] 01620 | 1.11 | 2477 19 -4
B93.1 | 254 | 138 | 056 | 471 229 [ 401 [ 01624 | 0.81 | 2480 14 6
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Table S6 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Killi Killi
Formation (2001082515) continued.

Spot | U Th | ThU | *Pbc | Z*uU/™pb 27pp/%Ph | *"Pb/A%°Pb age | Discordance

name | (ppm)  (ppm) {ppb) (£l %) (zlo %) (Ma + 1g) (%)
B24.1 108 139 1.33 97 224 141 | 0.1629 | 0.56 | 2486 9 4
B77.1 196 153 0.81 0 2.18 4.10 | 0.1633 | 0.60 | 2490 10 2
B72.1 130 167 1.32 109 2.03 4.15 | 0.1636 | 1.10 | 2493 19 -3
B34.1 71 56 0.81 31 222 150 | 0.1643 | 0.61 | 2500 10 4
B49.1 133 161 1.25 50 2.21 139 | 0.1647 | 0.45 | 2505 8 4
B48.1 111 140 1.30 18 2.03 142 | 0.1649 | 0.45 | 2507 8 -3
B30.1 81 72 0.93 21 2.13 146 | 0.1656 | 0.55 | 2513 9 1
B70.1 58 39 0.69 122 2.05 434 | 0.1684 | 1.55 | 2542 26 -1
B2.1 125 55 045 36 2.10 140 | 0.1699 | 045 | 2557 8 2
B105.1] 49 64 135 3 1.81 449 | 0.1763 | 1.24 | 2619 21 -8
B84.1 159 138 090 17 1.91 4,06 | 0.1774 | 0.69 | 2629 12 -3
B97.1 152 125 0.85 239 1.28 407 | 0.3108 | 0.61 3525 9 -6
Grains greater than 10% discordant
B73.1 | 252 | 404 1.66 509 341 | 3971 0.1133 | 1.76 | 1852 32 11
B79.1 323 179 0.57 1466 2.81 393 | 0.1377 | 1.40 | 2198 24 11
B82.1 45 21 0.48 0 221 445 | 0.1847 | 145 | 2696 24 11
B106.1, 109 127 1.20 88 2.38 4.16 | 0.1680 | 1.21 2538 20 11
B110.1| 221 272 1.27 396 2.46 397 | 0.1623 | 0.86 | 2480 15 11
B60.1 255 166 0.67 321 2.68 1.37 | 0.1464 | 0.52 | 2304 9 11
B7.1 238 234 1.02 315 3.43 1.35 | 0.1141 | 0.70 1866 13 12
B39.1 149 240 1.67 202 2.50 144 | 0.1642 | 0.66 | 2500 11 13
B26.1 195 153 0.81 151 3.49 138 | 0.1158 | 0.63 1892 11 14
B8.1 164 234 1.47 164 3.54 137 | 0.1147 | 0.75 1875 14 14
B11.1 114 273 248 139 2.60 1.55 | 0.1633 | 0.61 2490 10 16
Bl1.1 227 211 0.96 296 3.72 1.53 | 0.1140 | 0.74 1864 13 18
B78.1 287 181 0.65 140 3.66 3.94 | 0.1163 | 094 1901 17 18
B27.1 | 251 124 | 051 497 370 | 1.35 | 0.1162 | 0.77 | 1899 14 19
B42.1 247 192 0.81 271 2.48 1.34 | 0.1850 | 0.36 | 2698 6 19
B21.1 19 33 1.82 473 253 | 212 | 0.1885 | 3.64 | 2729 60 21
B36.1 206 613 3.08 269 2.83 136 | 0.1646 | 0.49 | 2504 8 22 E
B107.1| 55 66 1.24 258 3.83 438 | 0.1205 | 467 | 1964 83 24
B63.1 361 457 131 1609 4.12 1.55 | 0.1158 | 1.63 1892 29 26
B91.1 305 270 091 618 3.26 3.94 | 0.1490 | 0.96 | 2335 16 26
Blé6.1 195 216 1.15 376 2.93 1.39 | 0.1719 | 0.56 | 2576 9 26
B80.1 345 599 1.79 1564 4.03 3.97 | 0.1195 | 2.34 1948 42 27
B58.1 383 615 1.66 964 4.19 1.35 | 0.1171 | 0.83 1913 15 28
B37.1 221 172 0.80 599 442 143 | 0.1124 | 1.26 1838 23 29
B15.1 836 1177 1.45 5627 4.64 1.37 | 0.1132 | 0.85 | 1852 15 32
B64.1 303 859 2593 869 4.98 135 | 0.1148 | 1.23 | 1877 22 37
Bo6l.1 22 59 275 7 434 260 | 0.1367 241 | 2186 42 39
B103.1| 347 452 1.35 1310 4.19 441 | 0.1616 | 1.44 | 2472 24 44
B87.1 313 357 1.18 1166 498 396 | 0.1379 | 2.11 2202 37 46
B29.1 372 852 237 1658 6.24 134 | 0.1118 | 167 1828 30 48
B55.1 | 235 | 300 1.32 464 460 | 137 | 0.1592 | 0.73 | 2447 12 48
B20.1 376 448 1.23 1663 6.25 153 | 0.1145 | 1.40 1871 25 49
B100.1| 832 | 1717 | 213 | 10325 | 546 | 462 | 0.1357 | 3.83 | 2173 67 50
B51.1 327 854 2.70 1602 4,99 1.35 | 0.1579 | 0.86 | 2434 15 52
B57.1 311 753 2.50 1314 5.52 135 | 0.1472 | 1.17 | 2314 20 54
Bé6.1 353 995 291 1372 6.26 1.35 | 0.1500 | 1.01 2346 17 59
B92.1 977 1114 1.18 9909 1260 | 4.04 | 0.1195 | 4.41 1948 9 75
B52.1 893 1341 1.55 5690 13.51 135 | 0.1144 | 2.96 1871 53 7
BI101.1] 77 79 1.07 239 1.70 432 | 0.1590 | 1.44 | 2445 24 -22
B102.1] 100 110 1.13 400 224 428 | 0.1216 | 3.05 1980 54 -20
B98.1 160 185 1.19 220 2.67 412 | 0.1116 | 2.06 | 1826 37 -12
Isotope ratios are corrected for common Pb by reference to the measured abundance of **Pb
206Pbc denotes the amount of common 206Pb measured | } l ‘
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Table S7 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Killi Killi
Formation (2001082036).

Spot | U Th | ThU | ®®Pbec |  Z*U”%pb *Tpb/ %pb | *Pb/*Pb age | Discordance |
name | (ppm) | (ppm) (ppb) (+lo %) (+1o %) (Ma = 10) (%)
C69.1 | 128 | 88 0.71 91 285 | 245 0.1117 | 0.87 | 1828 | 16 -6
C26.1 | 54 36 0.68 44 331 | 260 | 01118 | 2.10 | 1829 | 38 7
c77.1 [ 133 57 | 045 64 296 | 247 | 0.1121 | 074 | 1834 | 13 2
C51.1 | 126 | 64 | 052 23 280 | 253 | 0.1126 | 1.02 | 1842 | 19 7
Ccl0.1 | 159 | 77 0.50 53 299 [218] 01131 [ 1.01 | 1850 | 18 | -1
c64.1 | 114 | 76 0.69 1 304 | 253 | 0.1133 | 0.88 | 1853 | 16 1
C35.1 | 245 [ 120 | 051 48 284 [ 225[ 01133 075 | 1854 | 14 5
C46.1 | 205 | 84 | 042 8 291 [238] 01134 048 1854 | 9 E
C8.1 136 | 69 | 032 86 297 | 224 01135 | 106 | 1856 | 19 -1
CI 237 | 132 | 057 109 3.1 | 2.05] 0.1136 | 076 | 1857 | 14 3
C67.1 | 133 | 100 | 0.78 28 288 | 253 | 0.1137 | 084 | 1859 | 15 3
C45.1 | 166 | 77 0.48 0 3.13 | 240 | 0.1140 | 050 | 1864 9 4
C65.1 | 183 82 | 046 28 292 | 242 01142 ] 077 | 1867 | 14 E
Cc60.1 | 136 | 61 0.47 24 296 | 248 | 0.1142 | 086 | 1868 | 16 | 0
C78.1 | 167 89 | 0.55 2 281 | 246 | 0.1144 | 0.71 | 1870 | 13 -5
C42.1 | 148 | 82 0.57 18 305 | 240 01145 | 076 | 1872 | 14 2
C31.1 | 164 | 112 | 071 0 290 | 232 0.1147 | 0.81 | 1874 | 15 3
C30.1 | 31 53 0.15 167 316 | 197 ] 01147 | 073 | 1876 | 13 5
C6.1 242 | 109 | 047 0 291 [222[ 01151 | 069 | 1882 | 13 | -1 |
C1.1 152 | 68 0.46 130 291 | 223] 01152 | 166 | 1882 | 30 -1
C19.1 | 247 | 202 | 084 116 313 | 275 ] 01154 | 092 | 1885 | 17 5
C75.1 | 285 | 102 | 037 203 321 | 238 | 0.1156 | 0.75 | 1889 | 14 7
c381 | 114 | 52 0.47 21 269 | 3.01 | 0.1157 | 0.73 | 1891 13 | -8
c43.1 | 179 | 89 | 0.52 0 304 | 239 01158 | 049 | 1892 9 3
Cl6.l | 146 | 74 0.52 0 292 | 216 0.1159 | 1.19 | 1894 | 21 0
C62.1 | 217 | 120 | 057 0 | 287 |[252]01167 | 091 | 1906 | 16 ]
C241 | 143 | 104 | 0.75 0 321 | 212 01167 | 090 | 1907 | 16 8
Cc49.1 | 312 | 316 | 1.05 143 313 | 236 [ 01174 [ 056 | 1917 | 10 7
C73.1 | 48 38 0.82 0 278 | 2721 01183 ] 1.08 | 1930 | 19 3
C3.1 250 | 42 0.17 122 284 | 205 0.1190 | 091 | 1941 16 0
C57.1 0 554 | 202 038 | 59 293 | 236 | 0.1194 | 039 | 1948 q 3
CcS61 | 133 | 77 0.60 62 3.0 | 249 | 01196 | 1.04 | 1950 | 19 8
C72.1| 138 | 48 | 0.36 0 284 | 243 ] 01202 [ 071 1959 | 13 1
C70.1 @ 101 37 0.38 0 271 | 248 ] 0.1206 | 1.03 | 1965 | 18 3
C37.1 | 285 | 75 0.27 64 261 | 218 01209 | 138 | 1970 | 25 -6
201 | 91 12 0.48 62 289 | 226 01211 | 1.14 | 1972 | 20 3
C4.1 316 | 130 | 0.43 150 268 | 250 01212 | 128 | 1974 | 23 T
C22.1 | 216 | 50 0.24 0 278 | 205 01214 | 077 | 1977 | 14 0
Cil.1 | 264 | 104 | 0.41 86 290 | 202 0.1225 | 068 | 1992 | 12 4
Ci51 | 51 67 137 29 271 | 263 | 01226 | 147 | 1994 | 26 1
C66.1 | 184 | 87 | 049 | o 262 | 247 | 0.1230 | 057 | 2000 | 10 4
C76.1 | 103 38 | 038 43 254 | 251 | 0.1251 | 1.00 | 2030 | 18 -6
C32.1 | 180 | 70 | 0.40 0 | 258 [208] 01271 | 0.80 | 2058 | 14 -3
C79.1 | 89 69 081 | 33 251 | 259 0.1281 | 098 | 2072 | 17 -4
c61.1 | 93 47 | 053 68 255 | 284 01361 | 094 | 2178 | 16 2
C55.1 | 56 43 0.79 0 253 | 275 0.1367 | 098 | 2186 | 17 2
IC68.1 | 111 | 101 | 0.94 100 248 [ 24701379 | 089 | 2201 [ 16 | 1 :
C291 | 133 | 6% | 054 0 233 | 214 0138 | 0.77 | 2210 | 13 -4
C54.1 9 4 0.45 90 249 | 449 01458  4.14 | 2298 | 7I 5
C741 | 157 | 111 | 073 55 238 | 248 | 0.1639 | 055 | 249 9 9
Cs.1 150 | 107 | 0.74 57 214 | 21301666 | 0.71 | 2524 | 12 | 3
C52.1 | 142 | 65 | 047 125 [ 201 | 24801669 [ 0.72 | 2526 | 12 | 3
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Table S7 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Killi Killi
Formation (2001082036) continued.

Spot | U Th | WU | ®Pbec | ZPU/pb *pb"*Pb | *"Pb/*°Pb age | Discordance

name | (ppm) | (ppm) (ppb) {(xlo %) (16 %) (Ma+ 16) (%)
C27.1 72 30 0.44 0 1.94 2.32 | 0.1669 | 0.86 | 2527 14 -6
C34.1 176 118 0.69 68 1.87 | 207 | 0.1685 | 0.59 | 2543 10 -8
C2.1 101 92 0.94 64 2.07 2.24 | 0.1851 | 0.87 | 2699 14 6
C41.1 21 8 | 039 24 1.53 2.74 | 02352 | 0.79 | 3088 13 -5
Grains greater than 10% discordant
C36.1 827 49 0.06 2232 3.28 195 | 0.1160 | 0.71 1896 13 10
C53.1 176 104 0.61 21 3.36 245 | 0.1143 | 1.00 1869 18 10
C71.1 146 145 1.03 11 3.41 2.80 | 0.1129 | 0.98 1847 18 10
C48.1 15 14 1.00 6 2.81 296 | 0.1371 | 1.73 2191 30 10
C39.1 112 53 0.49 171 2.45 2.52 | 0.1628 | 0.74 | 2484 13 11
C58.1 149 78 0.54 28 3.53 2.54 | 0.1135 | 0,90 1857 16 13
C33.1 244 270 1.14 467 3.66 204 | 0.1120 | 1.37 1833 o 15
G23.1 184 52 0.29 0 3.20 2.15 | 0.1280 | 5.48 | 2070 97 15
Co9.1 2383 | 1339 | 0.58 1033 3.92 1.92 | 0.1161 | 0.38 1896 7 23
C44.1 256 102 0.41 157 3.09 2.55 | 0.1614 | 0.41 2470 7 27
Ci18.1 509 233 0.47 1739 4.15 202 | 0.1178 | 1.75 1923 31 28
£59.1 266 214 0.83 121 3.65 2.63 | 0.1601 | 0.95 2457 16 37
C47.1 67 73 1.13 130 4.91 277 | 0.1240 ) 2.01 2015 36 41
C50.1 166 212 1.32 205 5.39 243 | 0.1183 | 1.42 1931 25 43
C40.1 419 253 0.62 2007 5.32 237 | 0.1205 | 1.25 1963 22 |- 43
Cl2.1 371 141 0.39 989 6.54 2.14 | 0.1146 | 2.08 1873 37 51
Cl13.1 411 83 0.21 126 6.14 2.02 | 0.1227 | 0.95 1995 17 51
Cl4.1 833 498 0.62 3104 16.27 | 2.06 | 0.1128 | 4.11 1845 74 79
C25.1 117 36 0.32 47533 1.04 2.76 | 0.1758 | 14.33 | 2613 239 -66
C17.1 181 91 0.52 67 223 2.61 | 0.1127 | 0.90 1844 16 -29
C63.1 234 364 1.60 372 2.27 252 | 0.1242 | 7.01 2017 124 -17
C21.1 179 28 0.16 92 2.54 230 | 0.1189 | 0.95 1940 17 -10
C28.1 212 125 0.61 24 2.66 2.18 | 0.1143 | 0.78 1869 14 -10
Isotope ratios are corrected for common Pb by reference to the measured abundance of Wipy,
“*Pbe denotes the amount of common **°Pb measured ‘ } ‘ ‘
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Table S8 SHRIMP U-Pb isotopic data for zircons from lithic arenite in the Century Formation

2001082519).

Spot | U | Th | TWU | “Pbe | Z*UPPb 27pp%pp | 27pp/2Ph age | Discordance
name | (ppm) | (ppm) (ppb) (1o %) (tlo%) | (Mazxlo) (%)
B89.1 | 103 | 62 | 062 | 106 | 3.32 | 201 01092 1.10 | 1786 | 20 5
B74.1 | 104 | 42 | 0.41 48 304 | 200 01100 | 0.78 | 1799 | 14 2 |
BI1.1 | 202 | 140 [ 0.72 11 3.09 | 3.15 01100 | 0.63 | 1800 | 11 0 |
B88.1 | 70 | 40 | 059 2 305 | 20501101 [ 0.76 | 1801 | 14 | =1
B93.1| 213 | 73 | 036 39 313 | 195 | 0.1106 | 0.67 | 1809 | 12 1
B40.1 | 174 | 75 | 044 57 3.09 | 3.04  0.1106 | 1.35 | 1809 | 25 0
B221 | 116 | 58 | 052 32 328 | 30401106 | 091 | 1810 | 16 5

BI9.1 | 162 | 74 | 047 10 293 | 3.01 01107 [ 0.67 [ 1811 | 12 -4
B85.1 | 126 | 47 | 0.38 14 313 | 198 | 0.1109 | 059 | 1814 | 11 2
B81.1 | 126 | 65 | 054 40 313 | 201 0.1109 | 067 | 1814 | 12 2
B86.1 | 146 | 92 | 065 29 324 | 198 01109 | 0.68 | 1814 | 12 5
Bl4.1 | 144 | 41 | 030 33 2.93 | 3.03 | 0.1111 | 0.51 | 1817 9 -4
B63.1 | 114 & 42 | 038 5 304 | 199 | 0.1111 | 058 | 1818 | 11 -1
B77.1| 182 | 42 | 024 0 306 | 196 01112 [ 048 | 1819 9 0
B951 | 199 | 51 | 027 15 308 | 195 01113 | 045 | 1820 | 8 0
B49.1 | 112 | 53 | 049 0 318 | 305 01114 | 1.01 | 1822 | 18 5
B6l.1 | 94 | 53 | 058 13 308 | 202 01114 | 070 | 1822 | 13 0
B55.1 | 147 | 59 | 042 34 307 | 198 01115 | 0.61 | 1824 | 11 0
B37.1 | 148 | 47 | 033 24 2.88 | 303 | 0.1115 [ 0.75 | 1825 | 14 5
B66.1 | 207 | 76 | 038 35 311 | 196 | 0.1116 | 0.56 | 1825 | 10 2

BO.1 | 243 | 57 | 024 32 273 | 334 01116 | 043 | 1825 8 9 |
B2 | 209 | 49 | 024 16 3.08 [ 30001116 | 0.52 | 1826 | 9 1
B181 | 233 | 66 | 029 27 287 | 300 0.1117 | 042 | 1828 | 8 5
B57.1 | 133 | 60 | 047 12 300 | 201 0.1118 | 059 | 1828 [ 11 -
B7.1 | 134 | 63 | 048 4 2.80 | 33101118 | 0.53 | 1828 | 10 37
B82.1 | 49 | 32 [ 068 0 301 | 211 0.1118 | 0.86 | 1829 | 16 -1
B78.1 | 136 | 51 | 039 0 3.03 [2.00] 01119 ] 057 | 1831 | 10 0
B23.1 | 282 | 180 | 0.66 23 319 | 3.00 | 0.1120 | 0.51 | 1832 g -
B94.1 | 91 | 105 | 1.19 14 306 | 202 | 0.1121 | 068 | 1834 | 12 1

B73.1 | 119 | 44 | 038 0 303 | 199 01122 | 057 | 1835 | 10 0
B60.1 | 116 | 46 | 0.41 5 306 | 2.00 ] 01122 069 | 1835 | 13 1

B54.1 | 170 | 52 | 032 25 284 | 330 | 0.1122 | 0.74 | 1836 | 13 5
B92.1 | 42 | 46 | 114 16 310 | 216 | 0.1124 | 1.19 | 1838 | 22 2
B65.1 | 121 | 64 | 055 21 293 | 20201125 | 061 | 1840 | 11 3 |
B43.1 | 8 | 95 | 114 25 277 | 3.08] 01128 | 1.02 | 1845 | 18 -7
B46.1 | 229 | 65 | 029 52 322 | 30201129 070 | 1847 | 13 6
B66.2 | 58 | 36 | 0.64 35 313 | 209 01134 | 1.05 1854 | 19 4
B52.1 | 192 | 105 | 0.56 68 276 | 3.02 | 0.1134 | 0.71 | 1855 | 13 &
B441 | 153 | 57 | 039 | 6 278 [ 30501139 ] 093 | 1862 | 17 -6
B79.1 | 101 | 68 | 070 0 296 | 21201139 | 0.62 | 1862 | 11 -1
B83.1 | 109 | 47 | 044 5 297 [ 199 | 01139 | 0.87 | 1862 | 16 <1
B51.1 | 103 | 34 | 034 48 284 [ 306 01140 | 1.27 | 1865 | 23 4
B64.1 | 135 | 52 | 0.40 0 295 | 198 | 0.1151 | 0.54 | 1881 | 10 0
B29.1 | 178 | 155 | 0.90 35 281 |[3.03]01152] 069 | 1882 | 12 &
BS6.1 | 47 | 26 | 057 0 298 | 21301152 | 097 | 1883 | 17 1
B67.1 | 185 | 132 | 0.74 7 307 | 19501153 [ 0.47 | 1884 | 8 4
B10.1 | 116 | 66 | 0.59 12 307 |3.17 | 0.1157 | 060 | 1890 | 11 i
B50.1 | 107 | 79 | 076 7 287 | 352 01163 | 1.01 | 1900 | 18 -1
B38.1 | 122 | 56 | 047 0 284 [ 3.07[0.1168 | 0.84 | 1908 | 15 g
BI5.1 | 69 | 35 | 052 0 299 | 30801175 ] 0.74 | 1918 [ 13 3
B721 | 78 9 0.11 8 278 | 20901197 [ 075 | 1951 | 13 3
B27.1| 93 | 38 | 042 0 303 | 3.08 | 0.1208 | 095 | 1968 | 17 7
B70.1 | 121 | 108 | 0.92 36 274 | 198 | 0.1228 | 0.57 | 1997 | 10 -1
B6.1 92 | 140 | 1.58 25 285 | 3.06 | 0.1254 | 0.67 | 2034 | 12 5
B35.1 | 229 | 105 | 047 28 2.53 | 3.01 01304 | 052 | 2103 9 2
B36.1 | 145 | 60 | 043 6 258 [ 3.03 01304 | 063 | 2104 [ 11 [ 0 |
B97.1 | 64 | 55 | 0.89 0 249 | 27001332 ] 071 2141 | 12 % 2
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Table S8 SHRIMP U-Pb isotopic data for zircons from lithic arenite in the Century Formation
(2001082519) continued.

Spot | U | Th | T™WU | *Pbc | **u/*pb *"pp/Pb | *"Pb/”*Pb age | Discordance
name | (ppm) | (ppm) (ppb) (£1c %) (1o %) (Ma + 10) (%)
B80.1 | 14 13 7095 [ 18 263 | 3.08 0.1368 | 1.92 | 2187 | 33 5
B25.1| 47 | 23 | 050 32 242 [ 3.13] 01402 [ 112 2230 | 19 0
B58.1 | 75 48 | 067 | 0 223 | 2.04 | 0.1534 | 0.55 | 2384 9 0
B59.1 | 72 44 | 062 16 222 | 204 01612 | 056 | 2468 | 9 3
B68.1 | 56 | 27 | 049 5 2.14 | 212] 0.1631 | 063 | 2488 | 11 1
B90.1 | 33 28 | 0.88 26 207 | 220| 01642 | 0.81 | 2499 | 14 2
B20.1 | 90 48 | 055 | 6 2.19 | 3.08 | 0.1642 | 066 | 2499 | 11 3
B241 | 165 | 243 | 152 | 11 211 | 3.01 | 0.1648 | 0.47 | 2506 8 0
B91.1 | 122 | 80 | 068 | 3 2.10 | 2.15 | 0.1657 | 0.41 | 2515 7 0
B99.1 | 89 75 | 087 46 211 | 2.01 | 01659 | 052 | 2517 9 1
B751 | 92 54 | 0.60 0 212 | 2.01 | 0.1663 | 0.49 | 2521 8 1
B84.1 | 55 50 | 0.94 0 205 | 209 | 0.1664 | 0.61 | 2521 | 10 -
B451 | 130 | 79 | 0.63 29 214 | 3.04 | 0.1666 | 1.04 | 2524 | 17 2
B42.1 | 118 | 89 | 0.78 27 1.97 | 3.16 | 0.1670 | 0.58 | 2527 | 10 -5
B71.1 | 141 | 185 @ 135 6 211 | 1.99 | 0.1680 | 0.45 @ 2538 7 1
B9%.1 | 84 73 | 090 19 204 | 22201691 | 118 | 2549 | 20 #1
B76.1 | 79 71 | 0.93 2 202 | 203] 01713 | 053 | 2570 | 9 ul
B62.1 | 4l 28 | 072 26 1.88 | 215 01832 | 0.69 | 2682 | 11 3
B69.1 | 111 | 34 | 032 8 152 | 198 | 02678 | 0.88 | 3293 | 14 1
B33.1 | 70 | 28 | 042 12 158 [3.07]02739] 145 3328 | 23 5
B411 | 71 63 | 091 20 152 [ 3.12] 02805 | 0.53 | 3365 8

B9S.1 | 118 | 69 | 0.60 10 143 | 198 02846 | 039 | 3388 | 6 -1
BS.1 88 49 | 057 0 128 | 336 | 02887 | 036 | 3411 6 X
B87.1 | 48 27 | 0.60 9 142 | 211 | 0.2891 | 0.49 | 3413 3 o
B30.1| 95 [ 163 | 177 | © 135 | 3.06 | 02943 | 0.81 | 3441 | 13 -4
Analyses greater than 10% discordant

BLI [ 201 [ 87 [ 045 35 327 | 3.00 | 0.1158 | 0.48 | 1892 | 9 10
B341 | 104 | 34 | 034 15 349 | 336 | 0.1110 | 0.95 | 1816 | 17 12
Ble.l | 127 | 78 | 0.64 0 351 | 305 01133 | 0.62 | 1854 | 11 15
B12.1 | 155 | 61 | 041 18 335 | 305 01191 ] 0.80 | 1942 | 14 15
BS5.1 102 | 84 | 085 24 1.72 | 3.07 | 0.2876 | 0.42 | 3405 7 15
B28.1 | 62 88 | 1.45 0 326 | 3.15] 0.1240 | 1.30 | 2014 | 23 17
B481 | 33 20 | 063 14 254 | 330 | 0.1643 | 1.54 | 2500 | 26 17
B17.1 | 9 | 48 | 056 17 359 | 307 | 0.1130 | 1.15 | 1849 | 21 17
B26.1 | 287 | 162 | 058 | 228 | 360 | 3.00| 0.1131 | 0.80 | 1849 | 15 17
B4l | 141 | 9 | 0.70 0 297 | 3.04 | 01389 | 0.50 | 2214 | 9 18
B3.1 98 | 106 | 1.12 | 39 261 | 3.14 | 01625 0.70 | 2482 | 12 19
B21.1 | 136 | 87 | 0.66 0 363 | 307 01146 | 105 | 1874 | 19 19
B31.1 | 67 48 | 074 59 178 | 3.13 | 0.2956 | 0.61 | 3448 | 10 20
B47.1 | 160 | 144 [ 093 0 380 | 3.06 | 0.1148 | 0.85 | 1876 | 15 24
B39.1 | 133 | 45 | 035 63 389 [ 30701129 127 | 1847 | 23 25
B13.1 | 9 56 | 0.61 10 389 | 3.08] 0.1184 | 090 | 1932 | 16 31
B32.1 | 146 | 120 | 085 55 440 | 3.08 | 0.1107 | 1.41 | 1811 | 26 37

Isotope ratios are corrected for common Pb by reference to the measured abundance of **'Pb

2®Phe denotes the amount of common “**Pb measured ‘ ‘ | ‘ ‘
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Table S9 SHRIMP U-Pb isotopic data for zircons from graywacke in the Wilson Formation
(2001082527).

Spot | U | Th | Thu | *™Pbe 23*U/2“PH pp%ph | 27pb/*®phage | Discordance

name | (ppm) | (ppm) (ppb) (15 %) (+10 %) (Ma = 1g) (%)
BI2.1 | 188 | 133 | 073 | 317 | 3.33 | 3.54 | 0.1079 | 2.68 | 1764 49 4
B97.2 166 | 183 | 114 | 377 | 339 | 4.19 | 0.1082 | 2.05 | 1769 37 6
B482 | 125 | 78 | 065 100 | 3.15 | 408 0.1087 | 146 | 1777 27 0
B632 | 106 | 71 | 069 | 252 | 299 | 398 0.1095 | 1.80 | 1791 33 4
B97.1 | 116 | 104 | 092 45 3.08 | 222 | 0.1099 | 1.80 | 1798 33 ]
B69.1 | 137 | 72 | 054 37 3.10 | 216 | 0.1100 | 1.28 | 1799 23 0
B50.1 | 125 | 69 | 057 62 3.03 | 3.10 | 0.1101 | L51 | 1800 7 2|
B88.1 | 72 70 | 1.00 92 304 | 252 01103 | 213 | 1804 | 39 i1
B87.2 | 150 | 216 | 1.48 | 202 | 3.21 | 427 | 0.1103 | 1.40 | 1805 25 3
B381| 137 | 69 | 052 65 322 | 335 0.1108 | 121 | 1812 22 4
B87.1 | 138 | 102 | 0.76 71 3.18 | 2.15 | 0.1108 | 1.17 | 1813 21 3
B692 | 147 | 87 | 0.61 65 288 | 3.79 | 0.1109 | 0.75 | 1815 14 6
BS02 | 134 | 95 | 0.73 66 3.16 | 3.81 01110 | 1.02 | 1816 18 2
B21.1 | 179 | 217 | 125 | 169 | 291 | 331 0.1112 | 1.04 | 1819 19 5
B83.2 | 128 | 147 | 1.18 68 322 | 3.89 | 0.1113 | 1.13 | 1821 21 4
B462 | 162 | 88 | 056 91 3.09 | 3.77 | 0.1114 | 0.72 | 1823 13 1
B63.1 | 106 | 74 | 071 0 298 | 223 | 0.1116 | 1.68 | 1826 | 30 :
B79.1 | 225 | 242 | L.11 196 | 331 | 2.06 | 0.1116 | 1.08 | 1826 20 | 7
B96.1 | 120 | 47 | 041 76 3.11 | 244 | 0.1117 | 136 | 1827 75 3
BI52 | 150 | 108 | 0.75 139 | 301 | 382 01118 | 1.18 | 1829 21 |
B41.2 | 211 | 132 | 0.65 73 3.1 | 375 01119 | 0.67 | 1830 12 2
B83.1 | 149 | 90 | 0.62 | 105 | 296 | 2.16 | 0.1119 | 1.16 | 1830 21 E|

B%.2 | 188 | 75 041 53 2.84 | 3.77 01120 [ 0.83 | 1833 15
B41.1 | 155 47 031 29 333 [3.74 ] 01123 | 131 | 1836 24
B46.1 | 188 | 101 | 0.56 31 327 335 01123 | 1.17 | 1838 21
B382 | 135 | 70 | 0.53 16 3.19 | 3.79 | 0.1124 | 0.90 | 1838 16
B48.1 | 115 62 0.56 102 312 | 223 ] 0.1129 [ 1.51 | 1847 27
B39.1 | 158 | 94 0.62 70 3.01 | 332 0.1130 | 0.88 | 1849 16
B752 | 119 | 85 0.74 0 302 | 38301131 | 085 | 1849 15
B75.1 | 101 85 0.87 27 316 [ 22701132 187 1851 | 34
B39.2 | 164 | 90 0.57 107 306 | 380 0.1132 | 0.82 | 1852 15
B6.1 173 | 181 1.08 304 308 | 329 | 0.1134 | 1.26 | 1855 23
BI15.1 | 103 | 43 0.43 0 303 | 335/ 01137 | 096 | 1859 17
B71.1 | 131 75 0.59 45 28 | 2.16 | 0.1138 | 092 | 1860 17
B67.1 | 123 75 0.63 79 299 | 248 | 0.1141 | 1.23 | 1866 22
B27.1 | 80 70 | 090 0 3.16 | 334 | 0.1142 | 132 | 1867 24
B61.1 | 181 | 143 | 081 23 296 | 2.09 | 0.1146 | 0.91 | 1873 16
B100.1) 244 | 656 | 2.78 740 326 | 228 | 0.1147 | 220 | 1875 40
B82.1 | 136 53 0.40 46 302 [ 223 01148 | 1.02 | 1876 18
B13.1 | 127 | &2 0.67 10 3.02 | 332 01148 | 091 | 1876 16
326.1 | 282 | 654 | 239 | 404 322 [ 32701148 [ 1.10 [ 1876 20
B24.1 | 180 | 443 | 2.55 173 3.06 | 3.35 | 0.1148 | 129 | 1877 23
B5.1 176 | 110 | 0.65 0 320 [3.33 ] 0.1149 ] 066 | 1878 | 12
B71.2 [ 158 [ 145 | 095 5 276 | 3.80 | 0.1150 | 095 | 1880 17
B36.1 | 150 | 83 0.57 22 | 304 3.26 | 01150 | 0.65 | 1880 12
B30.1 [ 119 | 85 | 0.74 28 [ 3.04 [329 01151 094 | 1882 | 17
B882 | 126 | 189 | 1.55 167 309 [3595] 01151121 1882 | 22
B54.1 181 173 | 0.98 99 326 | 209 | 01153 | 1.20 | 1885 22
B33.1 | 85 48 0.58 0 289 | 332 0.1157 | 097 | 1891 17
B86.1 | 152 | &5 0.58 0 296 | 2.19 | 0.1159 | 0.86 | 1893 15
B22.1 | 231 | 556 | 248 | 328 320 | 3.28 | 0.1159 | 1.06 | 1894 19
B17.1 | 182 | 217 | 1.23 53 282 | 359 01176 | 093 | 1921 17
B9L1 | 65 | 25 | 0.40 32 258 | 253 [ 0.1224 | 143 | 1991 25
B98.1 | 170 | 68 0.41 31 274 | 259 | 01224 | 091 | 1992 16
B68.1 | 146 | 73 0.52 0 294 [ 215 01226 | 1.19 | 1995 21

Olawiplbwlwlalnineouno Li-vn—lsclclw s oo &

'
—

B51.1 | 126 | 49 | 040 75 242 | 2.80 | 0.1395 | 0.87 | 2221 15|

B99.1 | 143 | 68 | 0.49 54 225 | 215 | 0.1506 | 0.84 | 2352 | 14 |

—le|u| L] & —-
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Table S9 SHRIMP U-Pb isotopic data for zircons from graywacke in the Wilson Formation
(2001082527) continued.

Spot | U | Th | U | ®pbc | Z*U”®Pb “’pb”®Pb | *"Pb/*Pbage | Discordance

name | (ppm) | (ppm) (ppb) (1o %) (£1c %) (Ma + 1g) (%)
B85.1 | 97 | 41 | 044 74 207 | 227 | 0.1579 | 0.84 | 2433 14 4
B52.1 | 60 | 90 | 156 53 233 | 244 | 0.1587 | 1.44 | 2442 24 6
B78.1 | 153 | 96 | 065 54 209 | 2.19 | 0.1635 | 0.66 | 2492 11 -1
B76.1 | 84 | 68 | 084 | 40 217 | 2.27 | 0.1643 | 1.11 | 2500 19 2
B8L.1 | 120 | 170 | 146 | 93 205 | 223 | 0.1646 094 | 2503 % | @
B74.1 | 70 | 56 | 083 13 2.18 | 237 | 0.1657 | 1.09 | 2515 18 3
B10.1 | 154 | 111 | 074 0 214 | 3.30 | 0.1693 | 0.61 | 2550 10 3
B43.1 | 29 19 | 067 0 216 | 4.16 | 0.1766 | 3.69 | 2622 61 6
B58.1 | 118 | 61 | 054 | 22 188 | 2.18 | 0.1875 | 0.72 | 2721 12 -1
Ambiguous analses with High U and/or high **Pb
B27.2 | 2664 | 7325 | 284 | 6267 | 2564 | 3.74 | 0.0946 | 3.37 | 1520 64 84
B421 | 176 | 518 | 304 | 859 | 3.41 | 355 0.1039 | 437 | 1695 81 2
B40.1 | 1055 | 5576 | 546 | 2627 | 18.69 | 3.26 | 0.1054 | 3.09 | 1721 57 80
Discordant analyses
B23.1 | 268 | 626 | 241 55 330 | 3.37 | 0.1182 | 071 | 1929 13 12
B792 | 249 | 297 | 123 81 342 | 3.74 | 0.1147 | 0.74 | 1876 13 12
B44.1 | 159 | 233 | 151 | 141 | 3.56 | 3.39 | 0.1109 | 1.41 | 1815 26 12
B47.1 | 161 | 396 | 255 | 115 | 254 | 2.16 | 0.1593 | 0.98 | 2448 17 13
B89.1 | 209 | 325 | 161 | 504 | 366 | 207 | 0.1112 | 1.56 | 1818 28 14
Bl4.1 | 226 | 197 | 090 | 338 | 3.32 | 3.34 | 0.1220 | 3.01 | 1986 53 14
B66.1 | 151 | 435 | 297 | 239 | 3.68 | 2.16 | 0.1117 | 1.85 | 1827 34 15
B45.1 | 210 | 281 | 138 | 124 | 3.63 | 338 | 0.1134 | 141 | 1854 25 15
B612 | 209 | 522 | 257 | 301 | 363 | 3.79 | 0.1138 | 123 | 1862 22 16
BO.1 | 185 | 246 | 138 | 138 | 3.63 | 3.28 | 0.1159 | 1.13 | 1893 20 17
B94.1 | 213 | 193 | 094 | 413 | 3.89 | 2.08 0.1105 | 1.78 | 1808 32 18
B11.1 | 287 | 1529 | 550 | 253 | 269 | 327 | 0.1651 | 0.62 | 2509 10 19
B57.1 | 277 | 372 | 139 | 228 | 3.81 | 2.04 | 0.1146 | 1.36 | 1873 24 20
B92.1 | 186 | 355 | 197 | 379 | 405 | 2.17 | 0.1091 | 1.77 | 1785 32 20 |
B77.1 | 228 | 302 | 137 | 337 | 394 | 207 | 01129 | 143 | 1847 26 2]
B53.1| 70 | 237 | 3.52 | 333 | 3.77 | 2.50 | 0.1188 | 3.84 | 1938 69 22
B19.1 | 217 | 447 | 2.13 41 3.99 [ 326 01133 | 074 | 1853 13 22
B65.1 | 187 | 1063 | 588 | 428 | 4.11 | 2.13 | 0.1115 | 2.35 | 1824 43 23
B90.1 | 258 | 758 | 303 | 256 | 4.09 | 2.05 | 0.1125 | 1.49 | 1840 27 23
B34.1 | 289 | 694 | 248 | 680 | 420 | 3.26 | 0.1110 | 140 | 1816 25 | 24
B84.1 | 225 | 718 | 330 | 649 | 437 | 2.14 | 0.1077 | 2.40 | 1761 44 25
B35.1 | 234 | 231 | 102 | 302 | 4.19 | 3.31 | 0.1134 | 099 | 1855 18 2
B100.2| 246 | 570 | 240 | 141 422 | 4.56 | 01145 | 121 | 1872 22 27
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Table S9 SHRIMP U-Pb isotopic data for zircons from graywacke in the Wilson Formation
(2001082527) continued.

Spot | U | Th | ThU | ®Pbc | U pb 2VppA%ph, | pp/*%ph age | Discordance

name | (ppm) | (ppm) | _{ppb) (FHlo%) | (16 %) (Ma = lo) (%)
{Discordant analyses cont. .
B16.1 | 324 | 1225 3.90 547 4.32 329 | 0.1128 | 1.39 1844 25 27
B60.1 221 486 227 380 444 283 | 0.1110 | 1.91 1816 35 28 o
B95.1 | 212 301 1.47 166 451 2,19 | 0.1095 | 3.01 1791 55 28
B18.1 | 284 581 2.12 451 4.33 3.36 | 0.1196 | 112 1950 20 31
B72.1 | 259 1063 424 536 476 | 206 | 0.1126 | 2.00 1842 36 33
B73.1 243 551 234 | 298 4.95 2.93 | 0.1107 | 156 1812 28 35
B39.1 280 800 2.95 702 489 | 210 | 0.1171 | 1.85 1912 33 37
B2.1 279 772 2.86 624 3.88 | 369 01548 | 1.12 | 2399 19 38
B55.1 423 929 2.27 631 5.67 2.00 | 0.1147 | 1.51 1875 27 44
B28.1 | 374 851 235 527 6.00 | 325 0.1179 | 1L.17 1925 21 48
1B49.1 | 409 ° 1228 | 3.10 638 6.01 2.06 | 0.1193 | 1.70 1946 30 49
B6.2 475 747 1.62 3248 6.16 3.75 | 0.1203 | 2.10 1961 37 51
B64.1 | 544 | 1344 | 2.56 1172 6.50 | 2.00 | 0.1172 | 1.76 1914 32 52
B80.1 | 458 1573 3:55 523 ' 7.7 | 204 ] 01113 | 1.98 1821 36 % 54
B25.1 | 383 1223 3.30 501 7.51 324 | 0.1157 | 142 1890 26 57
B37.1 423 846 2.07 1303 i85 3.23 | 0.1156 | 1.69 1850 30 | 58
1B56.1 | 472 | 1166 | 2.55 758 7.84 | 2.00 | 0.1155 | 2.02 1887 36 59
B32.1 ' 468 | 1088 | 2.40 1180 882 | 323 0.1168 | 1.80 1908 32 64
B20.1 577 855 1.53 1515 8.65 330 | 0.1241 | 145 | 2016 26 65
B62.1 664 | 2020 3.14 2939 1041 | 2.02 | 0.1270 | 2.57 | 2057 45 71
1B93.1 329 | 1504 | 4.72 389 8.80 | 2.02 ' 0.1568 | 1.25 | 2421 21 71
B70.1 | 645 1859 | 298 1911 1141 | 201 | 0.1176 | 2.85 1920 51 72
1B29.1 384 1384 | 3.72 403 11.15 | 325 | 0.1311 | 144 | 2112 25 74
B3.1 771 2633 3.53 2795 12.39 | 3.26 | 0.1391 | 1.70 | 2216 30 77
137.1 1000 | 6681 6.90 2808 13.15 | 3.24 | 0.1340 | 1.59 | 2151 28 78
BIOI.1| 831 , 3075 | 382 | 2091 | 1626 | 2.14 | 0.1119 | 3.15 | 1831 57 | 19
IBi.1 488 | 1015 | 215 | 1236 21.37 | 3.30 | 0.1167 | 3.13 1907 56 85
B4.1 1555 | 3325 221 | 4163 2504 | 11.66) 0.1537 | 42.80 | 2387 729 89

. | | . | |

Isotope ratios are corrected for common Pb by reference to the measured abundance of ***Pb |
““Pbe denotes the amount of common “**Pb mf:asurechl ‘ L ‘ |
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Table S10 SHRIMP U-Pb isotopic data for zircons from arkose in the Mount Charles
Formation (2003082644).

Spot | U Th | TwU | ™Pbe |  **uP®pb 2pb2%ph | 2’pb/*pb age | Discordance
name | (ppm) | (ppm) (Ppb) | (15%) @10 %) Matlo) | (%)
BIO41] 23 | 24 | 106 70 286 | 2.06 | 0.1128 | 3.47 | 1845 | 63 -4
B27.2 | 123 | 98 | 0.83 97 287 | 243 0.1159 | 0.88 | 1893 | 16 2
B3l | 113 | 196 | 179 47 298 [ 248 0.1160 | 0.79 | 1895 | 14 2
B26.1 | 137 | 225 | 170 | 60 3.03 | 241 01162 | 0.73 | 1898 | 13 3
B93.1 | 106 | 161 | 156 | 67 290 [ 13701171 | 1.01 [ 1913 | 18 0
BI07.1] 72 | 42 | 059 | 24 282 [ 14701174 | 1.14 [ 1916 | 20 E:
B27.1| 64 | 35 | 056 | 21 292 | 25201191 1.08 | 1943 | 19 2|
B61 | 116 | 187 | 1.66 | 45 295 | 248 | 01192 [ 093 | 1945 | 17 3
B76.1 | 26 | 29 | LI2 2 302 | 193 01196 | 141 | 1950 | 25 6
B108.1] 22 | 20 | 093 80 221 | 229 0.1493 [ 224 | 2337 | 38 -3
B41 | 151 | 58 | 039 | 0 230 [ 242 01547 | 047 [ 2399 | 8 3
B84.1 | 126 | 64 | 052 | 53 227 [ 13301575 0.62 | 2429 | 11 3
B68.1 | 56 | 27 | 050 | 111 | 216 | 157 | 0.1591 | 1.06 | 2446 | 18 0
B41| 50 [ 36 | 076 | 99 208 | 20101609 | 1.15 | 2465 | 19 -3
B42.1| 73 | 34 | 048 69 219 | 255 0.1612 | 090 | 2469 | 15 2
Bl6l | 98 | 40 | 042 46 216 | 245 0.1615 [ 0.57 [ 2472 | 10 =
B9.1 49 | 40 | 084 | 69 210 | 265 | 01622 | 1.29 | 2478 | 22 X
B39.1 | 78 | 30 | 040 | 28 2.16 | 251 0.1623 | 0.80 [ 2480 | 14 1
B103.1| 46 | 20 | 045 92 | 214 | 16301624 | 1.19 | 2481 | 20 0
BL1 62 | 31 | 051 62 2.11 | 25401624 | 0.87 | 2481 | 15 1]
B91.1 | 74 | 42 | 059 | 65 208 | 1.50 | 0.1624 | 0.82 | 2481 | 14 2|
B2l.1 | 40 | 68 | 1.74 | 78 219 | 268 01627 | 122 | 2484 | 21 3
B29.1 | 136 | 54 | 041 51 233 | 249 01627 | 052 | 2484 | 9 8
B7.1| 46 | 72 | 162 59 211 | 167 | 0.1631 | 1.07 | 2488 | 18 0
B73.1 | 107 | 43 | 042 | 104 | 216 | 135 0.1632 | 0.66 | 2489 | 11 1|
B43.1 53 56 1.10 90 2.05 2.56 | 0.1635 | 1.05 2492 18 -3
B67.1 | 233 | 64 | 028 | 150 | 215 | 1.26 | 0.1635 | 045 | 2492 | 8 1
B30.1 | 62 | 26 | 042 63 217 [ 25201635 | 1.17 | 2492 | 20 2
B73.1 | 58 [ 51 | 091 0 236 | 158 | 0.1635 | 0.86 | 2492 | 14 9
B94.1 | 140 | 71 | 052 | 40 212 [ 13101635 049 [ 2492 | 8 0
BY0.1 | 25 | 35 | 144 | 69 208 | 202 0.1636 | 1.71 | 2493 | 29 e
B25.1| 94 | 43 | 047 [ 95 223 | 244 01636 | 0.69 | 2494 | 12 4
B821 | 70 | 29 | 043 | 112 | 211 | 158 0.1636 | 097 | 2494 | 16 0
B98.1 | 155 | 71 | 047 87 211 | 128 | 0.1637 | 0.58 | 2494 [ 10 0
B40.1 | 56 | 58 | 1.08 84 219 | 257 01638 | 090 | 2495 | 15 3
B83.1| 152 [ 78 [ 0.3 68 212 | 133 ] 01638 | 048 | 2496 | 8 0
B100.1] 266 | 108 | 0.42 65 2.07 [ 1.21] 01640 | 039 | 2497 | 7 2 ]
B24.1| 9 | 49 | 052 | 102 | 204 [248] 01640 | 0.66 | 2497 | 11 | -3
B37.1 [ 122 | 55 | 047 | 77 | 219 [243[ 01640 | 0.66 | 2498 | 11 "
B78.1 | 114 | 55 | 050 | 106 | 2.16 | 1.35] 0.1640 | 0.64 | 2498 | 11 2
B3l.l| 18 | 2 | 154 | 21 234 [ 295 01641 | 219 | 2498 [ 37 9
B5lLL| 170 | 77 | 047 54 213 [ 253 01642 | 048 | 2500 | 8 1
B45.1 | 76 | 51 | 069 48 | 230 [ 25101643 063 | 2500 | 11 7
B88.1 | 47 [ 34 | 074 | 127 | 204 [ 163 01643 | 1.24 [ 2500 | 21 3
B95.1 | 108 | 53 | 051 66 212 [ 136 0.1643 | 0.61 | 2501 | 10 1
B87.1 [ 172 | 73 | 044 | 54 211 | 1.26 | 0.1644 | 042 | 2501 7 0o |
B80.1 | 133 | 104 | 0.81 15 209 | 132 01644 | 048 [ 2502 | 8 d
B34.1 | 201 | 149 | 077 6 210 [ 23901646 036 | 2504 | 6 | 0 |
B49.1 | 27 | 34 | 130 | 116 | 217 | 282 01646 | 1.82 | 2504 | 31 2
B20.1| 64 | 33 [ 052 | 6 223 [321] 01647 | 075 [ 2505 [ 13 5
B350 | 135 | 84 | 064 | 94 207 | 25301647 | 058 | 2505 | 10 i
B92.1 | 185 | 72 | 040 80 2104 [ 136 0.1648 | 043 | 2505 | 7 | 1
B46.1 | 207 | 101 | 0.50 72 225 [ 23801648 | 042 [ 2506 | 7 6
B321| 94 | 68 | 075 19 213 | 263 | 0.1650 | 0.69 | 2507 | 12 1
B89.1 [ 123 [ 61 | 051 | 85 213 | 135 01650 | 0.65 | 2508 | 11 1
B97.1 | 67 | 183 | 280 | 35 207 | 149 ] 01650 | 0.87 | 2508 | 15 -l
B99.1 | 97 | 45 | 048 | 46 208 | 138 0.1651 | 0.66 | 2508 | 11 0
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Table S10 SHRIMP U-Pb isotopic data for zircons from arkose in the Mount Charles
Formation (2003082644) continued.

Spot | U [ Th | TwWU | *Pbe | **u/Pb "pbA%Ph | *Pb/"*Pbage | Discordance

name | (ppm) | (ppm) (ppb) (+16 %) (10 %) _(Ma= 1o) (%)
B72.1 | 241 74 032 | 358 211 | 1.24 | 0.1651 | 038 | 2509 6 0
IB101.1| 203 85 0.44 70 2.26 1.24 | 0.1652 | 0.42 2509 & L 6
B50.1 | 104 97 0.96 170 210 | 253 | 0.1653 | 0.70 | 2510 12 0
B2.1 63 32 0.52 32 224 | 252 | 0.1653 | 0.81 | 2511 14 5
B36.1 89 44 0.51 69 209 | 246 | 0.1654 | 0.63 | 2511 11 0
Bl4.1 | 213 100 | 049 51 2.14 | 240 | 0.1657 | 0.48 | 2515 8§ | 2
B11.1 | 107 35 0.54 0 226 | 248 | 0.1658 | 0.54 | 2515 9 %
B8.1 34 42 1.25 7 219 | 267 | 0.1658 | 0.89 | 2516 15 4
BY.1 | 172 129 | 0.78 76 213 | 1.27 | 0.1659 | 0.47 | 2516 | B8 1
B22.1 | 71 44 | 065 0 202 | 250 01659 | 063 | 2517 | 11 -3
B47.1 68 34 0.52 72 2.13 | 250 | 0.1660 | 0.92 | 2517 15 1
B31.2 | 181 78 0.45 40 214 | 240 | 0.1661 | 0.42 | 2518 7 2
B10.1 | 222 84 0.39 20 231 | 249 | 0.1661 | 046 | 2519 8 8
B70.1 80 33 0.42 78 211 | 1.44 | 0.1661 | 0.83 | 2519 14 1
B85.1 20 35 1.83 57 227 | 471 | 01662 | 1.90 | 2520 32 7
B106.1| 159 | 368 2.39 41 210 | 1.32 | 0.1662 | 0.43 | 2520 7 0
B722 | 45 35 0.80 10 222 | 2.80 | 0.1662 | 0.92 | 2520 15 5
B1051| 97 | 85 0.91 53 2.07 | 1.57 | 0.1664 | 0.69 | 2522 12 -1
B86.1 | 85 | 57 0.69 75 2.09 | 142 | 0.1667 | 0.68 | 2525 11 0
B38.1 | 24 58 2.52 78 230 | 278 | 0.1667 | 1.72 | 2525 29 9
B110.1| 109 89 0.84 55 207 | 1.35 | 0.1676 | 0.57 | 2534 10 0
B77.1 | 126 93 0.76 43 2.19 | 132 | 0.1677 | 0.55 | 2534 9 3
1B33.1 75 48 0.66 34 207 | 296 | 0.1677 | 0.63 | 2535 11 0
B79.1 49 39 0.82 50 210 | 1.60 | 0.1678 | 0.91 | 2536 15 1
B5.1 140 86 0.63 0 2.06 | 242 | 0.1684 | 043 | 2542 7 0
B7.1 184 136 | 0.76 2 221 | 254 | 0.1694 | 0.38 | 2552 6 6
B102.1] 27 37 1.43 31 226 | 1.92 | 0.1704 | 1.55 | 2562 26 9
B41.1 | 199 90 0.47 71 1.56 | 2.38 | 0.2723 | 0.29 | 3319 5 4
B44.1 | 198 58 0.30 54 1.42 | 259 | 02725 | 0.26 | 3320 4 -3
B81.1 78 95 1.25 78 144 | 177 | 02895 | 0.44 | 3415 7 0
B75.1 69 56 0.84 38 1.51 | 1.56 | 0.2899 | 0.60 | 3417 9 4
B48.2 | 136 18 0.14 102 1.44 | 243 | 02911 | 0.30 | 3424 5 0
B48.1 51 48 0.96 52 1.41 | 254 | 02919 | 050 | 3428 | 8 -1
B109.1| 99 | 58 | 0.6l 37 143 | 136 | 03058 | 0.73 | 3500 | 11 2
Analyses greater than 10% discordant
B13.1 | 193 76 0.41 72 231 | 239 0.1680 | 0.48 | 2538 8 10
B15.1 | 132 102 | 0.80 37 241 | 244 | 01662 | 0.59 | 2520 10 13
B17.1 | 246 69 0.29 66 252 | 238 | 0.1620 | 0.50 | 2477 8 15
B23.1 | 60 29 0.51 58 253 | 252 0.1626 | 1.00 | 2483 17 16
BI19.1 | 86 60 0.72 91 253 | 271 | 01635 | 0.78 | 2492 13 16
B18.1 | 186 | 162 0.90 27 2.58 | 239 | 0.1647 | 0.78 | 2505 13 19
B28.1 | 108 59 0.57 61 2.62 | 244 | 0.1657 | 0.77 | 2514 13 20
BI12.1 | 87 132 1.56 2 259 | 264 | 0.1683 | 0.64 | 2541 11 21
B69.1 | 237 | 487 | 2.12 767 3.19 | 1.25 | 0.1681 | 1.11 | 2539 19 44
B75.2 | 257 | 196 0.79 323 3.01 | 1.23 | 02742 | 0.43 | 3330 i/ 80
B24.2 | 390 | 223 0.59 840 % 546 | 242 | 0.1427 | 1.39 | 2260 24 108
Isotope ratios are corrected for common Pb by reference to the measured abundance of **'Pb .
“®phc denotes the amount of common “*°Pb mcasured\ ! T l ‘
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Table S11 SHRIMP U-Pb isotopic data for zircons from arkose in the Mount Charles
Formation (2001082507).

' Spot | U | Th | ThU | ™Pbe | PPuPb | b Pb | *"Pb/**Pbage | Discordance
name | (ppm) | (ppm) {ppb) Elo%) | (lo%) Mazlo) = (%)
B40.1 | 82 | 65 | 081 54 287 [145] 01136 | 1.02 [ 1858 [ 18 [ 4
B40.2 | 88 | 85 | 099 | 151 | 3.3 | 285 0.1146 [ 1.77 | 1874 | 32 | 4
B58.1 | 139 | 105 | 0.78 | 47 282 [ 130 01156 | 0.63 | 1889 | 11 | -4
B403 | 8 | 57 | 072 | 52 310 | 2.88  0.1157 | 1.63 | 1891 | 29 5 |
B51.1 | 113 | 142 | 1.30 99 236 | 14201162 | 096 [ 1899 | 17 [  -20
B35.1 | 182 | 200 [ 1.13 26 291 [ 131 01164 [ 0.53 | 1902 | 10 0

B39.1 | 122 | 112 | 094 75 296 | 1.30 | 0.1170 | 0.82 | 1911 | 15 | g
B32.1 | 106 | 72 | 0.70 0 285 [ 19701171 [ 0.68 [ 1912 [ 12 -1
B57.1 | 151 | 71 | 049 11 308 [ 12701171 [ 052 ] 1913 | 9 | 4
B52.1 ] 145 | 105 | 0.75 8 287 [ 12901173 [ 049 1915 [ 9 | -1
B33.1 | 109 | 115 | 109 91 273 | 148 | 0.1205 | 1.81 | 1964 | 32 -3
B25.1 | 48 | 55 | 1.18 0 206 | 31101632 [ 073 | 2489 [ 12 | -2
B43.1 | 91 | 45 | 0.51 12 1.90 | 378 | 0.1669 | 074 | 2527 | 12 -8
B38.1 | 143 | 155 | LI2 31 225 [ 131 01671 045 | 2529 | 8 6
B61.1 | 36 56 | 1.59 27 1.81 [ 1.81 | 0.1694 | 1.02 | 2552 | 17 | -1l
B39.1 | 105 | 91 | 090 0 172 | 1.55 ] 02284 | 038 | 3041 | 6 3
B44.1 | 161 | 87 | 035 51 165 | 128 02284 | 032 ] 3041 | 5 -
B47.1 | 120 | 8 | 0.7 2 1.60 | 131 ] 0.2462 [ 033 | 3160 | 5 1
Bs3.1 | 61 78 | 132 0 | 156 [ 14302568 | 047 | 3227 | 7 1
B26.1 | 133 | 163 | 126 | 107 | 154 [ 296 | 0.2581 | 0.51 | 3235 | 8 0
B50.1 | 98 | 79 | 084 [ 177 | 167 | 1.38 | 02651 | 046 | 3277 | 7 8
B41.1 | 8 | 65 | 0.77 0 | 151 [139]02717 [ 041 ] 3316 | 6 1
BS6.1 | 80 | 1 0.01 7 | 147 | 138 0.2846 | 036 | 3389 | 6 1
B37.1 | 89 | 61 | 0.71 0 144 [ 148 02894 | 038 | 3414 | 6 0
B45.1 | 90 | 66 | 075 | 15 141 | 138 02896 | 052 | 3415 | 8 -1
B48.1 | 119 | 123 | 1.07 | 30 145 [ 13202897 [ 031 3416 | 5 | 1 |
B46.1 | 93 | 64 | 071 16 138 | 13802902 [ 034 | 3418 [ 5 -3
B29.1 | 135 | 124 | 0.95 0 138 [ 294 02903 | 031 | 3419 | 5 -3
B42.1 [ 111 | 139 | 130 29 132 | 149 | 02903 | 038 | 3419 | 6 -6
B60.1 | 165 | 147 | 092 | 24 140 | 12502904 | 024 | 3420 | 4 1
B36.1 | 125 | 125 | 1.03 0 134 [ 136 ] 02919 | 032 | 3428 | 5 5
B41| 87 | 62 | 074 13 146 | 13503134 | 033 | 3538 | 5 5
Analyses greater than 10% discordant | [

B55.1 | 110 | 130 | 122 44 164 | 13102869 | 040 | 3401 | 6 | 10
B30.1 [ 145 | 105 | 075 | 144 | 167 [ 295/ 02839 [ 038 ] 3385 | 6 | 11
Bl6.1 | 478 | 226 | 049 | 274 | 190 | 266 0229 | 024 | 3050 | 4 | 11
BI7.1 | 230 | 126 | 0.57 0 171 [ 2.63| 02786 | 032 | 3355 | § 11
B34.1 | 804 | 351 | 045 | 928 | 256 | 11702201 | 023 | 2981 | 4 | 29
B5.1 | 155 | 396 | 263 | 147 | 225 [269] 02956 | 058 | 3447 | 9 | 31
B27.0 | 248 | 691 | 288 | 326 | 279 | 291 02070 | 047 | 2882 | 8 32 |
B18.1 | 213 | 500 | 243 | 104 | 2.78 | 2.66 | 0.2146 | 045 | 2941 [ 7 33
B151 | 279 | 327 | 121 | 510 | 251 [263] 02614 041 | 3255 | 6 34 |
B49.1 | 307 | 1248 | 420 | 310 | 299 | 122 02253 | 034 | 3019 | 6 38
B7.1 | 475 | 462 | 101 | 807 | 423 | 262 ] 0.2011 | 052 | 2835 | 8 52
B2l | 373 | 661 | 1.83 | 894 | 3.79 | 2.69 | 02431 [ 0.60 | 3141 | 10 52
B28.1 | 1321 [ 1315 | 1.03 | 6045 | 7.51 | 2.87 | 0.1279 | 091 | 2070 | 16 61
Bl4.1 | 1040 | 824 | 0.82 | 5673 | 6.12 [ 261 [ 0.1745 | 0.71 [ 2601 | 12 62
BI1.1 [ 1888 | 2065 [ 113 [ 2792 | 10.07 | 2.60 | 0.1336 | 0.67 | 2146 | 12 o
B22.1 | 650 | 2499 | 397 | 956 | 8.08 | 2.61 | 0.1843 | 0.68 | 2692 | 11 72
B9.1 | 1724 | 1181 | 0.71 | 3244 | 9.63 | 2.61 | 0.1654 | 0.64 | 2511 | 11 75
B10.1 | 554 | 1434 [ 267 | 674 | 7.68 | 262 0.2607 | 0.50 | 3251 | 8 76
B19.1 [ 1085 [ 1407 | 1.34 | 2110 | 9.61 | 2.61 | 0.1999 | 0.66 | 2826 | 11 il
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Table S11 SHRIMP U-Pb isotopic data for zircons from arkose in the Mount Charles
Formation (2001082507) continued.

Spot | U Th | ThU | *Pbe 233,20y, | ) pb%ph | 27pb/2%Ph age | Discordance

name | (ppm) | (ppm) (ppb) (x1c %) (+1o %) (Ma + 1) (%)
IB21.1 | 860 | 1146 138 1468 10.08 | 2.63 | 0.1940 0.86 | 2777 14 78
B20.1 | 1203 | 1677 | 1.44 2422 1135 | 2,65 | 0.1905 | 0.70 | 2747 12 30
B13.1 | 1535 | 2079 | 140 1275 18.70 | 2.62 | 0.1686 @ 099 | 2544 17 87 |
B12.1 | 1484 603 0.42 935 2038 | 2.61 | 0.1675 | 092 | 2533 15 38
B3.1 1558 | 1385 ° 0.92 1363 24.58 | 2.64 | 0.1806 ! 1.16 | 2658 19 90
B4.1 2281 | 4042 1.83 1861 26,68 | 2.62 | 0.1627 | 1.19 | 2484 20 90
B6.1 787 | 1222 1.60 548 26.66 | 3.01 | 02583 | 562 | 3236 89 93
B1l.1 1991 1448 0.75 710 3470 | 2.78 | 0.1797 | 1.11 2650 18 93
B8.1 2184 | 1741 ' 0.82 1389 34.97 | 2.61 | 0.1805 | 1.02 | 2658 17 93

I il !

Isotope ratios are corrected for common Pb by reference to the measured abundance of pp
2phe denotes the amount of common **°Pb measured l \ ‘ ‘
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Table S12 SHRIMP U-Pb isotopic data for zircon from quartz arenite in the Pargee Sandstone
(2001082517).

Spot | U | Th | TWU | *Pbe | **U/Pb | *'PbA"Pb | *Pb”™Pbage  Discordance
name | (ppm) | (ppm) (ppb) (tlo%) | (tlo %) (Ma + 1o) (%)
A100.1] 163 | 67 | 042 | 120 | 322 [299[ 01062 [ 1.06 [ 1734 | 19 0
A100.3] 168 | 70 | 043 49 337 [3.03] 01062 089 | 1735 [ 16 3
AL3 | 136 | 126 | 096 48 345 [ 296 | 01072 [ 1.18 | 1752 | 22 6
A222 ] 171 | 84 | 0.51 41 316 | 267 | 0.1076 | 0.81 | 1759 | 15 -1
All | 108 | 83 | 080 0 323 | 1.65 | 0.1080 | 0.74 | 1766 | 14 | 2
A702 [ 200 | 80 | 041 12 339 [ 271 ] 01082 | 056 | 1769 | 10 6
Al2 | 132 | 121 | 094 27 322 [ 271 01083 | 090 | 1770 | 16 1
A223 | 165 | 80 | 0.50 25 347 [ 271 01084 | 093 | 1773 | 17 0
A442 | 106 | 54 | 052 69 316 | 276 | 01085 | 3.93 | 1774 | 72 0
A88.1 | 38 | 31 | 083 32 317 [ 29301098 | 240 | 1795 | 44 1
A1002] 167 | 72 | 0.44 17 | 322 | 29701098 | 0.81 | 1796 | 15 3
A552 | 188 | 86 | 047 77 280 [ 2.68 ] 01111 | 1.05 1817 | 19 -8
A27.2 | 186 | 64 | 036 6 3.02 [ 266 01112 056 | 1819 | 10 -1
A101.1] 223 | 80 | 037 26 319 [ 295 01113 | 0.69 | 1820 | 12 3
A9.1 | 136 | 103 | 078 g5 323 [ 26701114 | 072 | 1823 | 13 I
All6d] 163 | 89 | 0.57 42 328 | 134 01115 ] 063 | 1824 | 11 6
A381 ] 325 | 310 [ 098 | 472 [ 3.10 | 141 01117 ] 1.04 | 1828 | 19 s
A48.1 | 241 | 149 | 0.64 95 | 333 | 14901121 ] 073 | 1833 [ 13 8
All7.1] 240 | 72 | 031 0 | 334 | 12801126 0.65 | 1842 | 12 8
AL11.1] 240 | 184 | 079 | 43 | 322 | 137 01128 | 0.60 | 1844 | 11 5
A282| 67 | 45 | 0.70 51 285 | 277 ] 01130 | 148 | 1848 | 27 -5
A123.1] 104 | 67 | 0.66 18 299 | 1.41] 01136 094 1858 | 17 0
A4l | 172 | 230 | 138 57 307 [ 149 [ 01137 | 076 | 1859 | 14 2
Al81 | 209 [ 64 | 032 40 284 [ 139 ] 01140 | 0.95 | 1864 | 17 -4
A542 | 277 | 146 | 055 61 319 | 2.88 | 0.1141 | 048 | 1866 | 9 6
Al06.1] 122 | 89 | 075 0 3.08 | 1.56 | 0.1160 | 0.82 | 1895 | 15 4
A109.1] 105 [ 40 | 0.40 0 310 | 151 01161 | 1.02 | 1897 | 18 5
A13.1 | 102 | 66 | 067 | © 281 | 1.61 | 01186 | 0.75 | 1936 | 13 -1
Al08.1] 168 | 93 | 057 | 0 3.08 | 1.40 | 01188 | 1.06 | 1938 | 19 7
AlI81| 150 | 94 | 065 0 283 | 1.56 | 0.1209 | 0.68 @ 1969 | 12 1
A262 | 198 | 57 | 030 76 | 282 | 266 01216 | 0.63 | 1980 | 11 1
A672 | 189 | 89 | 0.49 52 284 | 266 | 01303 | 0.56 | 2102 10 8
A592 | 207 | 139 | 0.69 6 239 | 2.64 | 01356 | 038 | 2171 | 7 -4
Al24.1] 212 | 98 | 048 | 0 | 252 [ 127 0.1366 | 041 | 2185 | 7 1
A57.1 | 190 [ 150 | 082 | 100 | 247 [153[ 01390 | 1.06 | 2215 | 18 | 1
A722 | 141 | 40 | 029 | 0 | 266 | 266 01393 | 049 | 2218 | 8§ | 7
A1221] 89 | 49 | 056 | 11 | 245 [145] 0139 | 0.62 | 2223 | 11 1
All51] 60 | 30 | 052 | 26 230 | 170 [ 01446 | 1.07 | 2283 | 18 -2
Al19.1] 182 [ 43 | 025 61 229 | 130 ] 01491 | 047 | 2335 | 8§ 0
Al4l| 176 | 163 | 096 | 21 | 226 | 140 0.1511 | 045 | 2359 | 8 0
A24.1 [ 292 [ 172 | 061 | 29 | 219 | 132 ] 01551 [ 0.52 | 2403 | 9 -1
A242 | 256 | 145 | 059 | 0 221 | 2.64 | 01561 | 035 | 2413 6 0
A9L1 | 45 | 37 | 085 18 213 | 329 | 0.1583 | 0.97 | 2438 | 16 2
Al041] 74 [ 66 | 092 [ 40 237 | 1.57 | 01588 | 1.18 | 2443 | 20 T __
A9l | 27 | 24 | 092 | 16 206 | 298| 01620 | 1.09 | 2477 | 18 -3
Al10.1] 140 | 165 | 122 | 0 222 | 141 [ 01627 | 053 | 2483 | 9 3
A21 | 302 | 87 | 030 | 47 2.19 | 134 [ 01637 | 0.71 | 2494 | 12 3
A29.1 [ 123 [ 137 | 115 | 283 | 2.10 | L.72] 0.1646 | 1.26 | 2504 | 21 0
A491 | 66 | 61 | 096 | 69 231 [ 20501653 | L.11 ] 2511 | 19 8
A1201] 61 | 31 | 052 35 211 | 164 ] 01659 | 0.75 | 2517 | 13 1
Al92 | 113 | 8 | 075 | 21 234 | 270 01663 | 061 | 2521 | 10 9 |
A99.1 [ 207 | 155 | 0.78 0 225 [ 296 01669 | 049 | 2526 | 8 6 |
A107.1 145 | 138 | 098 28 2.13 | 147 | 01673 | 0.56 | 2531 9 2
A98.1 110 | 73 | 068 32 222 [3.14 | 01677 | 068 | 2535 | 11 5
A36.1 | 141 | 87 | 064 | 42 228 | 143 | 0.1681 | 0.50 | 2538 | 8 g8 |
All2.1] 151 [ 59 [ 040 12 207 [1.39] 01715 050 | 2572 | 8 1
A422 | 101 [ 47 [ 048 10 193 [ 272 (01717 [ 052 ] 2574 | 9 -4
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Table S12 SHRIMP U-Pb isotopic data for zircon from quartz arenite in the Pargee Sandstone
(2001082517) continued.

Spot | U | Th | TWU | ™Pbc | >*UP%Pb 27pp2%ph | 27phy%Ph age | Discordance

name | (ppm) | (ppm) (ppb) (x1o %) (£lo %) (Ma + 10) (%)
Al103.1| 170 147 0.89 0 1.94 1.37 | 0.1822 | 042 | 2673 7 0
A6.1 167 79 0.49 35 2.08 142 | 0.1848 | 0.64 | 2697 11 6
A8.1 29 17 0.60 25 199 | 215 | 0.1850 | 1.22 | 2698 20 3
Al21.1| 153 78 0.52 39 1.88 1.33 | 0.1862 | 044 | 2709 7 -2
A97.1 96 42 0.45 116 199 | 3.11 | 0.1876 | 0.79 | 2722 13
A20.2 66 44 0.69 16 1.78 | 2.76 | 0.2102 | 0.86 | 2907 14 1
A20.1 85 71 0.86 121 172 1.56 | 0.2114 | 065 | 2917 11 -2
A31.1 87 130 1.54 0 1.64 1.56 | 0.2176 | 047 | 2963 8 -4
Al105.1| 116 81 0.72 5 1.47 144 | 02816 | 045 | 3372 7 1
Greater than 10% discordant
Al10.1 | 200 ] 78 0.40 239 3.54 144 | 0.1144 | 1,30 1870 24 14
A33 285 | 103 0.38 132 3.65 264 | 0.1131 | 0.68 1850 12 16
A622 | 116 93 0.83 65 266 | 269 | 0.1597 | 0.68 | 2453 12 16 |
A89.1 | 355 110 0.32 229 3.55 2.68 | 0.1204 | 0.54 1962 10 18
A58.2 73 100 1.42 98 3.95 278 | 0.1093 | 2.07 1788 38 19
A43.1 125 42 0.35 36 2.30 147 | 02169 | 046 | 2958 7 21
A90.1 | 218 162 0.77 47 2.82 2.69 | 0.1657 | 046 | 2515 8 22
A101.2] 311 50 0.17 29 3.72 | 292 | 0.1218 | 0.71 1983 13 23
A51.1 | 329 94 0.29 15 3.93 144 | 0.1160 | 0.82 1895 15 23
A32.1 | 301 157 0.54 78 3.98 1.37 | 0.1153 | 0.56 1885 10 23
All13.1] 331 129 0.40 185 4.46 1.27 | 0.1140 | 0.69 1865 12 30
A22.1 | 282 169 0.62 342 4.88 145 | 0.1058 | 1.03 1728 19 30
A3l 355 132 0.38 164 4.49 1.33 | 0.1144 | 0.71 1870 13 31
A30.1 | 326 159 0.50 342 4.68 139 | 0.1117 | 1.06 1827 19 32
A23.1 | 360 171 0.49 278 3.69 1.31 | 0.1429 | 0.51 2263 9 32
A33.1 | 396 159 0.41 509 458 1.34 | 0.1150 | 1.03 1879 19 32
Al02.1) 370 99 0.28 277 431 290 | 0.1243 | 0.77 | 2019 14 33
AS50.1 | 266 182 0.71 136 3.64 1.51 | 0.1628 @ 0.71 2484 12 37
A53.2 | 270 60 0.23 182 4.97 2.64 | 01264 | 1.24 | 2048 22 42
A252 | 594 57 0.10 706 5.70 262 | 0.1133 | 0.71 1854 13 44
AS5.1 384 341 0.92 332 5.20 1.33 | 0.1265 | 0.78 | 2050 14 45
Ad6.1 | 376 226 0.62 531 5.84 133 | 0.1132 | 095 1851 17 45
A3.2 431 128 0.31 465 6.08 2.71 | 0.1148 | 1.03 1876 19 48
A402 | 308 136 0.46 325 6.55 2.64 | 0.1138 | 1.19 1861 21 51
Al5.1 | 649 221 0.35 1426 8.20 1.30 | 0.1186 | 1.50 1936 27 62
A21.1 | 817 96 0.12 1135 857 1.28 | 0.1142 | 0.86 1867 16 62
All.2 | 662 313 0.49 559 8.92 2.76 | 0.1129 | 1.00 1847 18 63
AB7.1 | 817 242 0.31 1278 9.60 2.62 | 0.1086 | 1.14 1776 21 64
Al22 | 568 350 0.64 697 8.85 2.64 | 0.1183 | 1.07 1931 19 64
A93.1 | 738 183 0.26 970 989 | 262 | 0.1088 | 1.16 1779 21 65
A47.1 | 718 263 0.38 718 9.07 139 | 0.1215 | 1.83 1978 33 66
A341 | 962 674 0.72 1739 1075 | 1.32 | 0.1157 | 2.45 1891 44 70
Ad45.1 | 831 249 0.31 822 11.54 | 1.33 | 0.1160 | 1.50 1896 27 72
A92.1 | 799 | 1219 1.58 1671 1165 | 2.62 | 0.1259 | 1.22 | 2041 22 74
Al7.1 | 868 285 0.34 1224 8.91 1.27 | 0.1863 | 0.57 | 2710 9 75
A35.1 | 1229 | 456 0.38 2360 12.11 | 1.30 | 0.1248 | 1.85 | 2025 33 75
A37.1 | 1136 | 594 0.54 2134 11.53 | 1.33 | 0.1404 | 1.72 | 2232 30 76
A69.2 | 1143 | 741 0.67 1580 12.07 | 2.69 | 0.1342 | 1.05 | 2154 18 76
A95.1 | 1027 | 570 0.57 1783 1468 | 2.61 | 0.1104 | 1.37 1805 25 76
A392 | 1177 | 219 0.19 926 1504 | 2.62 | 0.1104 | 1.13 1806 21 Fid
Ad12 | 1179 | 239 0.21 1578 17.57 | 262 | 0.1150 | 1.45 1880 26 81
A7.1 1833 | 1558 | 0.88 4819 27.06 | 132 | 0.0966 | 2.75 1560 52 85
A9.1 1468 | 582 0.41 1833 23.02 | 1.29 | 0.1215 | 1.62 1978 29 86
Al6.1 | 2469 | 1946 | 0.81 3320 5648 | 1.34 | 0.1303 | 2.61 2102 46 95
A56.1 162 82 0.52 46 2.96 1.60 | 0.1001 | 1.58 1625 29 -16
Isotope ratios are correcied for common Pb by reference to the measured abundance of 2Pb
“*Phe denotes the amount of common 2*Pb measured] l [ | |
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Table S13 SHRIMP U-Pb isotopic data for zircons from sublitharenite in the Gardiner
Sandstone (2003082642).

Spot | U | Th | ThU | ™Pbc | **u"Pb “Tpp/%pp | P/ Pb age | Discordance
name | (ppm) | (ppm) (ppb) | (1o %) (+1o %) Ma+ 1o) l (%0)
C60.1 | 80 | 78 | 101 0 342 | 261 | 0.1066 | 1.39 | 1742 | 25 | 5
€53.1 | 149 | 140 | 097 8 3.08 | 25301076 | 097 | 1760 | 18 3
C71_| 150 | 73 | 050 | 74 | 334 | 139 0.1076 | 143 | 1760 | 26 4
C42.1 | 63 | 56 | 092 | 32 | 3.05 | 176 0.1081 | 1.85 | 1767 | 34 3
€751 | 150 | 90 | 062 | 44 | 337 | 25201083 | 089 | 1772 | 16 6 |
C90.1 | 57 | 30 | 054 | 24 | 334 |275|0.1084 | 246 | 1772 | 45 5|
C26.1 | 60 | 22 | 039 | 165 | 291 | 1.84| 0.1087 | 336 | 1777 | 6l 3
C3.1 | 88 | 102 | 120 | 72 | 3.7 | 158 0.1096 | 1.81 | 1794 | 33 2
C84.1 | 153 | 61 | 04l 9 296 | 2.53 | 0.1098 | 0.76 1796 | 14 -4
C59.1 | 134 | 65 | 050 | 92 | 3.05 | 25201101 | 1.11 | 1801 [ 20 E
C93.1[ 213 [ 79 | 038 | 63 325 | 24901102 | 083 | 1803 | 15 4
C24.1 | 172 | 114 | 0.69 6 3.05 | 13701106 | 1.05 | 1810 | 19 o
C80.1 | 160 | 75 | 048 | 67 | 332 |257]01107 ] 093 | 1810 | 17 7
€521 | 160 | 58 | 038 | 48 | 3.19 | 251 01108 | 1.00 | 1812 | 18 3
Cé5.1 | 103 | 76 | 076 0 307 | 25801109 083 | 1813 | 15 0
C50.1 | 129 | 54 | 043 | 35 | 3.2 [253[ 01109 0.88 | 1814 | 16 1
€92.1 | 250 | 37 | 015 | 13 309 [ 250 01111 ] 057 [ 1818 | 10 0
€341 | 174 | 84 | 050 0 307 | 134 01111 | 0.86 | 1818 | 16 0
€911 | 129 | 76 | 061 | 45 | 3.09 [254]| 01112 | 097 | 1819 | 18 L
€31 | 75 | 33 | 045 | 57 | 292 | 167 01113 | 2.66 | 1820 | 48 -4
CIg1 | 178 | 94 | 054 | 74 | 315 | 132 01113 | 1.07 | 1821 | 19 3
CaLl | 57 | 20 | 037 | 88 | 291 [1.85]| 01113 | 256 | 1822 | 46 -4
€21 | 165 | 44 | 027 | 34 | 313 | 135| 01114 | 1.09 | 1822 | 20 2
CI51 | 128 | 77 | 062 | 118 | 3.00 | 145 0.1114 | 146 | 1822 | 27 2
€251 | 146 | 92 | 065 | 78 | 298 140 01114 | 120 | 1822 | 22 2
Ca51 | 105 | 94 | 092 | 58 | 3.04 | 259| 01114 | 135 | 1822 | 25 -1
Cl21| 49 [ 19 | o041 [ 51 299 | 198 01114 213 | 1823 | 39 | 2
C23.1| 84 | 38 | 047 | 52 | 292 | 16101117 ] 115 [ 1827 | 21 -4
C44.1 | 131 | 55 | 044 | 74 | 295 | 149 0.1120 | 158 | 1832 | 29 3
€361 | 130 | 81 | 064 | 108 | 304 | 147 01122 | 157 | 1836 | 28 | O
C561 | 193 | 52 | 028 | 79 | 298 | 248 0.1123 | 074 | 1836 | 13 2
C17.1 | 107 | 155 | 149 0 3.07 | 153 ] 04123 | 1.82 | 1837 | 33 4
€741 | 137 | 76 | 058 1 293 | 254 01125 [ 079 | 1839 | 14 5
C68.1 | 179 | 101 | 058 | 46 | 3.33 | 253 | 01126 | 129 | 1842 | 23 9
C37.1 | 143 | 66 | 048 | 24 | 297 [ 141 01131 125 | 1849 | 23 -1
€51 | 138 | 112 | 084 | 110 | 324 | 141 01133 | 205 | 1852 | 37 7
Cesi| 159 | 2 | o4 0 318 | 252 0.1134 | 0.86 | 1855 | 16 5
C32.1 | 126 | 62 | 051 | 53 | 294 | 148 01134 | 126 | 1855 | 23 2
€281 | 266 | 114 | 044 1 3.04 | 126 01135 ] 0.81 | 1856 | 15 1

Cal | 271 | 237 | 050 | 34 | 3.11 | 124 | 0.1135 | 0.67 | 1857 | 12 3
C77.1 | 161 | 64 | 041 | 21 312 [ 252 01136 | 068 | 1859 | 12 4
C721| 69 | 34 | 051 7 3.07 | 271 01137 | 1.02 | 1859 | 18 z
€291 | 193 | 75 | 040 0 305 | 133 01137 | 091 | 1860 | 16 7 |
C471 | 33 | 19 | 059 | 12 | 3.09 | 293 | 0.1138 | 1.59 | 1860 | 29 3
C271| 143 | 57 | 041 | 0 297 | 14201141 | 0.83 | 1865 | 15 0
Col | 174 | 80 | 047 0 314 |135[ 01142 110 187 | 20 [ 5
C511 | 214 | 83 | 040 | 17 | 329 | 24801144 | 072 | 1871 | 13 9
C67.1 | 114 | 43 | 039 | 0 | 304 (25701144 1.05] 1871 | 19 | 2
CIL1 | 160 | 125 | 081 0 | 293 [ 13701146 | 0.78 | 1874 | 14 1
C592 | 95 | 44 | 048 0 | 3.04 [ 259[ 01151 | 106 | 1882 | 19 | 3
Cll | 94 | 40 | 044 0 301 | 1.56 | 0.1155 | 1.26 | 1888 | 23 2
C79.1 | 111 | 39 | 036 | 0 310 | 257 [ 01158 | 1.02 [ 1893 | 18 5 |
C46.1 | 48 7 [ 015 | 23 | 293 [326] 01167 | 1.39 | 1906 | 25 I
C571 | 148 | 132 | 092 | 13 | 301 |255[0.1179 [ 069 | 1925 | 12 4|
C211 | 163 | 79 | 050 0 3.01 | 138] 01184 | 079 | 1931 | 14 4
€301 | 16 | 20 | 128 0 291 | 296 01211 | 256 | 1972 | 46 4
C381| 146 | 42 | 030 | 25 | 274 | 140[ 01224 [ 130 | 1992 | 23 o
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Table S13 SHRIMP U-Pb isotopic data for zircons from sublitharenite in the Gardiner
Sandstone (2003082642) continued.

Spot | U Th | TWU | ®Pbe |  Z*UP™Pb *7pb/ P *7pb/**Pb age | Discordance

name | (ppm) | (ppm) (ppb) (1o %) (+1c5 %) (Ma + 15) (%)
C40.1 | 129 81 0.65 80 262 | 146 | 0.1268 | 122 | 2055 22 -1
C20.1 31 23 0.79 47 2.58 231 | 0.1279 | 3.86 2069 68 -2
Cl6.1 210 85 0.42 0 255 1.38 | 0.1333 | 1.78 2142 3 1
C13.1 128 84 0.68 33 2.48 144 | 0.1345 | 1.10 2158 19 -1
C89.1 93 50 0.56 47 2.45 260 | 0.1352 | 0.83 2166 15 -2
C62.1 40 38 0.99 0 2.37 2.88 | 0.1524 | 1.56 2373 27 5
C49.1 111 87 0.81 50 2.11 2.77 | 0.1586 | 0.68 2440 12 | -2
C58.1 175 33 0.20 0 2.11 249 | 0.1591 | 0.45 2446 8 -2
Cl4.1 105 104 1.02 3 2.27 1.53 | 0.1591 | 0.83 2446 14 4
C70.1 68 52 0.79 10 2.21 2.62 | 0.1632 | 0.88 | 2489 15 3 =
Ca.1 38 29 0.78 62 2.07 2.09 | 0.1641 | 2.06 2499 35 -2
C43.1 60 50 0.86 29 2.04 1.78 | 0.1650 | 1.30 2508 22 -2
C73.1 109 50 0.47 103 2.24 2.53 | 0.1670 @ 0.71 2527 | 12 6
C76.1 69 66 0.99 95 2.28 268 | 0.1687 | 1.26 2545 21 9
C22.1 152 52 0.36 82 2.14 1.39 | 0.1715 | 0.95 2573 16 4
C63.1 173 25 0.15 91 1.95 2.54 | 0.1917 | 0.48 2757 8 4
C61.1 98 31 0.33 27 1.61 262 | 0.2606 | 0.97 3250 15 5
| Greater than 10% discordant
C78.1 601 568 0.98 642 10.21 | 247 | 0.1045 | 2.25 1705 41 183
Co4.1 205 178 0.90 111 4.71 249 | 0.1073 | 1.30 1755 24 41
C8.1 139 226 1.68 125 3.68 141 | 0.1097 | 1.77 1795 32 16
C86.1 49 21 0.46 27 3.56 282 | 01108 | 1.88 1813 34 13
C39.1 175 107 0.63 106 | 2.63 1.65 | 0.1120 | 1.18 1832 21 -12
C54.1 182 82 0.47 14 3.39 249 | 0.1123 | 0.84 1837 15 10
C3.1 259 186 0.74 0 3.69 1.27 | 0.1127 | 0.69 1843 12 19
C85.1 391 332 (.88 271 7.02 248 | 0.1128 | 1.28 1845 23 115 |
C88.1 | 104 51 0.51 74 367 | 263 | 01130 | 1.33 | 1848 24 19
C69.1 71 96 1.39 17 3.49 263 | 0.1188 | 1.65 1938 29 19
C66.1 189 90 0.49 0 3.31 3.02 | 0.1198 | 1.04 | 1953 19 15
C81.1 57 61 1.10 0 2.99 2.70 | 0.1372 | 0.98 2192 17 18
C82.1 55 38 0.72 43 ] 249 2.74 | 0.1549 | 142 2401 24 | 10
C35.1 225 191 0.88 0 257 127 | 0.1652 | 0.64 2509 11 18
C55.1 110 109 1.03 106 2.47 2.56 | 0.1667 | 0.86 2525 14 15
C10.1 167 110 0.68 0 2.33 1.35 | 0.1682 | 0.63 2540 i 10
C48.1 244 222 0.94 125 2.90 247 | 0.1697 | 0.56 2555 9 34 4
C19.1 | 234 246 1.09 0 2.36 126 | 0.1722 | 0.47 | 2580 8 13
C71.1 76 22 0.30 0 2.19 2.60 | 0.1839 | 0.72 2689 12 11

\

Isotope ratios are corrected for common Pb by reference to the measured abundance of 204py

2%Pbe denotes the amount of common ***Pb measured { ] ‘ L ‘
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APPENDIX 3.1- ID TIMS results for NY/PK 6-80 (NYPK)

ID TIMS results for NY/PK 6-80 (NYPK)

Analyst: Dr. Sandra Kamo
Royal Ontario Museum
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U-Pb data for single ime crystal frag from NY/PK&-80.

Analysis Fraction Weight u Pb ThiU Pbtot PbCom  206/204 207/204 206/238 2 Sig 2077235 2 8Sig 2071206 2 Sig 206238 2S8ig 2077235 28ig 207/206 2Sig %Disc Com
No. (mg)  {pem)  (ppm} {pg} (pa) Age (Ma) Age (Ma) Age (Ma) Coeff
sk17p80 1 not abraded  0.0020 21355 3518 024 7037 10.7 43025 3141 018732 0.00070 1.8763 00072 0072663 0.000094 9587.3 39 B8998 27 10048 26 08 0954
sk17pt20 2 notabraded 0.0038 6542 1148 0.23 4131 5.8 39854 2912 0.16820 0.00044 1.6870 0.0043 Q072707 0000068 1002.7 2.4 1003.6 18 1005.8 1.9 0.3 0.934
ski7pt21 3 notahbraded 0.0022 5489 802  0.24 1984 3.2 40768 2866 0.18748 0.00061 16717  0.0083 0072392 0000102 988.2 34 9978 24 ga7.o0 29 0.1 0.928
ski7p116 4  abraded 0.0050 4293 714 027 3571 2.7 85264 6207 016744 000033 18769  0.0041 0.072636 0.000006 988.0 22 999 8 1.6 10038 2.7 08 0.849
sk17pt18 5 notabraded 0.0058 4283 722 029 4188 34 BQ425 5867 0.16888 0.00038 1.6942 00043 0072760 0.000068 1005.9 2.1 1006.4 18 10073 19 a1 0.836
ski7p118 6 notabraded 00044 7575 1248 022 5452 36 96866 7277 0.16818 0 0OD0414 1.6863 00045 0672716 0.000072 1002.1 22 1003.4 1.7 1008.0 2.0 04 0.83C6
ski7p117 7  abraded 0.,0022 5658 a68 014 1987 32 41413 3026 016815 0.00042 1.6854 00047 0072686 0.000086 1001.9 23 1063.0 1.8 10055 1.8 04 Do47
sk17p166 B8 sbraded* 0.0100 18734 2742 0.24 27417 9.1 197021 14374 0.16648 0.00072 1.8727 00075 0072879 0.000083 992.6 4.0 9882 29 0106 1.9 1.9 0578
sk17p167 9 abraded* 0.0040 11142 1840 0.28 7361 4.8 100141 7274 018692 000037 1.6683 00043 0.072485 0.000058 995.1 2.1 986.5 1.6 9996 16 0.5 0.558
sk17p168 10 abraded* 0.0040 7883 1280 030 5120 8.9 36986 2664 0.16243 000035 18042 0.0039 0.071626 0000078 970.3 1.8 971.8 1.5 9753 22 0.6 0.894
sk17p1689 11 abraded* 0.0040 12695 2113 0.24 B452 57 97235 7098 0.188G7 0.00046 1.6974  0.0051 0.072880 0000062 1006.4 2.5 1007.6 19 10101 1.7 0.4 0.860
ski7p170 12 abraded* 0.0040 7899 285 0.17 5139 9.1 ar4z21 2735 0.16838 0.00037 1.8880 0.0043 0.072703 0.000064 1003.2 2.0 1004.0 16 10067 1.8 03 0.941
ski7pi71 13  abraded” 0.0040 3000 1327 027 5308 8.8 50124 3850 0.16653 000042 1.6691 0.0045 0.072517 0000082 £§95.2 2:3 9668 17 10005 23 06 0.80¢
Notes:

not abraged=large fragments were broken apat and small internal fragments were selected for analysis
abraded”-extensively abraded (significant valume reduction}

Phtot - Total amount of Pb in excess of blank

PhCom - Common Pk, assuming all has blank isctopic composition

Thil calculated from radicgenic 208Pb/206Ph ratio and 207Pb/206Pb age

Pb/U comectod for spike, fractionation, bfank; 206/204 and 207Pb/204Pb corrected for spike and fractionation.
%Disc - per cent discordance for the given 207Pb/206Pb age

Uranium decay constants are from Jaffey et al (1571}



0.0745 | NY/PK 6-80 Median 2°°Pb/2*8y age
1000 +3.2/-5 Ma
L ID TIMS results (95%conf.)
n=12; (MSWD = 13)
0.0735
0.0725
£
o
0.0715 3
b
£
L 960
Q
0.0705
238, ,,206
| one analysis omitted: sk17p168 (unfilled ellipse) UI"Pb
0.0695 L . : : - : !
58 59 6.0 6.1 6.2

Concordia plot for NY/PK 6-80 analyses
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APPENDIX 3.2- Electron microprobe chemical U-Th—Pb dating of
reference xenotime D43764

Electron microprobe chemical U-Th—Pb dating was carried out on a single xenotime
crystal of D43764 using a Cameca sx100 electron microprobe at the RSES. This
experiment was undertaken as a means to independently determine the age of D43764
and therefore provide a check for the SHRIMP determined “*’Pb/?%Pb age of 2625 +
5 Ma (95% confidence). D43764 xenotime is a good candidate for electron probe U-
Th-Pb dating having a high U concentration (~1.5 wt%) and Archaean age. This
experiment was conducted under the basic assumptions that underpin electron
microprobe chemical U-Th-Pb dating. These are (1) common Pb is negligible and,
(2) there has been no modification of the U/Th/Pb ratios except by radioactive decay
(Montel et al. 1996). Before analysis, BSE imaging of the xenotime was carried out to
determine whether different growth domains exist and also to identify the most
pristine areas for analysis. The xenotime was analysed for U, Th, Pb and Y, using a
15 kV electron beam regulated at 200 nA. The X—ray lines were PbMpP, ThMa, UMPB
and YZca. Counting times for Pb, Th and U were 200 s and 90 s for Y. Background
count times were done at half of the peak time. Prior to analysis, a WDS scan of
xenotime D43764 was carried out in order to select background positions for the
analysed elements. The background intensity under the U, Th, Pb and Y peaks was
then calculated by an exponential regression of the background regions. Under these
operating conditions the detection limit (2c) is 150 ppm, 215 ppm and 130 ppm for
Pb, Th and U respectively. Single—point xenotime age calculations were done with the
EPMA dating excel add—in of Pommier et al. (2002) which uses the U-Th-Pb age
calculation equation of Montel et al. (1996). Thirty-two analyses were undertaken on
a single crystal of D43764 (Fig. 1 and Table 1). All analyses have the same weighted
mean U-Th-Pb chemical age within analytical error and combine to give an age of
2637 £ 22 Ma (MSWD=0.11; 95% confidence). Alternatively, the precision of this
age measurement can be calculated by the standard error of the mean (Williams &
Jercinovic 2002). Using this technique the age is 2637 + 8 Ma (95% confidence).
Both of the U-Th—Pb chemical age calculations are within error of the SHRIMP
27pb/2%Pb age of 2625 + 5 Ma for this sample, and support it being used as reference
age for D43764 xenotime.

References

Montel, J.-M., Foret, S., Veschambre, M.C.N., Provost, A., 1996. Electron
microprobe dating of monazite. Chemical Geology, 131, 37-53.
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Fig. 1. Diagram showing EPMA chemical U—Th—Pb ages for xenotime standard D42764.

Table 1. EPMA chemical U—Th—Pb ages and results for D43764.

Spot Th Pb U Th/U Chemical age
name (ppm) (ppm) (ppm) (=26 %)
1/1. 3788 8003 14796 0.26 2623 124
2 4407 7151 12921 0.34 2630 130
3/1. 3699 7939 14714 025 2621 124
al1, 6047 8934 16205 037 2610 119
5/1. 7202 5800 9719 0.74 2610 155
6/1. 5528 10323 19158 0.29 2603 117
711, 3923 8196 15102 026 2628 123
8/1. 3919 8974 16530 0.24 2638 122
9/1, 2190 6576 12104 0.18 2663 145
10/1. 3234 8216 15226 021 2637 124
/1. 4413 9181 16709 0.26 2649 122
12/1. 4320 11051 20675 021 2622 118
13/1. 391 9859 18610 0.17 2621 120
14/1, 2930 9722 18282 0.16 2633 122
15/1. 2664 9204 17240 0.15 2643 123
16/1. 3749 5506 9765 038 2647 170
17/1. 3274 8521 15543 0.21 2667 125
18/1. 2352 7737 14151 0.17 2681 129
19/1. 3319 8639 15646 021 2680 126
20/1. 3729 9173 17101 0.22 2624 121
21/1, 3180 8282 16532 0.19 2638 123
2/1. 3426 8421 15592 0.22 2636 124
23/1. 2756 7577 13834 020 2670 130
24/1. 3277 8418 15395 021 2662 125
2571, 2783 7716 14110 0.20 2668 128
2671, 3185 8585 15937 0.20 2640 124
2711, 3087 8107 15208 0.20 2619 124
2871, 2571 7067 13157 0.20 2636 133
29/1. 3624 8977 16491 0.22 2630 123
30/1, 3237 8959 16720 0.19 2633 123
31/1. 4842 10969 20600 0.24 2604 117
32/1. 3745 8126 14952 0.25 2634 124
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APPENDIX 3.3- Electron microprobe settings used for xenotime
analysis

Detection Limits and relative errors are 1o.

HV: 25kV
Current: 100nA
Beam focus: focussed Spm

Cameca SX100:Research School of Earth Sciences, ANU

Det. Yo
Time Lim. relative
Element Line Standard Crystal Position Bgl Bg2 (s) (ppm) error
Si Ka Quartz TAP 27741 -1000 1500 150 33 1.7
P Ka YPsOy, PET 70526 ~400 400 10 430 2.4
Ca Ka CaAl,Q, PET 38375 -521 400 20 77 13.9
¥ La YPsOy4 PET 73913 -1600 1500 10 528 5.5
Nd La NdPsOy4 BET 27084 290 880 30 230 14
Sm La SmPsO,4 PET 25140 315 738 30 262 9
Eu la EuP;045 PET 24243 -505 -190 30 342 9.4
Gd La GdPsOy, PET 23398 -385 400 30 552 7.2
Tb La TbP:0,, PET 22593 -365 430 30 610 10.9
Dy La DyPs0,, LLIF 47391 -885 826 30 200 23
Ho Lb HoPs0,4 LLIF 40895  -2495 5610 30 407 4.6
Er La ErPsOy, LLIF 44318 -5918 2200 30 203 2.7
Tm la TmPs0 4 LLIF 42868 -4468 3637 30 184 4.1
Yb La YbP:Oyy LLIF 41502 -3102 4950 30 209 1.6
Lu Lb LuP;0y, LLIF 35336 -2008 3064 30 399 5.4
8] Mb uo, LPET 42463 -1060 550 60 210 7-60
Th Ma ThO, LPET 47294 ~1170 560 60 161 6-15
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APPENDIX 3.4- SHRIMP instrumental conditions for the 14

experiments discussed in Chapter 2

Date Session | Samples Energy | Primary | n.A. | Kohler | EPMA

Filter Beam (WDS)
Feb-05 | SHI-l | M,B,Z, N | 50% Oy 6.5 70 No
Mar-05 | SHII-2 M,B.Z 50 % Oy 1.8 70 No
Mar-05 | SHII-3 M,B,Z No Oy 1.8 120 No
Apr-05 | SHII-4 | M,B,Z,D No Oy 3.1 70 No
Sept-05 | SHIIL-5 M,B.Z 50% Oy 3 120 No
Dec-05 | SHII-6 | M,B.Z, N | 90% 0y 2 120 yes
Jun-06 RG-1 M.B,Z,D No o 1.3 30 yes
Sep-06 RG-2 M,B,Z N No 8 0.9 30 yes
Nov-06 | RG3 | M,B,Z,N No O 1.2 30 ves
Oct-06 RG-4 MB,ZL No o 1.4 30 yes
Oect-06 RG-5 M,B,Z, L No o 0.9 30 yes
Nov-06 | RG-6 | M.B,Z, L No o 1 30 ves
Feb-07 | RG-7 | M.B,Z,C No O 0.8 30 yes
Apr-07 RG-8 M,B.Z, No o 1 30 yes

MH

M=MGI, B=BS1, Z=76413, N=NY/PK 6-80, D=D43764, L=L1S-34, MH=Molyhil,

C=Callie.

SHIT = SHRIMP II
RG = SHRIMP RG
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APPENDIX 3.5- Comparison of SHRIMP xenotime Pb/U,/U,U; ratio
pairs for xenotime standards MG1, BS1 and Z6413 (session SHII-1)
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APPENDIX 3.6- Worked example of the SHRIMP xenotime
*°Pb/***U matrix correction technique using Excel Solver

The following procedure uses the Microsoft Excel Solver add-in to solve the linear

simultaneous equations that are used to model the SHRIMP xenotime 206pp2385
Matrix effect (ME).

The procedure described here requires that raw *°Pb/2*U ratios have been calculated
for the secondary standards and unknowns with reference to a primary “°°Pb/**U
calibration standard. The calibration method used to calculate the SHRIMP ***Pb/***U
xenotime ratios and data reduction software is at the geochronologist’s discretion.
Additionally, U and REE concentration data for each SHRIMP spot needs to be
determined. For xenotime XREE concentrations, EPMA (WDS) is recommended. For
U concentrations, either EPMA (WDS) or SHRIMP-based relative sensitivity factors
(RSF)y.no as described in Chapter 3 are recommended.

e The SHRIMP xenotime fractional ***Pb/**U ME is modelled by the following
equation:

§ *Pb/**U ME = (AU*x) + (AZREE*y) (eq. 1)

Where:

e x and y are the unknown parameters or correction coefficients that are
determined by Solver.

e AU is the wt% difference in elemental U between the averaged concentration
in the primary calibration standard and secondary calibration standards and/or
unknown samples.

o AZXREE is the wt% difference in elemental YREE between the averaged
concentration in the primary calibration standard and secondary calibration
standards and/or unknown samples.

e From equation 1, the correction factor for U (fUcr) for example, is simply:

FUcr = (AU*x) {eq. 2)

Therefore, fUcr is the fractional proportion of the *Pb/***U ME that has resulted
from a U concentration contrast between the primary calibration standard and
either secondary standard or unknown sample.

The values of the correction coefficients (x and y) are determined in a two-step
process. Firstly, Excel solver estimates the values of x and y by solving the series of
simultaneous equations that model the 2*Pb/***U ME for the secondary standards.
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Following this, a better determination of x and y can be made by computing a least
squares solution to the problem that relies on the initial values calculated for x and y
obtained in the first step.

In the following example MG1 was used as the primary calibration standard
e MGl electron probe WDS determined elemental U and XREE are 0.0991 wt%
and 13.43 wt% respectively. 1o errors are 6.05 % and 2.25 % respectively
(SDOM).

Step 1:
First set out a chart as shown in Figure 1. Note that the equations in column M are set

out as formulas. Cell V2 and V3 are for the solution to the correction coefficients (x
and y).

A PEENCESED E Fl & W0 ) K ] oM N 0 e e /8 T W v

| i 15 i ! equation | | P H

] 13 Lk ¢ i | {recal. | recalc. i i eorn.
1 name raw PBU | ref. PhiUl | | AU wt's  AZREE wi's | {PL/UME  fPhUME) | [Z¥p) 2% i | [Coefficient solution
2 BSt28 0083117  D.062160 0.0761 4.5270 i) 0 i |x 0
3 BS123 00723 0082160 0.0603 44974 o o ] { 1
4 BS1-210 0089830  0.082160 0.0802 4.3539 0 0
5 BS1-31 0085462  0.082160 00628 44415 (N ]
6 85132 0036957 0082160 0.0619 4437 i 0
7 BS1-33 DO9R4Es  0.082160 0.0473 45913 a 0
8 BS5134 0082617  0.082160 00478 40014 i
9 BS1-35 DB%6177  0.082160 Q46 4.0356 0 0 —
10 BS1-4.1 0066832  0.082160 0.0498 5.2081 a i} i {3
11 BSt-42 0084951  0.082160 0,030 48538 2 0 =[AVSTGHHIVITE)
12 185143 DDBSES6  0.082160 0.020 43395 ] 0 |=(VSZCIHIVITD)
13 BS1-44 0036274 0082160 0.0615 50578 0 B =(EVECAHEVIIM)
14 B515.1 0004433  0.0682160 0,07 47435 o i} =(FVEZCEHIVIIE)
15 BS1.52 0084284 0082160 0.0631 £.1793 9 0 gle.
16 ZE4135.1 D204183 0166717 1.2185 27897 . 0 0 :
17 IB1352 0204357 0166717 11445 28267 01842 0 0
18 7541353 0208845  D.186717 1.4054 27572 02017 0 0 l ;
19 ZB41354 0203332  0.166717 1.1929 2724 D18 0 0 =(C2-E2)/C2
20 E4136.1 D206751 D.186717 11420 29042 0193 0 0 =(C3-E3pC3
2 41362 0205761  0.1BE717 1.1481 2932 01g% 0 0 =(C4-E4)/C4
22 41363 020002  0.166717 1.0601 29299 01685 0 0 =(C5-E5)C5
23 B354 0199333 0165717 1125 26985 0163 0 0 ste.
24 JBA13ES 0207372  0.166717 1.4440 30659 D1960 o i}
25 IBA1366 0211118 0.B6717 15189 29554 02103 0 0
% FM3ITA 0206370  O.166717 1.2213 29543 01921 0 0
27 BAIFT2 022113 0166717 1.1624 30208 | 01751 2 0

28 H i [ i

Fig. 1. Example worksheet before running Excel Solver.

Start excel solver by clicking Tools—Solver (nb. If solver does not appear on the drop
down menu, then you must add it through the Tools—Add—Ins menu item). Clear the
“Set Target Cell” edit box and in the “By Changing Cells” edit box select a range for
the solution. Solver will calculate the best solution to the simultaneous equations by
changing the values in these cells (V2 and V3). The Solver dialog box should now
look like Fig. 2.
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Solver Parameters

Set Target Cell: || "1::] I Solve l

EqualTo: (" Max < Mp  vaueof: [0 Close

By Changing Cells; —— —— = -——-I
[$v$2:4v43 EY Guess |

-Subject to the Constraints: —— =

= add |
_ Chenge |
;’ A Reset All I

Fig. 2. Solver Parameters dialog box.

e Next set the constraints for the simultaneous equations by clicking the Add
button. This step inputs the information from equation 1 into Solver. When the
Add Constraint dialog box appears, fill it out as shown in Fig. 3. and click OK.

Add Constraint

Cell Reference: Constraink:
[$M$2:4m427 A = ] [=scs2igx527 A

[ ok ] cance |  #dd | e |

Fig3. Add Constraint dialog box.

The Solver Parameters dialog box should now look like Fig. 4.

Solver Parameters

Set Target Cell: " 5]’

Equal To: " Max & Mn (" Valueof: [0

[ By Changing Cells: |

vz = aws ||

-Subject to the Constraints: - e —
[§M$2:§M$27 = $K§2:$K$27 ] fdd |

Fig. 4. Completed Solver Parameters dialog box.
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Click the Solve button. You should now see the dialog box shown in Fig. 5.

Solver Results

Solver could not find a feasible salution.
¥ Keep Solver Solution; et
{” Restore Qriginal Yalues ] _'.l

‘ OK I Cancel Save Scenario, .. ] Help i

Fig. 5. Solver results dialog box.

Click on the OK button to keep the solution. The spreadsheet should now look like
Fig. 6.

[MamaBox| B C D E IF} G |Hi I MK E M INI o B G Rl S w
i H H equativn | i
{recal. recale, colr.
fraw PLU Dref PhU L AU wi's AIREE wi'c  'fPLUME = fPhai ME) = 2@ph ™%y Caefficient solution

00631 0082180 £.0761 45270 D015 0.0031 00829

00867 OOE160 40 0603 44574 00526 0.0051 00863

00898  O0ER160 -0.0802 4388 00854 000 0.0896

D0BsS  D.0B21E0 00628 44416 0036 0.0046 00851

00870  D.O82160 0.0619 44337 0058 £.0047 0.0865

00685  0.082180 00473 45513 00498 0.0070 £.0859

0062 0082160 0.0476 40814 0DDOS5 0.0055 0.0622

00862 DO0B2160 0.0426 40356 00466 0.0060 0.0857

0,063  0.082160 00498 52081 00756 0.0085 0.0881

00850  DD82150 00380 46538 0039 0.0084 00842

00857 0082160 00200 43395 00408 0.0008 0.0848

00863  D.0B2180 00615 S0678 00477 0.0065 0.0857

00844 0082160 00387 47435 00X 0.0086 00837

00843  0.082160 0.0631 51793 00252 0.0066 0.0837

02042  0.186717 1.2165 27697  0.1835 0.1658 0.4703

02044 0186717 1.1445 28%7 01842 01565 (11 B T kot
02008  D.1EB717 1.4054 27872 02017 01802 01691 ¢ | L
0233 0166717 11929 27324 01801 01625 0703 ! i
02068 0BTV 1.1420 29042 0193% 0.1564 D744

02058  0.186717 1.1481 29632 01898 01571 0.4734 L] i
02000  O.1B6717 10801 29299 01665 0.1459 0708 i L
01933  O.4BETH7 11125 28985 016% 0158 01683 ! R
02074 Di6ET7 14440 30659 01560 01960 0 1657 i b
02111 DABETH7 15189 29654 020 02054  DA677

02084  D.166717 12219 29543 01321 0.1863 0.1718

02021 0te6TI7 11624 3028 01751 01620 0.1694

5l o i i

Fig. 6. Exémplelworksheet after running Excél Solver (stepl).

As can be seen from Fig. 6., Solver has calculated values for the correction
coefficients (x and y; cells V2 and V3) that solve the simultaneous linear equations.
Additionally, the estimated fractional 2%py/38y ME for each analysis “‘equation
(recale. f2°Pb/2*U ME)” (column M) and the "*Matrix corrected ***Pb/**U ratio

for each analysis “recalc ***Pb/?*U” (column O) is also shown.

The above example has used Excel Solver to find a solution to the simultaneous
equations that describe the f2°°Pb/2*U ME for the secondary standards BS1 and
76413, shown in equation 1. A good first-pass estimate of the correction factors x and
y has now been completed.

Step 2
In the following step, a better estimate of the correction coefficients is obtained using

a least squares approach. A least squares estimation of the correction coefficients are
the values that mimmise the sum of squares between the measured f206Pb/238U ME
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for the secondary standards and the linear function used to model it (i.e. Equation 1),
which in this case is “recalc *°°Pb/?*U” (column O; Fig. 6).

In columns Q and S, type in the headings, residual and res. square, respectively. The
residual is the difference between the measured f2*Pb/***U ME (Column K) and the
linear function used to model the **°Pb/***U ME in step 1 (Column O, Fig. 6). The
res. square column is simply the square of the values in the residual column. Lastly,
define one cell as the “target cell” and type in the formula SUM(S2:S27). This is the
sum of the square of the residuals and is the value that Solver will minimise. The
spreadsheet and formulas used in each cell are shown in Fig. 7, whereas Fig. 8 shows
the worksheet prior to running Excel Solver.

A THEEEED -t H 6 W W K B WM N o P00 B &5 [ U | WV
H equation 1
i } {recal, recale’, ! |eon.
1| name taw PR qef. PLU | AUwI AIREE wt's fPOUME | fPLUME' PP ®0 | lrecidual  yes syuare | |Coefficiant solution
2 BS1-28 00831 0082180 00761 45270 00115 0.0031 00689
3 |BS1-28 00867 0062160  -0.0603 44974 005X 0.0051 0.0863 A
4 1851210 00898 0082160 0.0802 436¥ 00854 0.0022 0.0896 [esumE2527] ]
5 |BS1-3.1 00855  0.082160 00628 444156 00388 00045 00851 =
6 |BS1-32 00870 0082160 00619 44337 0.05% 0.0047 0.0866 n
7 |B8133 00865 0082180 00473 45913 00498 00070 0.085% target cell 0.0000
8 |BS1-34 00826  0.082160 00476 40914 00055 0.0055 0082 :
$ |BS135 00852 0082160 00426 403% 00458 0.0080 0.0857
10 BS1-4.1 00639  0.082160 00498 5281 0O07% 0.0085 00881 30
11 1B51-42 00850  0.0E2180 0030 4658 0032 0.0084 0.0842 =Qd
12 85143 0 QORI 0020 4395 O00ME  O0® 0B s
13 |BS1-44 00883  0.082180 00615 50570 00477 0.0085 0.0667 =062
14 BS151 00844 0082160 Q0387 47436 00263 0.0086 0.0837
15 1BS152 00843 0082160 00631 51793 00%2 D.0088 0.0837
16 41351 02042 DG 12165 27807  018% 01658 01703 R—
17 7541352 02044 0186717 1.1445 28267  0.1842 01565 04724 =AME
18 525413—5.3 02088 D.186717 1.4054 27572 02007 01902 0.1691 =AM
19 (41354 02033 0166717 1.1323 27324 0.8 01825 01703 =KE M5
2 pa136 1 02088  D.166717 1.1420 28042 019% 01584 0.1744 =KBE-ME
21 141362 0205 0165717 1.1461 2% 018% 014571 017
22 41363 02000 0166717 1.0601 2829 01685 01459 0.1708
23 TBd1354 01993 0188717 11125 28%5 0.163% 0.1526 0.1689
24 B41355 0274 0166717 1.4440 30658 0190 0.1960 D.1687
25 541366 a2111 0186717 16188 29584 0213 02054 01677
% fmﬂ 371 02084 0166717 12219 29543 019 0.1563 01718
27 BA372 02021 0188717 1.1624 3028 01751 0.1620 01684
Fig 7. Example worksheet showing the formulas used for each cell.
j s GO i et |Fl om0 ostinge LS| AN S . P * SOOI - s, M . SISO | ML SO0 MG (o]
1 equation i
frecal. recalc. cort, !
rawPhUl ref, PhU . | AU wts  AIREE wit | fPLUME  fPRUME | “Pb™0  residual 1es. square  |Coefficient solution
00831 0.082160 00761 45270 DOIt5 0.08%1 0.0829 0.0084 0.0001
00867 0082180 00603 44974 0056 0.0051 00863 0.0476 00023 |
008% 0082160 0.0802 43833 00664 0.0022 0.0896 00832 00068 |
00855 O00E2160 00628 44416 D038 0.0045 0.0851 00341 00012 !
00870 DO0S2160 00618 44337 00556 0.0047 0.0866 00509 000%
D0SE5 0062160 00473 45313 DO 0.0070 00853 00428 00018 [targercenl  00303]
008X  0.062160 00478 40914  DODSS 0.0055 o 0.0000 0.0000
00862 0062160 L04% 403 00468 0.0060 0.0e57 00405 0.0016 i
003 00m1ED 0.04% 52081 00756 0.0085 0.0681 0072 0.0045 i
00850  DOS21ED 40.0380 4858 00328 0.0084 0.0842 0.0245 00006 |
00857 DOS2160 00200 4335 00408 0.0098 0.0848 0.0310 oot
00863 0082160 00615 50678 DO477 0.0065 0.0857 00412 00017
00844 002160 00387 4745 0029 0.0065 ooex? 00184 00003
00843  0.00216D 00631 51793 082 0.0066 00e3? 00186 0.0003
02042 DAGGTI7 12185 27087 01635 0.1658 0.1703 00177 0.000
02044  DABETI7 11445 2867 p1es2 0.1585 04724 o277 00008
02088 0186717 1.4054 2752 02017 0.1902 0.1891 00116 0o
02033 0486717 1.1929 27324 01081 01625 0.1703 00175 0.0003
02069 D.18EN7 1.1420 29042 0193% 0.1564 0.1744 00372 00014
028 0177 1.1461 2%312 D.1gm 0.1574 0173 00328 ooott
02000 0.186717 10601 29209 09855 0.1459 01708 0026 0.0004
01983  0.1ee717 1115 28%5 0.163% 01526 01688 0o 0.0001
02074 01617 1.4440 30653  0.1960 0.19%0 0.1867 0.0000 00000
o111 01ser17 15189 29554 02103 02054 1677 0.0049 00000
02064 01517 1218 29543 049N 0.1668 01719 0.0252 00006
02021  D1eEN7 11624 3008 04751 0.1620 Q1634 001 0.0002

Fig 8. Example worksh

eet before running Excel Solvér (step2).

Start excel solver by clicking Tools—Solver. The Solver Parameters dialog box will
again appear and be similar to Fig. 4. Highlight the “Subject to the Constraints™ data
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entry from step 1 and click on delete. The target cell for this calculation is the sum of
squared residual box $V$7. The “By Changing Cells” edit box should not have
changed. The Solver Parameters dialog box should now look similar to Fig. 9. Make
sure that in the “Equal To” field, Min is checked. Solver will now minimise the sum
of squared residuals by changing the values for the correction coefficients (x and y)
that were calculated in step 1.

Solver Parameters

Set Target Cefl; $v$ iy Solve

EqualTo: ¢ Max & Mn Valueof: [O
r By Changing Cefis:

vz A guess |

%'Subject to the Constraints:——— S Tnat e J Options l
_Reseta |
.

| T e |

[
|
1

Fig. 9. Completed Solver Parameters dialog box (step 2).

Finally, click the Solve button and a Solver results dialog box will appear similar to
Fig. 5., click OK.

The spreadsheet should now look like Fig. 10. Solver has recalculated the values for
the correction coefficients x and y and in the process, recalculated the final
UEREEmatrix corrected 2°°Pb/***U ratio for each of the secondary standards (Column
0). The final results for the SHRIMP xenotime 2°Pb/*U matrix correction
procedure used in this example are shown in Fig. 11. The "™ **matrix corrected
296p1/2¥(J ratios for the unknowns can now be calculated.

A £l c D E IF G H 1 J K L M N 0 P Q@ R S T u ¥
i i by : e equation & i)
i | i } : irecal. recale, | ! | COIT.

1 name | ‘raw Pb'U. | ref. PhA ! | AU wrt o ATREE with  (fPhU ME | fPBUME | 2%ppAR0 ¢ lresidual | ores. square  |Coefficient selution
12 00831 002ED  DO7E 45270 00115 00394 po7se 00279 00008 |x

3 BSt-28 00867  0.082160 0.0603 44574 0056 00411 00832 0015 0.0001

4 BS1-210 0083 0082180 0.0802 43539 00954 Q0374 00ees 0.0480 0003

£ BS1-31 008ss  0.082160 0.0628 44416 0036 00402 0.0820 -0.0015 0.8000

B B51-32 0B870 0082180 D063 44337 0.05%6 00402 00335 00154 0.0002 i
7 |BS1-33 0osss  D0e2160 0.0473 45913 00498 0.0437 0.0827 0.0081 00000 (tarnet cell D.007T:
B B31-34 0pEXd 0082160 £0.0476 40914 00055 00383 0.0735 Bilicy.:] 0.0011 e i
8 |BS1-3.5 00662 0062160 -0.0426 40¥6 00466 0.033 00829 0.0063 00001

10 B31-4.1 00889 008160 -0.0438 5281 00756 0:0501 0.0844 00255 0.0007

11 BS1-4.2 00850  0.082160 40.0380 46538 0038 0.0458 00811 DMz 00002

12 BS1-43 00857 0.0B2160 -0.0200 43395 00408 D.0444 0.0818 -0.0038 0.0000

13 BSt-4.4 00863 0082160 0.0615 50578  0.0477 0.0470 0.082 0.0007 0.0000

14 BS1-5.1 00844  0.082160 00387 47435 D063 D.0485 0.0805 0.0195 0.0004

15 B51-5.2 00843  0.082160 -0.0831 51793 00252 0.0461 00802 0.0229 0.0005 ¢

16 I5d13-51 02042 DIBB7I7 1.2165 27897 01835 01624 0.9663 0.00%1 0.0000 ¢

17 Ipd13-5.2 02044 0166717 1.1445 28267 01842 0173 03608 00104 0.0001

18 641353 02088 0168717 1.4054 27572 02017 0.2057 0.1659 0.0040 0.0000

19 IB413.54 02033  D.166717 11929 2704 08N 0178 01670 0.0012 £.0000

20 ZB4136.1 20668  DAE6717 1.1420 29042 0.19% 01743 0.A707 0.0183 0.0004

A Zod1362 L2058 0186717 1.1461 29632 01898 0.1755 016597 D.0%43 00062

22 41363 02000  0.166717 1.0601 29299 01865 0.1644 0.1672 0.0522 0.000C

23 7641364 01993 0166717 11125 28%5 016% 014706 0.1653 -0.0069 0.000C

24 7841365 0.2074  0.166717 1.4440 30658  0.1980 0.2133 0.1630 -0.0i78 0,0002

25 ZBA13EE 02111 0185717 15182 2954 02103 01220 D642 -0.0t17 0.0001

26 ' ZB413-7 1 0264 0.186717 12213 29543 01921 0.1849 0.1682 0.0073 0.0001

27T BA3T2 02021 01&N7 1.1624 3028 01751 0.1806 0.165% -0.0055 0.0000

25 ; i ! : ! (! i i

l*znig. 10. Example worksheet afitér running Excel Solver (step2).
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A e Jph & [ F DR 4] J |KIJL] M
ref. ! UZREEMC
| PEppABU | raw 2°PhAEU | 2%ph2EY age

1| name age (Ma) | age (Ma} + 1(a) %8 {Maj + 1{o)’ %5 |
2 BS1-28 509 515 17 1.15 495 18 291
3 BS1-29 509 536 13 526 515 13 1.20
4 BS1-2.10 509 555 17 8.54 535 18 499
5 |BS1-3.1 509 529 15 388 508 19 0.18
6 BS1-32 509 538 15 556 517 16 1.60
7 |BS133 509 535 12 498 512 13 0.64
8 |BS1-3.4 509 512 13 0.55 493 13 -3.41
9 BS135 509 533 13 466 513 13 086
10 |BS1-4.1 509 549 13 7.56 523 13 269
11 BS1-4.2 509 526 16 3.2 503 18 -1.33
12 BS1-4.3 509 530 15 408 50 16 0.38
13 BS1-4.4 509 533 14 477 509 14 0.07
14 |BS1-5.1 509 523 12 269 493 13 205
15 BS1-5.2 509 522 13 2% 497 15 2.41
16 | ZB4135.1 994 1198 28 18.35 995 k3 0.13
17 (7641352 934 1199 24 18.42 1006 32 1.26
18 7641353 994 1223 M | BN 989 < 050
19 7841354 994 1193 24 18.01 995 33 0.15
20 7841361 994 1211 2 19% 1016 32 234
21 | 7541362 994 1206 24 18.98 1010 32 173
| 22 7541363 994 1175 24 1665 9% . 026
23 Z6413-6.4 934 1172 23 16.36 986 31 084
24 7641365 994 1215 24 1960 974 36 227
| 25 Z6413-6.6 994 1235 24 21.03 980 a7 -1.51
26 Z6413-7.1 934 1209 24 19.21 1002 3 0.89
27 |Z6413-7.2 994 1187 23 17.51 983 2 067
2 - :

F;é 11. Summary table for least squares “*°Pb/**U U*Ematrix correction technique

described above. %8' is the percent deviation of the raw “"*Pb/**U age to its reference age.
%" is the percent deviation of the " *matrix corrected ***Pb/**U age to its reference age.

Errors

The errors associated with the matrix correction are four-fold. These are (1) the
uncertainty associated with the calculation of the U and LREE correction coefficients
(x and y) (2) AU and AXREE error (3) the U and XREE correction error and (4) the
total U-related and XREE-related error.

(1). Estimating the uncertainties of the least square correction coefficients (x and y)

An estimate of the uncertainty of the correction coefficients or parameters x and y,
can be obtained using the jackknife method as described by Caceci (1989). The
jackknife method calculates the effect that each analysis has on the uncertainty. For
example, if there are n analyses in a sample, then n estimates are calculated from the
sample by deleting each analysis in turn from the total sample. Finally, the uncertainty
is simply the standard deviation of the mean (SDOM) or standard error of the
correction coefficients x and y. Figure 12 demonstrates how to estimate the
uncertainty of the correction coefficients x and y shown in Fig. 10, using the jackknife
method.
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Pl a IRl s b i e w ol x Iy I W a8 M AaD | AE |
iU o, IREE com.
i COrr. analysis i coefficient coefficiem
1| wesidual | ‘res.square  [Coefiicient solution name deleted t T oyl
2] 0.0278 000078 |x 0125141 B51-28 2 0.124057 0.011266
3 0.0i15 0.00013 |y 0.010816 BS1-29 3 0.125572 0.010633
4 0.0480 0.00231 ! B51-2.10 4 0.126963 0.010067
5 0.0015 0.00000 B51-3.1 5 0.125084 0.010840
B | 0.0154 0.00024 i | BS51-3.2 ] 0125710 0.010575
7| 0.0061 000004 [target cell 0.0077] _B51313 T 0.125368 0.010717
B | -0.0328 0.00107 { BS1-3.4 L] 0.124060 0.011281
b=l 0.0083 0.00007 B51-35 9 0.126409 0.010700
0 0.0255 0.00065 BSi-4.1 10 0.126235 0.010339
11 0.0127 0.00016 BS1-4.2 11 0.124671 0.011023
12 -0.0036 0.00001 BS1-4.3 12 0.125022 0.010870
13 0.0007 0.00000 BS1-4.4 13 0.125170 0.010803
14 | 0.0195 £.00038 BS15.1 4 0.124402 D.011142
A5 0.0229 000052 BS1-52 15 0.124143 0.011244
16} 0.0011 0.00000 541351 16 0.125066 0.010815
A7) 0.0104 0.00011 541352 7 0.124479 0.010802
18] -0.0040 0.00002 B41353 18 0.125485 0.010812
19 0.0012 0.00000 ZB4135.4 19 D.125057 0.010815
20 0.0183 0.00037 - 641361 20 0.123924 0.010785
21 0.0143 000020 41362 21 D.124243 0.010720
2| 0.0022 0.00000 541363 b 0.125020 0.010811
23 0.0069 0.00005 541364 23 0.125563 0.010828
24 | -0.0178 0.00032 2541365 24 0126711 0.010815
-3 00117 0.00014 5413686 25 0126268 0:010804
5 0.0073 0.00005 IB413-7 .1 26 0.124637 0.010807
27 0.0055 0.00003 41372 7 0.125503 0.010825
o) it | 15 |
A | | ‘standard i !
0 | deviation 00008111 | 0.0002577
A ! [ ]
32 SDOM = Standard deviation of mean SDOM 0.0002 0.0001
33 ! i !
34| % error 013 0.47
_35" { | |
6| U correction coefficient (x) = 0.1256141 ¢ 0.13%
37 IREE correction coefficlent {y) = 0.010816 £ 0.47%
38 | P
»

Fig.' 12. Estimating uncertainties in the correction coefficients x and y using the jackknife
method.

Set the sum of squared residuals cell e.g. ‘target cell’ to equal V7=S2+S83+84... +827.
Delete the first analysis (§2) and use Solver to find the correction coefficients x and y
for the remaining analyses. Copy and paste the values for x and y into cells AB2 and
AD2 respectively. Restore the first analysis (S2) and remove the next analysis (S3)
and again use Solver to find the correction coefficients. Continue to delete one
analysis in turn and calculate the correction coefticients for the remaining data. Once
this step is completed, calculate the SDOM for columns AB and AD. The final
uncertainty is simply calculated as the percent SDOM and is shown in the box in the
lower right hand comer of Fig. 12. The relatively small uncertainties calculated for
the U and XREE correction coefficients show that the SHRIMP U-Pb xenotime and
electron microprobe data for the secondary standards BS1 and 26413 are well fitted to
the simultaneous equations used to model the SHRIMP **°Pb/**U ME.

The remaining crror calculations are explained using the data shown in Fig 13. This
Figure shows the correction coefficients for U and ZREE (x and y) and their
uncertainties that were calculated using Solver in the previous sections (i.e. Cells C2,
C3 and D2, D3; Fig. 13).
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[ ol i P e ] S [, I e SO [ (W )| A [ o I L SO
cort.,
.4 Coeflicient sohution % errol
12 | X 0425141 0.13
13 ¥ 0.010816 0.47
4| !
5]
+ % err IREE % eln
6 | M1 Wwrs  (SDOM)  wik (SDOM)
il 0.0991 6.05 13.43 225
B [
KR | | = ‘
e raw PhU | 2 % raw |¢ % U enr + % LREE +% AU | AIREE =% AIREE
10| 26413 Ma) | PbU Uwt, | ({lo) IREEwts ewn(ig) | AU wt' e 1{o) wits ert {1o)
REN Z5413-5.1 1198 259 1.3156 6.65 16.2197 3585 1.21§_§ LA 2.7897 58
12 ] | H
13 [fuce |fEREEce
14 0.1522 0.0302
115 ;
116 | | .
% U eom. % IREE
117 | elror cell. erfor
118 1270 582
119 ]
120
% Tot.
% Tot. U-  IREE-
related relatedl
corr. Erni.  [con. Emn.
rill {to} {1a)
|1 22 | 193 0.18
p] |
125 | IFiua! Y IREEM aniix corrected error = ~{{2.59)4 2+{1.93)A2+0.18)42 )= | 3.24
_g; 206 238 !
Fig. 13. “"Pb/~"U matrix correction error calculation spreadsheet.

(2). AU and AXREE error

This error is simply the analytical uncertainty associated with the calculation of AU
and AZREE from electron probe (WDS) analyses. The 1(c) % errors of the primary
calibration standard are simply added to the individual 1(c) % errors of the secondary
calibration standard and unknowns. Using U as an example:

% AU err. = (%U err.)pcst( %U err.)ssT and/or UNK
ie. J11=(F11 +D7)

Where: PCS = primary calibration standard; SST = secondary standard and; UNK =
unknown.

(3). U and ZREE correction error

This error describes the error associated with the U and XREE matrix correction. The
error associated with the calculation of the correction coefficients is simply added in
quadrature to the AU and AXREE errors. Using U as an example:

%U corr. error = \[(% x err.)” + (% AU err.)z]
i.e. BI18 = SQRT((D2)"2 + (J11)"2)
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(4). Total U- and YXREE-related error
This is the total error associated with the U and ZREE *"Pb/**U matrix correction for
each secondary standard and unknown analysis. It is calculated by multiplying fUcr
and fEREEcr (equation 2) by the %U corr. error and %XREE corr. error,
respectively. Again using U as an example:

% Tot. U related corr. err. = fUcr * %U corr. error
ie. B22=B14 * B18

Note that the total U- and XREE-related error is only applied to the proportion of the
26pb/~*U ratio that has resulted from a U and IREE contrast with the primary
calibration standard.

Finally all errors associated with the **°Pb/”*U age determination are added in
quadrature. These are the analytical uncertainty associated with the raw ***Pb/**U
age determination, the total U-related error and the total XREE-related error.
Therefore, the final V> *** matrix corrected error is:

=V(+ % raw Pb/U)* + (% tot. U-related corr. err.)* + (% tot. EREE-related corr. err.)®
i.e. H25= SQRT((D11)"2+B22)"2+(C22)"2)
References

Caceci, M.S. 1989. Estimating error limits in parametric curve fitting. dnalytical
Chemistry, 61, 2324-2327.
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APPENDIX 4.1- Electron microprobe settings used for monazite
analysis

Detection Limits and relative errors are 10.
HV: 15kV
Current: 100nA
Beam focus: focussed 10um
Cameca SX100:Research School of Earth Sciences, ANU

Element |Line |Standard |Crystal |Position |Bg1 [Bg2 [Time (s)Det. Lim. (ppm} |% relative error (o)
Y Lo YP.O, |TAP 25122] 778] 2000 120 143' 3
Si Ka |K412 Glas|TAP 27743] -640] 380 40 82 27
P Ko |CaP.0; |TAP 23994] 1900 3140 10 2100 3]
Ca Ko |K412 Glas PET 38389, -500/ 500 30| 115 4
La La  |LaPsO,4 |PET 30475 -750] 550 10 832 3
Ce La | CeP,0, |PET 29286 -445] 500 10 190 2
Pr LB |PrPsO,, [PET 25841 -280[ 1940 30 1480 6
Nd LB |NdP.O,, |[PET 24811 -1020] 770 10 2383 39
Sm_ LB [SmP,0,, PET 22884 910 1 40 1887 12
Eu LB 'EuP,0;5 LLIF 47690( -1350] 560 20 758 29
Gd LB |GdP,0,, |LLIF 45850| -370| 2000 40 1034 9
Dy Lo |DyP:0,, |LLIF 47410 380| 844 30 632 19
U MB |UO, LPET 42462 -2400] -925 120 227 12
Th [Ma [ThO, LPET 47292 690 1460 20 403 6
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APPENDIX 4.2- Monazite standard 44069 (Aleinikoff et al. 2006) U
concentration calculation

Monazite standard 44069 (Aleinikoff et al. 2006) U concentration
calculation

44069 monazite WDS analyses

oxide wi% |44069-1.1 44069-1.2 |44069-1.3 44069-2.1 |44069-2.2 44069-2.3 |44069-3.1 |44069-3.2
Si02 0.12 013 0.12 0.14 017 0.18 0.14 0.13
Ca0 0.75 0.72 0.65 0.86 0.94 1.02 1.02 0.89
P205 29.81 30.06 29.80 29.80 29.63 29.65 29.31 29.53
Y203 2.35 2.36 224] 255 278 3.05 274 2.88
La203 12.66 12.55 12.92 12.56 11.99 11.54 1211 1167
Ce203 27.40 27.28 27.65 26.44 2591 24.79 2575 25.58
Pr203 3.91 3.89 3.85 378 3.61 3.63 3.59 374
Nd203 13.14 13.05 13.34 12.75 13.03 1311 12.67 13.24
Sm203 212 2.27 225 2.25 224 2.38 211 2.35
Eu203 0.12 0.04 0.08 0.19 0.19 0.15 0.15 0.21
Gd203 179 1.81 178 1.86 1.99 222 2.01 2.07
Dy203 0.72 0.74 0.72 0.79 0.87 0.96 0.89 0.96
ThO2 2.65 252 234 2.88 3.41 3.51 317 2.89
U203 0.26 0.29 0.26 0.42 0.56 0.67 0.58 0.42
Total | 98.19 98.13 98.35 97 58 97.72 97.42 96.70 57.01

44068 monazite WDS analyses {continued)

oxide wi%e |44069-4.1_44069-4.2 |44069-5.1 |44069.5.2 |44060-6.1 |44069-6.2 |44069-7.1 |44069-7.2
8i02 0.14, 0.12 0.17 0.08 0.12 0.11 0.21 0.10
Ca0 0.95 0.68 0.73 0.78 1.1 0.78 137 0.70
P205 2950]  29.65|  29.28]  29.90] _ 29.90] _ 29.81 29.55 29.84
Y203 281 2.40 227 3.09 345 2.85 262 264
L2203 12.04 12.40 12.04 11.61 11.73 12.13 11.39 12.06
Ce203 2577|2665 26.96] 2531 2516 26.40 2455  26.22
Pr203 366 3.77 391 378 3.58 3.79 354 a7l
Nd203 12.88 13.36 1331 13.04 12.71 12.91 12.19 13.48
Sm203 222 2.21 2.26 2.29 2.36 2.34 2.14 2.26
Eu203 021! 0.21 0.17 -0.03 0.12 0.16 0.13 0.20
Gd203 2.04 1.83 1.85 223 2.21 2.02 177 1.99
Dy203 0.81' 0.70 0.67 1.05 1.05 0.90 0.79 0.75
ThO2 3.16 2.60 2.79 3.36 3.01 2.24 6.49 277
U203 0.41 0.23 0.28 0.44 0.58 0.41 059 0.39
Total 97.05 57.28] __ 97.07 __ _97.38 97.60] 9727|9779 97.43
Average U,03 = 0.4246 wt%

SDOM = 0.0347 wt%

Convert oxide to element (ppm) = 3857+ 630 ppm (26)
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APPENDIX 5.1-AGES abstract

Cross, A.l., Fletcher, LR., Crispe, A.J., Huston, D.L. & Williams, N., 2005. New
constraints on the timing of deposition and mineralisation in the Tanami Group.
Annual Geoscience Exploration Seminar (AGES) Record of Abstracts, Northern
Territory Geological Survey Record 2005-001.
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New constraints on the timing of deposition and mineralisation in the Tanami
Group

2Cross, A.J., *Fletcher, LR., “Crispe, A.J., *Huston, D.L. and *Williams, N.

'Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200
*Geoscience Australia, PO Box 378, Canberra
*Centre for Global Metallogeny, School of Earth and Geographical Sciences, University of Western
Australia, Nedlands, WA 6907, Australia
*Northern Territory Geological Survey, PO Box 2655, Alice Springs

Recent years have seen a sustained commitment by the Northern Territory Geological
Survey and Geoscience Australia to isotopically dating the event history of the
Tanami region. These studies have primarily used SHRIMP U-Pb zircon and to a
lesser extent “"Ar/*Ar techniques (see Cross et al., 2003, Smith et al., 2001 and
Fraser, 2002). Here we report our ongoing results and the tectonic significance of
recent SHRIMP U-Pb zircon studies of two sediments and a tuffaceous unit within
the Dead Bullock Formation. We also report the results of recent SHRIMP U-Pb in
situ dating of ore-related hydrothermal xenotime from the Callie deposit that
challenges the ca. 1720 Ma age of mineralisation suggested by Fraser (2002).

New stratigraphic constraints and tectonic interpretations

The basal Tanami Group consists of two units, the Dead Bullock Formation and
conformably overlying turbidites of the Killi Killi Formation. The Dead Bullock
Formation is host to the giant Callie lode Au deposit. This unit is a thick package of
siltstone, carbonaceous siltstone, iron Formation and minor sandstone that is divided
into the Ferdies Member (older) and Callic Member (younger).

The Killi Killi Formation is a part of a widespread northern Australian turbidite
package. Four samples from this unit have remarkably similar detrital zircon age
patterns. Each is dominated by a ca. 1865 Ma age mode and has a subordinate late
Archaean mode at 2.5 Ga (see Cross et al. 2003). The 1865 Ma age mode coincides
with peak magmatism associated with the Hooper Orogeny. The youngest zircons in
the Killi Killi Formation consistently indicate a maximum depositional age of 1.84
Ga.

Recent SHRIMP U-Pb detrital zircon studies from two Ferdies Member samples from
the Dead Bullock Formation show them to be markedly different to those from the
overlying Killi Killi Formation. One sample is dominated by zircon 2.56-2.44 Ga old,
and the other contains Archaean components with ages of 3.22, 2.77, and 2.45 Ga.
These detrital zircon age components suggest a derivation from either the Pilbara
Craton in Western Australia and/or the Rum Jungle region in northern Australia. The
youngest zircons from the Ferdies Member imply that this unit was deposited after
2.44 Ga and possibly after 2.11 Ga. However, these detrital zircon ages may be poor
estimates of the depositional age. A depositional age of 1.88 to 1.91 Ga is suggested
by a possible correlation with the Saunders Creek Formation in the nearby Halls
Creek Province.

The oldest well-constrained age for the Tanami Group comes from a tuff intercalated

with the Callie Member. This tuff gives an age of 1838 = 6 (95% conf.) Ma, which
constrains the age of the Callie Member and provides a minimum age for the
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underlying Ferdies Member. This age is similar to the Inspiration Peak Monzogranite
(1844 + 4 Ma) in the Tanami Region and bimodal volcanics of the Koongie Park
Formation (1843 £+ 2 Ma, Page et al., 1994) in the central zone of the Halls Creek
Orogen.

Given the similarities to the Halls Creek Orogen, it is possible that the
Palaeoproterozoic Tanami basin developed in response to uplift associated with the
beginning of the ca. 1.88 Ga Hooper-Nimbuwah Orogeny. Initial uplift and erosion of
Archaean basement rocks produced sediments now represented by the Ferdies
Member of the Dead Bullock Formation. However, it was up to 40 m.y. later before
the plutonic products of that magmatism were exposed, eroded and transported to
form the Killi Killi Formation. A similar significant age contrast in detrital zircon
between basal and overlying sediments shed from an orogen has been observed by
Mclennan et. al. (2001) in the lower Palaeozoic rocks in the New England region of
North America. These researchers also reported that the oldest sedimentary sequences
do not record contemporaneous orogenic activity, but rather reflected older recycled
continental margin rocks. Detrital zircon studies thus suggest that the first sediments
shed from an emerging orogen might not record contemporaneous magmatism, but
rather represent the eroded products of uplifted basement rocks.

In situ SHRIMP U-Pb dating of ore-related hydrothermal xenotime from the
Callie deposit

SHRIMP U-Pb dating of ore-related hydrothermal xenotime (YPO4) has in recent
years gained credibility as a robust technique that can be used to constrain
evolutionary and exploration models (Sener et al., 2003, Vielreicher et al., 2003 and
references therein). The success of this technique is underpinned by the high spatial
resolution and precision achievable by SHRIMP and the unique properties of
xenotime which make it a good geochronometer. Advantages in using xenotime as a
geochronometer include low initial Pb contents and the ability to self anneal radiation
damage (Harrison et al., 2002, Fletcher et al., 2000) .and a closure temperature >
750°C (Dahl, 1997). Hydothermal xenotime commonly occurs as small (<100 pm and
commonly <10 pum) crystals (Vielreicher et al., 2003). The high spatial resolution of
SHRIMP can target these tiny grains in polished thin sections and thus maintain the
textural integrity of the analysed material.

Gold at the Callie deposit occurs within quartz veins that form sheeted sets within a
Ds structural zone, where it cuts the Dy Dead Bullock Soak anticlinorium. In addition
to gold, these veins also contain pyrite, pyrrhotite, and arsenopyrite as well as biotite,
chlorite and minor carbonate gangue.

A thin section of a gold-xenotime bearing quartz vein sampled from Callie Mine drill
core was cut and mounted in the surface of an epoxy disc. Following reflected- and
transmitted light photography and cathodoluminescence imaging, xenotime grains
were analysed for U-Pb isotopes using SHRIMP B which is housed at the Curtin
University of Technology in Western Australia. The data were processed following
the methods of Fletcher et al. (2000). Pb/U ratios were normalised to the MG1
xenotime standard, which has a 2*Pb/2*U ratio of 0.07897, equivalent to an age of
490 Ma and **’Pb/***Pb ratios were monitored using the Xenol standard which has a
207py,206py, age of 997 Ma (Fletcher et al., 2004).
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Hydrothermal xenotime occurs in the quartz veins as small (~5 to 20 pm) equant,
euhedral to anhedral pale yellow-green coloured crystals. No xenotime was observed
outside of the quartz vein. A SHRIMP spot of ~8 pm was used to wholly sample the
xenotime grains, without overlapping onto adjacent minerals.

Seventeen SHRIMP analyses were carried out on xenotimes from within the quartz
vein, Eight analyses have high common Pb contents and/or are greater than 10%
discordant. These xenotimes have ambiguous compositions and the data are excluded
from the pooled age calculation. The remaining concordant and near-concordant
analyses combine to give a weighted mean **’Pb/”*Pb age 1803 + 19 Ma (95%
confidence, MSWD = 0.57). This age is considered to closely represent the age of the
host Au-bearing quartz vein and, by inference, the age of mineralisation at Callie.

This age is in contrast to the ca. 1720 Ma age of mineralisation interpreted from
PAr/* Ar studies of hydrothermal biotite from Callie and reported by Fraser (2002).
Because of the inferred robustness of the U-Pb system in xenotime, we prefer an age
of ca. 1800 Ma for gold mineralisation, although the results of Fraser (2002) are at
present unexplained. Our ca. 1800 Ma age is toward the younger end of the age range
(1825-1790 Ma) recorded for Tanami granites. This is consistent with a genetic link
between gold and granites as has been suggested elsewhere in the Tanami region by
Tunks and Marsh (1998) and G. Morrison (in Smith et al., 1998).
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APPENDIX 5.2-Table 1 of Sener et al. (2005)
Table 1 of:
Sener, A.K., Young, C., Groves, D.I., Krapez, B. & Fletcher, LR. 2005. Major
orogenic gold episode associated with Cordilleran-style tectonics related to the

assembly of Paleoproterozoic Australia?: Geology, 33, 225-228.

SHRIMP U-Pb analytical data for hydrothermal monazite from the Gooedall gold deposit

2075y, 206 38, 207Pb 235 208Pb 232 2075y 206

Spot U  Th ThU 4206 Pb/”*Pb ROGFL Ry U #2Th  Conc. *"Pb/""Pb age
name {ppm) (ppm) (%) (*lo %) (=lo %) (+1o %) (=lo %) (%) (Ma+la)
Main group, excluding >1775 Ma (Shoebridge event} ages
D.4-2 127 261 €79 0732 0105 00023 02947 00084 43020 01620  0.0870  0.0023 9 1730 40
D.1-3 131 748 576 0785 01074 00022 02954 00076 43750 01510 00827  0.0024 95 1757 a7
D22 155 885 §72 0511 01032 0.002 0.2a852 0.009 40570 01500 00828  0.0021 9% 1682 8
H53 730 233 032 0438 01084 00018 02878 00081 42240 01480  DOSD0  0.0049 o4 1739 32
113 405 511 126 0545 01074 00011 02922 0.BO75S 43280 01240  0.0814  0.0027 94 1755 18
114 337 682 202 0275 01059 00014 03282 00095 47900 01580 00874 00033 106 1730 23
145 309 574 1.86 01 01054 00007 03086 00082 44850 04250 00911 00030 101 1722 1t
J1-4 222 296 178 0528 04038 00015  0.2663 00079 38110 01330 00856  0.0032 00 1693 27
416 228 233 103 0486 01074 00013 03073 00085 45480  0.1430 00913 0.00% 08 1755 22
417 507 115 023 0231 01045 00007 02846 00072 41000 04110 00871  0.0045 95 1708 13
J23 215 2343 1082 0214 01071 00012 0.3238 00088 47760 01440  0.0901  0.0025 103 1750 20
J24 230 1277 5.55 08 04038 00018 02851 00071 37860 04240 00788 0.0025 %0 1680 29
J2-s 182 1770 9.71 0514 04073 00017 02973 00082 43960 01480 00874  0.0025 9% 1753 30
K.1-3 141 115 0.82 0878 0108 00021 02814 00082 41300  0.1550 00888  0.0047 @l 1766 38
Main group >1775 Ma (Shoebridge event) ages
D11 131 757 579 0362 01117 00023 03041 ¢.009 46850 01790 00839 00041 9 1626 a7
D.1-4 125 723 576 0375 0108 00022 02967 00082 44590 01810 00859  0.0035 94 1783 38
D15 110 744 677 0263 01105 00023 03204 00104 48820  0.4880 00825 00031 99 1808 38
D21 136 893 509 0427 01087  0.0014 02888 00078 43300 04240  0.085¢  0.0022 92 1778 24
F31 139 4142 2990 0981 01128 00025 0.2983 00088 46300 01780  0.0245  0.0008 91 1842 40
1.1-1 347 819 179 0223 01084 00013 0.3308 00092 49860 01580  0.0932  0.0030 103 1788 21
112 332 457 150 0102 04089 00007 0.202 0.0075 43840 01210  0.0875  0.0028 93 1784 12
418 22 209 D95 0496 01089  DO01B 02943 00085 44260 01510 00950  [0.0043 LY 1780 27
J241 237 1398 590 0182 01093 00012  0.2913 00077 43880 01310 DOB4Y  0.0024 92 1787 19
422 243 930 382 0.8 0411 00016 0295 0.0081 45160 01480 00856  0.0026 92 1816 28
>10 % discomant or > 1% .
G4-1 277 3310 1185 1203 01028 00023 02591 00074 36720 01420 00835 00021 29 1675 42
G4z 162 1820 1125 1682 01088 00035 02757 00074 41340  0.4640 00887  0.0027 88 1779 69
HA- 135 497 368 2211 04059  0.003 02635 00078 38470 04660  0.0977  0.0033 87 1730 51
Hi-2 134 664 512 2380 07076 00041 02707 00078 40180 02030 00894 00028 88 1760 70
Hia 2569 2777 108 8895 00952 00052 017 00047 22310 01430 01108 00048 86 1532 102
H14 204 1341 656 5399 01032 00078 04431 00057 20370 01840 D098 0.00M 51 1683 141
HA5 131 598 458 3124 01025 00044 02277 00068 32180 01780  0.0966  0.0045 78 1670 80
H.2-1 113 518 459 2476 01071 00047 02782 00087 41090 02330 00936 00062 %0 1751 80
H2-2 99 470 475 1722 01189 00086 02485 00089 40080 02820 01029  0.0066 75 1909 101
H.2-3 113 399 3.52 2676 01044 00046 02335 00089  3.3620 04890  0.0959  0.0041 79 1704 82
H2-4 131 2383 293 2227 01004 00039 0.2468 00073 34180 01750 00867  0.0034 87 1631 7
H25 174 547 3.15 461 00827 0005 02175 00073 27810  D.2020 00950  0.0047 8 1482 114
H28 228 461 202 3419 01041 00065 01407 00052 20190 01540 00983  0.0047 50 1698 15
H5-1 180 310 172 0226 04112 00039 01628 00088 24820  D41440 00529  0.0025 53 1818 84
H52 205 860 332 3427 00949 00038 01948 00052 25510 01300 00851 00024 75 1526 8
41 167 222 133 0492 01091 00016 0273 00074 41170 01240 0.0884  0.0036 87 1785 27
J1-2 166 187 094 222 00099 0003 02476 00074 34000  0.1520 00902  0.0044 88 1622 55
413 269 233 087 0411 01048 00014  0.2658 00082 38400 01350 00878  0.0035 89 1712 25
K1-1 185 102 062 2021 01053 00028 02493 0.007 36200 041500 00859 00052 83 1719 50
Ki-2 137 157 114 1458 01073 00025 02727 00075 40350 04550 00913 0.0082 88 1754 43
M- 49 3366 5902 3244 01042 00055  0.3303 00107 47440 03080  0.0876 00024 108 1700 o7
Cutlier in " PbA®Ph
H.54 254 286 143 0218 00S84  000IS 02808  000B8  360BO 01480 00773 0.0054 100 1593 37

4f206 (%) is the percentage amount of common “*°Pb that was determined using the
the 2**Pb correction method.

298





