
 

 THESES SIS/LIBRARY        TELEPHONE: +61 2 6125 4631 
R.G. MENZIES LIBRARY BUILDING NO:2      FACSIMILE:  +61 2 6125 4063 
THE AUSTRALIAN NATIONAL UNIVERSITY      EMAIL: library.theses@anu.edu.au 
CANBERRA ACT 0200 AUSTRALIA 
 
 
 
 
 
 
 
 
 
 

USE OF THESES 
 
 

This copy is supplied for purposes 
of private study and research only. 

Passages from the thesis may not be  
copied or closely paraphrased without the  

written consent of the author. 



SHRIMP U-Pb xenotime geochronology 
and its application to dating mineralisation, 

sediment deposition and metamorphism 

Andrew Joseph Cross 

A thesis submitted for the degree of Doctor of Philosophy of the 
Australian National University 

June,2009 



I hereby certify that this thesis is my own work except where 
acknowledged otherwise. 

Andrew Cross 



ACKNOWLEDGEMENTS 

I would principally like to thank my supervisor, Ian Williams, whose support, interest, 
and guidance throughout this project, particularly on the many aspects of SHRIMP 
geochronology, I could not have done without. A very special thanks to David Huston 
whose constant encouragement and input is much appreciated. The support I got from 
the ANU SHRIMP group cannot be understated. These individuals are Trevor Ireland, 
Peter Holden, Bill Compston, Daniela Rubatto, Richard Armstrong, Ben Jenkins, and 
Peter Lane, all of whom were always happy to answer questions and help wherever 
necessary. 

A big thankyou to Ian Fletcher (Curtin University of Technology) who was always 
willing to share his knowledge of SHRIMP U-Pb xenotime dating with me. Ian 
introduced me to SHRIMP xenotime analysis and the associated complex data 
reduction and error propagation. Thanks also to John Aleinikoff (USGS) who was a 
big supporter of this project and always showed a great deal of interest in my 
progress. 

I am also very grateful to Ashley Norris and Chris Mcfarlane for their help and 
tutelage throughout my many sessions on the electron microprobe. A special thanks 
also to Cheng Huang and Frank Brink at the ANU electron microscopy centre, where 
I spent so much time poring through thin sections hunting for xenotime. Also thanks 
to my friend and office-mate, Ryan Ickert, whose good nature, great sense of humour 
and practical view of the world always kept me in good spirits. 

I am especially thankful to my wife Angela and children, James, Thomas, and Claudia 
for their love and support throughout this project. Their endurance over this time and 
acceptance of the many lost weekends and holidays is something I shall never forget. I 
am grateful to my mother-in-law, Patricia, for her role in helping the family cope with 
my many absences. 

A heart felt thanks also to my parents Frank and Lyla Cross and my uncle Lex Pekin 
(my self appointed 'tribal elder') whose encouragement throughout this project was 
un-wavering. 





ABSTRACT 

Diagenetic and hydrothermal xenotime typically occurs in rocks as tiny crystals ($20 

µm), 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 (IREE: -12 to 22 wt"/o) 

abundances in xenotime. Consequently, the 206PbP38U calibration procedure for 

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

Contrasts in U, and to a lesser extent IREE, contents between the primary calibration 

standard and unknown xenotime can result in SHRIMP 206Pb/218U-208Pb/232Th ME of 

up to -20%. The matrix correction technique developed requires the concurrent 

analysis of three xenotime standards with a range of U and IREE concentrations on a 

session-by-session basis. The 206rb/238U-208Pb!232Th ME is monitored by the analysis 

of two secondary standards, a high IREE xenotime (BS l) 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 

· f · l l' · th l th fr · al 206pbf21s0 2osPb/232Th senes o SIIDU taneous mear equations at re ate e action -

ME of the secondary standards to their U and IREE concentration contrasts with the 

primary calibration standard (MG!). On average, every 1 wt% contrast in U between 

the primary calibration standard and the unknown results in a -11.9% difference in 

the 206pbP38U and 208Pb/232Th ratios, wherea~ a I wt"/o contrast in REE results in a 

difference in the 206PbP38U and 208Pb/232ni 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 204Pb 

peak when xenotime is analysed on SHRIMP II. Matrix uncorrected 206Pb/238U ratios 

were determined from the raw 206Pbi27°(U02 l ratios as suggested for zircon analyses 

by Stem & Amelin (2003). Additionally, matrix uncorrected 208Pb/232Th ratios were 

determined from the raw 208Pbl248(fh0l ratios, however, this calibration appears to 

only be effective for xenotime with >~I 000 ppm Th. 
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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 206pb/238U-208Pb/232Tu ME to contrasts in U, Th and 

l:REE, 1his study indicates 1hat the effect of Th on 1he 206Pb/238U-208Pbt232Tu 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 1he principal cause 

of 1he 206Pb/238U-208Pb!232Th ME. Using the new matrix correction procedures 

developed here, it is possible to measure 206Pb/238U and 28PbP32Tu 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 206Pb/238U 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 oilier rocks from this region to 

establish its regional extent. The identical SHRIMP 206pb/238U 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 40 Ar/39 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 \¥ith the 

-1.81 to -1.79 Ga Stafford event which was a period of widespread magmatism 

across much of the North Australia Craton in which Scrimgeour (2006) suggested was 
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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 

skam 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 wifu skarn

related hornblende which has an 40Arf0Ar age between -1.72 and -1.73 Ga (G. 

Fraser, unpublished data; Geoscience Australia). Importantly for this study is that one 

offue xenotime grains has a concordant SHRIMP U-Pb 207PbP06Pb 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 
206Pb/238U matrix correction techniques developed during this PhD. Younger 

xenotime components from the Molyhil sample investigated have SHRIMP 206Pb/238U 

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 analj1ical 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-Pb xenotime analysis could potentially solve some outstanding geological 

questions. These were, the timing of mineralisation at the Callie Au deposit and also 

the timing of deposition for two key sedimentary units. I also recognised that the 

significant SHRIMP 206pb/238U matrix effects that stifle xenotime 206Pbl238U 

determinations had, at that stage, only been addressed in one paper, that of Fletcher et 

al. (2000). Subsequently, soon after starting my PhD project, researchers at the 

University of Western Australia improved on their earlier work and published a 

second paper dealing with SHRIMP 206Pb/2.38U xenotime matrix corrections (Fletcher 

et al. 2004). However, v.ith the aim of developing my expertise in all aspects of 

SHRIMP U-Pb xenotime analysis I decided to pursue my interest in xenotime 
206Pb/238U 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 

conswning but ultimately most rewarding aspect oftltis project (see Chapter 3). 

For my planned SHRIMP U-Pb xenotime dating experiments in the Tanarni 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 diagenetic xenotime was located in 

either of the two sedimentary units I 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 l). 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 SHRUv1P 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 
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from diamond drill core. Despite extensive XRF sereening for Y, P, U and 1b, and 

also manual, detailed baekseattered electron SEM investigation of these samples, the 

presence of xenotime was neither indicated nor seen. It is for this reason tbat these 

proposed projects were abandoned. 

Therefore, two alternative projects were chosen. These are SHRIMP U-Pb xenotime 

case studies of xenotime and mona:zlte 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 results of SHRIMP U-Pb monazite analyses were used as a check against 

the SHRIMP U-Pb xenotime results and therefore the 20"Fb/238U 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 volcanic unit from the 

Tanami region, which was subsequently used by me to help interpret the 

Palaeoproterozoic evolution of the Tanami 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 PhD project. 
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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 206Pbf23RU 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. 
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l. SHRIMP U-PB ANALYSES OF DETRITAL ZIRCON: A 
WINDOW TO UNDERSTANDING THE PALEOPROTEROZOIC 
DEVELOPMENT OF THE TANAMI REGION, NORTHERN 
AUSTRALIA. 

Reprint of: 

Cross, A.J. & Crispe, A.J., 2007. SHRIMP U-Pb analyses of detrital zircon: a 
window to understanding the Paleoproterozoic development of the Tanami Region, 
northern Australia Mineralium Deposita, 42, 27-50. 
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l.utroduction 

Tue Tanruni Region in N-W central Australia. is one of the 
richest gold-bearing Proterozoic regions in Australia. Gold 
production from the najot mines (e.g. Callie, Tl!rulml, The 
Granites) ovc:r the last 20 years has exceeded 4,8 Moz, wi!h 
prove.n reserves of over 7. 7 Moz (Wygralak et al. 2005). 
1be province is a part of the ~orth i\ustralia Craton {NAC; 
Fig, 1 J and has similarities with other north Austrnlian 
Paleoproterozoic terranes such as the flalls Creek Orogen> 
the Pine Creek Orogen and the northern Arunta WJier. 
Hoi,vever, Oecaose much of the Tanami Region is covered 

by regolith, its geology remains poorly understood" 
The stratigraphy of Paleoprotewzoic sequences of the. 

Tanami Region has been established principally on the 
basis of drill e-0re logging nnd mine exposures. The studied 
areas are widely scattered; however. and the paucity of 
intervening surface outcrop has made correlations tenuous. 
The only direct infurrnation a."Jout deposition ages has been 
pro'Vided by geochronology of felsic volcanic units that 
have yielded zircon U-Pb ages of approximately l .82 Ga 
(Smith 2001). 

Poor knowledge of the stratigraphy and basin architec
ture has been a major hindratlce to effective e,-xpioitation 
of the Tanarui Region's mineral potential. Therefore, in 
1998, a geochronological study of the region was included 
in the joint Northern Territory Geologica: Survey-Austra
lian Ge-ological Survey ()rganisation (notv Geoscience 
i4..u..1:1ttalia) age detennination program. The aims of 1he 
study tve:re to doclJIJlent the histoty of sedimentation and 

igneous activity in the Tanam:i Region, providing ft time 
framework fur basin developmt.'Ilt and irop:roved basin-wide
correlations. 

In this papcr, we report lhe results of a SHRIMP ti-Pb 
isotopic study of detrital zircon frotn 12 sedin1entary rock,;; 

rep:.:esenting each of the major stratigraphic units from the 
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Tanarni Region. These age determinati<:ns provide di:ect 
inf-0tmation both o:::i the provenances of the sediments a.11d 
their ruaxitnuru depcsitio:::l age!!. An addf"Jonal canst:rafttt on 
the deposition age of the Dead ~.tllock Fot:!llation was 
obtained by dating igneous zircon fro:u an inte:calated 
felslc tuif. This .Wdy lIBs <$tablished that depositio:i 
occu.."Ted a: least between the period L84 to 1:77 Ga1 and 
that the sedltne:its v.·ere probll:bly eroded from sources to 

lho north (Pine Creek Orogen) and nor1hwest ll!alls c:eek 
Orogen) in response to uplift before ~ Ul4 Ma 

Geology 

The following ti a brief """'''"''Y of the m•jor geological 
featu.~s of the Tan.ami region. Tb.e reader is refur:red to 

Crispe e: al. (2006) for a more complete discussion. 
Figure 2 is • generalized geological ma? of the Ta."'ll!!Ui 
region showL.1g SHRTh-fP U Pb zircon geochronolog:.,r 
smnple sites djs:c:ussed in this paper) and Fig_ 3 is a 
generalized time event colutllll for the Tanami region_ 

-Tue Tana:rui P1'0Vince consists of a tlrick sequence of 
predoru.irumtly low grade Palooproterozoic marine sedhu:m-· 
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liLJI' rocks and mre volcxric rocks deposited O!l la-...e Aro.1tean 
gtlllli'Jc gneiss and intruded :>y granite mostly at -L82 
1.79 Ga (Hendrickx et aL 2000; Page ot aL 1995). Rece:nt 
tinpublis:Wd wo:k sugg<s1S ih•t lhe oldest known Paleopro-
te:rwoic rocks occur in the Bald Hill sequence in \Vestem 
Australia. A high lo;el rhyodacite in this unit has an 
izrterp."eted zircon U Pb SHRIM.l' crystalli?.ation age of 
-1,864 Ma (cited in Hus<"':t et al. 2006~ The sednnentiry 
sequence has bee:.J. sabdi'Vided hto six main units. Tues~ 
from base ro top, are: the De<!d Bullock Formation (lower 
sandstone} upper caii:>onacro'JS siltstone \\ith lesser iron 
fo:matlon); the Kiili Killi Fonnmion (turoidlte) of the Tanaml 
Group; the Ware G:oup (ooarse soodstone, ~elsic volcanic 
rocks); '.he Mount Charl~s Formation (p:--edomirum!ly 
turbidite, arkosic sedimentary rocks with interlayered basal:); 
the Pargee Sandstone (slllldstone and conglomeoote); and 1!1e 
Bi""I'i'Jdudu Group (tnru:ine to fhx· .. ial sand:t..one1 conglQmerate, 
and calcareous sedi"t1entary rock~). There is a ;irogr:::ssion 
within the _s;eque:J.ce froal deeper to shallow~ water facies. 
The princ-ipal hosts for Au mineralization are the Dead 
Bullock and Mou.-rt Char!"' Formations. 

Rocks of +J>e TOll&-ni Gro•p were intruded by doletltic 
sills Olld subsequently deformed by !he -1,830 Ma Tana.-ni 
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Fig, Z Ge:ne.ralised geology 
n:ap of !he Tana.mi Region, 
1;h:;wing saw.,;le loc&:ioos i 

E'-'ent (D1 M1). This event locally caused meso~ and 
macroscopic disharmohic folds and greenschist facies 
metamorphism. A second period of compressional defor-
ruation (Di) is broadly synchro-no'..ls with ,,., l.82 1.79 Ga 
granite i::ttrusion and is 1.he first event to affect Ware Otoup 
rocks. A fu.'1:her compressiooal event (D3) is interpreted tn 
have &ffect.e.d :-ocks of the Ware GroU?~ An ex.tensional 
event is inte'1J'.l!eted~ !'eSulting Jn the. d.....yosition of sedin1e:lts 
and basalts ofttte l\:icr.mt Charles Formation be-fore D4• -a 
SSE~directed shortening event. D5 transp:ession resulted in 
t.~e development of &1.ear zone-s and fault:L Many of the Au 
deposits b the Tanami regicn are associated with D5 

strdctures (Huston et al. 2006). 
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Materials and method> 

-- f<J<it 

-· -- G~N~'Wl!«I 
0 (btJ d!JprY;-lti 

iihtJ j)'U!iflL'C!l 

• Utftr>tm fN&S{J«!:'l 

• S;?!f.~~('C 

Zi:'con s:epavates_ were obta-ined using magnetic a:nd density 
tee-Xliques from C-I\Jshed smuples. Detrl:tal zircons were not 
handpicked, h'Jt sprinkled onto the mount surfuce to ensure 
m'l unbiased range of zi=con grains. Zircons were mo1m:ed 
in epoxy resin, togethet wi;;h standard zircons SLl 3 
(U abundance ziroon) and QGNG (Pb/U age sta.'llhlrd). 
The epoxy mount was polished to reveal zircon inte;dors 
l'Jnd phomruic:ograpns were taken in ttai""lsMitted a:id 
rellocted lig.hL Cathodoluminesoonce (CL) images were 
taken using a Hitachi S 215G-X SEM at the ANU'"RSBS 
Electran Microscopy Unit_ 



Fig. 3 Generalised ~·cot 
col11tnll for the Tanaml Region. 
Asterisks dcuotc units hosting 
significant getld mineralisation 
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Isotopic analyses reported in this study \Vere carried out 
on the SHRIMP I, SHRIMP II and SHRllv!P-RG ion 
microprobt->s at the Australian National University, Canberra 
and SHRIMP B at the Cu.."tin University of Technology 
in Perth, Western A1IBtralia Analytical procedures are 
described in Compston et al. (1984), Williams and 
Claesson (1987) and Claoue-Long et al. (1995). 

The primary oxygen ion beam ranged between ""2 to 
-6 nA in intensity for a sp-ot diameter of between -20 to 
~40 µin.. Ionized particles were extracted into the muss 
spectrometer with a 1 O kV potential and counted by a single 
electron multiplier, Ions were focussed into the collector by 
a cyclic stepping Qf the magnet. Each analysis represents 
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the average of five to seven scans through the dlft'erent 
mass stations. 

Calibration of Pb/U rdtios Vt"as by comparison to the 
zircQn standard QGNG and the power law relationship of 
Pb'IU' and U0'1U (Claoue-Long et al. 1995). The Pb:U 
ratios were normalized to an assumed value for QGNG of 
0.3324 (equivalent to l,E50 ~ta). Ur-anitlm and thorium 
abundances have been calculated wiU1 reference to SL13 
(238 ppm lJ) and are subject to uncertainty of at ieast 
±20%1 this being the range of U abundance within that 
reference 1natcriaL Common Pb corrections wctc based on 
individual measured 204Pb abundances and assuming 
crustal common Pb of the srune age in the zircon as 
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modelled by Stacey and K.ramers (1975} Data reduction 
was carried out using tl1e SQUID J and !SOPLOT 3 
Microsoft F.xcel-based macros of Ludwig (2001, 2003). 

Individual analyses reported in this paper have 
uncertainties: listed in the tables and plotted on conoordia 
diagrams as shaded ellipses at the Ju level; unfilled ellipses 
represent compositions that are greater than 10~'~ discor
dant final ages axe quoted in the text with 95~~ confidence 
limits. Analyses of the QGNG standard were interspersed 
with the unknowns at the rate of approximately one in four. 

Detrital zircon maximum deposition age calcolation 

Detrital zircon U-Pb a,ge studies by either Jon microprobe or 
laser abilltion ICPMS routinely pro;ide a large number of 
age determin&ions on individual zircon grains reoovered 
from clasti<: sedimen<azy rocks. 1he ziroon age distributions 
generated by these methods Cllll be used to infer sa!iment 
provenance, and to make correlations between discontinuous 
sedimentary sequences. In addition, the yt>ungest ziroon(s) 
can he used to estimate the maxitl'.111111 de-posit¥>n age- of a 
:sedimentary unit. ?v!aximum deposition ag_e estimates 
o:rtained in this way have the potential to pt0\1de impmtmt 
slratigraphic CQnSttaints for siliclastie sequences, especially 
those from Proterozoic basins v.:here interlayeted felsic 
volcanics are rare and fossil control absent. 

There are two broad approaches in estin1nting a maximum 
deposition age from the i~>topic ages of 1he youngest dctrital 
zircon grains in a population. These are ro use ti.e age 
detennimtion from tl1e youngest zircon grain analyzed 
(Cross et aL 2003), or to de«:tmine a pooled age from the 
yolingest statistically coherent zircon age population 
(W\lliarrn 2001 ; Black et al 20M ). 

Maximum deposition ages derived from the age of the 
youngest zircon grajn(s) fiom a detr:iW population are based 
on a number of assumptioos. Fit:.t, ihe lllllllyzed zircon 
grains are assuma! to have experienced no Ph loss. Second, 
all zircon grains are considered as individuals. Flruilly, in the 
absence of a.tiy morphological or chemical similarities, no 
assumption of age-group membership is tnade. 1Jsing this. 
approach, the age an.d uncertainty of the youngest zircon is 
used as an estimate for the :p::iaximurn deposition age. The 
uncertainty of t.}iis age estimate can be improved by 
cakulating a pooled age from the youngest fuw analyses. 

The above approach can involve sampling. of individual 
zircon ages fium the younger tail of a Gaus!;ian, near
Gaussiml or composite age distribution Individual ages may 
be statistically indistinguishable fiom old::r members of the 
population. In addition, when the youngest few apparent 
ages are pooled to increase the precision of the age estimate, 
the resulting mean squared weighted devil>tion (M'SW'DJ can 
be well below unity, and therefuro indicate biased sampling 
of the detrital zircon popull>tion (e.g. Cross et al 2003). 
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In the circw:nstance where the youngest detrital zircon 
from an age disll1bution is statisticnlly distinguishable from 
older grnlns, multiple analyses will improve the precision of 
the age and should be performed to ensure that Pb loss has 
not occurred. Nelson (200 I) Vi'llS able to show that in snore 
situations, the youngest gtains catl be a reliable estimate of 
the depositional age of a elastic unit. However, the 
possibility of contamination during sample proeessing must 
be borne in mind when interpreting the significance of a 
maximum depositional age based on the pres.ence of a 
single zircon. 

Many researchers (e.g. Black et aL 2004; Williams 
2001; Smithies et aL 2001; Trendall et al. 2004) establish 
the age of the youngest detrital zircon component ill an 
age distribution, using the age and uncertainty of the 
youngest statistically coherent zircon age population. This 
approach in'"'Olves an ite~ve process of culling individual 
z.iroon ages (points) frnm the older analyses in an age 
disfribution, until the age of tlie youngest gro1lping of 
zircon grains has an MSWD value that approaches the 
upper 95% confidence interval boundary for a given 
number of points (ie. degrees of freedom). This method 
of defining a statistically coherent population from either a 
C'Jaussian, near-Gaussian. or composite population ls treated 
on a sample-by~sample basis and is an entirely appropriate 
method to use when a morphological and/or chemical 
similarity betv;een zircon grains is recognised. However, 
when no such similarity is observed) the youngest 
statistically defined populatioh of zircon grains is assumed 
to have. originated from a single cr;·stalliz.ation event, even 
though it could represent a .mi.x of different protolith 
sources with a range of overlapping zircon ciystallization 
ages, This is an important point to consider, as most 
detrital zircon amilyses on SHRIMP typically use four to 
five- scans. 1he relatively reduced count rates have lower 
precisions in comparison to six to seven scan analyses 
which are typically u.<ed for SHRIMP U-Ph dating of 
igneous roclra. 

~faximum deposition age estimates calcffiated from the 
youngest zircon(s) on the younger tail of a larger 
distribution may result in an under-estimation of the 
true deposition age, whereas ma-,,:llnurri deposition age 
estimates calculated from the youngest statistically coherent 
population may resu1t in an over-estimation of the true 
depositional age. 

A crucial difference berween the two approaches is that 
by calculating the age of the youngest statistically coherent 
zircon Component, the research.er acknowledges that the age 
and uncenainties of t.h.e analyses on the_ younger tail of a 
larger distnbut!on crumot be statistically separated from 
older zircon in the same distrihiltion, We believe this to be 
the conservative upproacli and have adopted it in this 
contributioa 



Sample selection 

Samples were selected from the Tanami basin sequence 
with the a.Un of constraining the deposition age of each of 
the major stratigraphic units. To maximize the. recoveiy of 
detrital heavy minerals) snndstone samples were chosen 
wherever possible in preference to shale samples. 'lhe 
samples collected included: (1) fill arkose and feldspatlric 
arenite from the Ferdies Member of the Dead Bullock 
Formation, (2) a gra)'\'llacke) quartz arenite and two quartz 
\Vackes from the Kiili Killi Fom1ation, (3) a lithic arenite 
and graywacke from the Ware Group, (4) t\vo arkoses from 
the Moilllt Charles Formation, (5) a quartz arenite fro1n the 
Pargee Sandstone and (6) a quartz arenite from the Gardiner 
Sandstone. Most of the samples were collected from 
outcrop or mine 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 samples fron1 drill core. 

Results 

Dead Bullock fonnation-Tanami group 

Feniies Member, arkose (2003082647) 

Sample 2003082647 was colle;.,ied from a massive bed of 
immature, poorly sorted arkosic conglomerate exposed in 
the southern extension of the Gromu:lrush Pit on the eastern 
wall about 60 m below ground level (Table 1 ). The arkose 

Jvliner Deposit.a 

consists of coarse-grained microcline, quartz and plagioclase 
in a quartz-hiotite matrix. The zircon grains recovered are a 
mixed population \.vith a range of sizes (30-200 µm 
diameter)} shapes and colours, consistent with derivation 
from u vuriety of sources. Most ore clear, colourless, 
relatively equan~ subhedral to anhedml grains with few 
fractures or inclusions. Many are angular crystal fragments 
and a few have pitted surfaces resulting from sed:imentmy 
transport and reworking. Rare grains are more prismatic \\ith 
sharply euhedral terminations. Some of the more equant 
grains also have some well-preserved crystal fuces, and 
about 200'/u of the grains have faint internal zoning visible in 
transmitted light. CL imaging shows the zoning patterns 
more clearly, although the luminescence in most ca.,:es is 
dark. Concentric oscillatory an.d sector zoning predonUnates. 
Relatively few grains have obvious textural cores. Some 
grains have thin, irregular, very wenkly luminescent 
overgrowths. 

One hundred and twenty grains were analyzed (S 1, 
Fig. 4 ). With two exceptions, U contents are moderate to 
low (28-500 ppm) and TMJ moderate to high (0.2-1.9, 
median 0.9). Most of the analyzed areas, although appear
ing clear, glassy and free of fractures or inclusions, contain 
significant amounts of common Pb. These range from just 
detectable (-0.15 ppm) to very high (300 ppm), median 
2.5 ppm. There is, however, no systematic con·elation 
between the common Pb content and radiogenic 
207Pb/206pb or Pb!U. The great majority of ages are 
concordant or near concordant within analytical illlcertuinty, 
although lhe uncertainties on the analyses with large 
common Pb corrections are much higher than nonnal. Four 
exceptions are more than 20% discordant (Al00.1, A63.l, 
A 71.1 and A 19 .1) and are not considered :further in the age 
assessment (Fig. 4). Five other analyses (A53.I, A42.l, 

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

Unit Lithology 

Ferdies Member Arkose 
Ferdies Member Feldspathic u:renitea 
Callie Member Tuff 
Kiili KUli Fonnation Quartz wackea 

Killi Kiili Formation Qnmtz arenite 
Kiili Killi Formation Quartz wacke 
Kiili Killi Formation Cireywacke" 
Ware Group Lithic arcnite 
Ware Group Greywacke 
Mount Charles Fonnation Arkose 
Mount Charles Formation Arkose 
Pargee Sandstone Quartz arenite 
Gardiner Sandstone Quartz arenite 

"Drill core sample 
b1v1agmatic zircon 

OZCI-IRON number 

2003082647 

2003082649 

2001082511 
2001082021 

2001082505 
2001082515 
2001082036 

2001082519 
2001082527 

2003082644 
2001082507 

2001082517 

2003082642 

11 

Location GDA 94 

604082 7819984 

57139() 7710336 

590477 7798371 
599ll6 7730736 

560827 7767424 

507360 7790816 

600796 77567155 

523028 7782433 
615954 7884346 

564775 7770935 

574953 7792871 

525686 7826720 

580942 7804774 

Analyses >9004 concordant 

112 
87 
z7b 

58 

55 
69 
56 
82 
66 

91 
31 
66 

74 
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0.23 

0.21 

0.19 

0.17 

0.15 

0.13 

1.4 1.8 2.8 

Ferdies 
Member, 
arl<ose 

2003082647 

3.0 3.4 

Fig. 4 Concordia plot of detribl zirton U-Pb analyses for arlcose 
sample 2003082647 from the Ferdies Member of the Dead B11!.lock 
Formation 

A75.l, All9C.l and Al2.l) hove very large uncertainties 
in 207Pbf'°'Pb (>15%). These are not plotted io Fig. 4 and 
are not considered further. 

Tue remaining 112 analyses scatter in radiogenio 
207Fb/W6Pb more than expected from the analytical uncer
tainties (MS\VD=4.6). The entire excess scatter is due to one 
onalysis higher ttum the rest (All.!). Omitting this analysis 
leaves 111 determinations that fonn a single population 
(MSWD~l.l). The weighted mean radiogenic 207Pbf'06pb 
(0.16750±0.00030) is equivaleot to an age of 2,533±3 Ma. 
Toking into account uncertninty in decay constants (Ludwig 
2000), 1he uncert:iinty in the age is ±7 Ma 

Fddies Member, feklspathic arenite (2003082649) 

Sample 2003082649 was a section of half core from Officer 
Hill (OHD002, 217.5 225.7 m) (Table l). The arenite 
selected is the coarsest unit within an otherwise fine
grained sequence of carbonaceous siltstone. The sample is a 
fme- to med.ium-grainedi grey green, feldspathic a.""enite 
with a pronounced foliation defined by anastomosing 
chlorite. The zircon grains recovered are a mixed population 
of sizes (100 400 µm diameter) and shapes consistent with 
derivation from a variety of sources, The majority of the 
grains are subhedral, rounded to subrounded, stubby 
prismatic crystals with few or no preserved crystal faces. 
Rare grains are euhedral. Most grllins are clear and weakly 
coloured, with relatively fev.r inclusions or fractures. Some 
larger grains are highly fractured and discoloured About 
20o/(} of the grains have faintly visible internal zoning and/or 
cores and rims in transmitted light Some zircons have 
surface pitting but in most grains, the surfaces are covered 
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by • thin (<5 µm) lnyer of younger zircon that partially 
obscures this texture. There is a wide range in lllillinescence 
from dark to light with the average CL much stronger than 
that seen io the zircon grains from sonople 2003082647. 
Many of the grains ( -30o/o) have little or no obvious growth 
zoning. Zoni,g in the remainder ranges from broad banding 
to fine oscillatory zones. Truncation of the zones by the grain 
margins shows that most grains are frogmen~ of la.."'ger 
crystals. The thin late overgrowths are dark in CL, a feature 
often typical of zircon rL."US.. 

One hundred and four grains were analyzed, eight in 
duplicate and two in triplicate (S2, Fig. 5). There is a very 
wide range in U content (24 2,135 ppm), but low U 
contents predominate (median 100 ppm). This range is 
skewed only to a small ro:.tent by the decision not to analyse 
those grains that a:re in poor ctyS't:allographic conditiotL ThlU 
is mostly moderate (0.1 1.5) with just a rew grains lower 
(O.Ol 0.05) and higher (l.8 3.1). In contrast to those froru 
saru.ple 2003082647, the zircon groins have a very wide 
range of isotopic compositions; many (-20%) are signifi
cantly discordaut 2 "'Pbf'0'Pb apparent ages range froru 
-324 ro -l.57 Gn. The main clustelS of ages are at -3.20 
and -2.10 Ga There are very few grains with apparent ages 
less than 2.20 Ga.. With fuur ex:ceptions, the 31 grains in the 
-320 Ga group are concordantwi1hin analytical unce.rtainty, 
but there is a significant range in radiogenic 107Pbf06Fb 
(MSWD~46). The population is broadly bimodal with a 
main group at -3.20 Ga and minor group at -3.05 Ga. 
Considering only the concordant analyses, the 11 oldest 
grains have the same :radiogenic 207Pbf06Fb V\litlrin analytical 
uncertainty yielding a weig..11.ted mean age of 3,.219±7 Ma 
With four ex:ceptionsi the 16 younger grai.,s also forru. a 
coherent group with a weighted mean age 3,169± 10 "Ma. 

0.24 

0.20 

0.16 

0.12 

1.2 

o= 
3.169±10Mao 

= 
2 

ovemrowtm; 

1.805±11 Ma 

1.6 2.0 2.4 

Ferdies Member, 
feldspathic 

arenite 
2003082649 

2.6 3.2 a.6 
Fig. 5 Concordia. plot ofdetritalzircon U-Pb analyses for feldspathic 
arenite sample 2003082649 from the Ferdies Member of the Thlad 
Bullock Formation 



Twelve of the 50 grains in the -2.70 Ga group are mo:e 
than 10% discoriliwt and .,., not considered firlier. The 
remaining 38 gtai'ls have a broadly trimodal age distribution, 
wlth peaks at -2.78, ·-2.70 and -2.45 Ga Each of lbese 
groups is coruposite. TI1ere a."'e only four grains with an age 
simllar to tltat of >be ,2,53 Ga zircon, which is dominant in 
sample 2001082647. 

Due to fueir possible i.-nporta:lce in placing a limit on the 
deposition age of the ar:!:nite, the six groins on wbich 
appa.-e.nt ages Jess than -2.20 Ga were a.."lftlyzed mostly in 
dcrplleete or triplica'.e. With one exception (grain 82), 1hese 
crystals are- subhedral p:risro.s 'Wlth distinct cores and 
euhedraUy zmed overgrowths. It is the overgrowths :hat 
give ;he grains fuel= prismatic form and crystal faces. Tne 
cores of these grains, ln shape and titizei closely l'eSemble 
t:.1e bulk of the r01rnded zi.'fCan grains in the rock. It is 
possible thllt the.se overg:ovtt..bs are t'le same material that 
fo:t.ttlB a. very t.1in coati:ag on those Xtunded grains. The 
overgrowths are rich in U (555 2,BS ppm) and mostly 
have high to very high (-2 25 ppm) common Pb oon7ents. 
It is fue overg:owths that yield the younger ages but there is 
no di:ect correlation be-twee2 disoo:dauoo a.'ld either U oc 
com:to.on Pb con~e:,rti. Three of the overgro-.,,..tbs are 
less than 5o/o discordant and combL"'le to give a 107PJ/l06Fb 
age ofl,805± 11 Ma. Tho othet two analyses b '1ie yo\L~ger 
group both came from cores. One nas • large analytical 
uncerorinty (±93 Ma), but the olhor is relatively precise and, 
if ·there has been uo P':> loss from the gt&il., places an '.lpper 
limit of2,109±10 ~fa c-n the deposition age of the ~""e:nite. 
Thus, the deposition age fo!' this '.lllit mus: be between 
2,109±10 and l,805±11 lv!a. 

Callie .Member, tuff (100108251]) 

Sample 2001082511 was oollecred from a thin oxidized, 
feldspathic layer within a low Jying outcrop ·of more Itlilb.l.re 

sandstone b the Black Hills region, located about 15 km 
northeast of the Hu.'fioane-Repulse Pit (Table I). The tuff is 
friable, .5:ne- to medhttn~grained, bleac..1.ed orange-1 ·w-eakly 
foliated and deeply weathered. It consists of quartz and 
altered .fuldspar in a clay·ricil matrix, The foliation is 
de!"med by weathered chlorite. The zJrcon grains recov
ered are a homogeneous population of fine (-40 80 µro 
diameter)~ predominir"itly euhedrat~ clear) colourJess, 
prismatic grains with aspect ratios of l 6. Considerhig tl'1e 
highly weathered stnte of the roc,k~ the zhco:t grains a::e 
remarkably unaltered, oohe::en~ and free from. i:ro..ri oxide 
discolouration, I\ia.'"ty (,.,,20%) have :he irregula!' axial 
c-avities co:umonly 00".od in zircons from volcanic rif...k:s 
(Nutnan et nL i997). V~ery few have fuint visible internal 
zoning or cores in trans:nitted Jigh~. The grains have a 
roodetate to bright lutnfnesce::ice, whicl'.t reveal that fue 
population is dominated by broad oscillatory growih 
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zoning. l'ext'..irolly discorda."'lt cores are '1,1e-ry ta..~ AJI these 
fe&t'2es .ai.-e consi~t with t!te zircon_ grains being derived 
from a single ~gneous source rock 

Thirty·twO grains were analyzed (S3, 6), each 
selw..ed to be a best possible exlln1ple of igneous gro'N°tb.. 
No at'.ernpt was -made to analyse iiherfted cores. The 
1lllalyzed areos have moderate U contont! (~70 200 ppm) 
and ThfU ratios (-0.4 l.15, median 0.55). Two j!TllinS have 
higher ThlU ratios of -1.71 (A14_!) and -1.74 (A29_J). 
Common Pb contents are low (<0.5 p;im) and all but cne of 
the ages are .concordant to near concordant The discordant 
grain (AJS.l) wos not included in the pooled age calculation. 
The remaining 31 grains have the same radioge:lic 
207Pb1"06!>b \\ithin anal;<ica! \L~certainty (MSWD~ 1.2), 
yieJding a wcig."l.ted ruean age ofl 1834.9±6_9 Ma. However? 
there is a general \1'e,!ld towards grains \Vifrt higher measured 
'

04Po having lowor radiogenic ' 07Pbl'0'Pb, implying a 
smaU isobaric interference atmass 2l\4Pb. The fuu: a.'lalyses 
\\•ifu fue highest 1nass 204 counts are the most affected. 
On1hting L'le.s~ t:..l:le weighted. mean 207Pb/206?b age 
be=nes 1,838A±6.4 :lda (MS\VD~0.99), which is o"r 
best estimate of the crystallization age of fue t'J±f. 

Kill! Kiili FormaJ.ion, ql#lTlz wacke (2001082011) 

Sample20010!l2021 was colle-'led from dimnond tlrill core in 
the Dead Bullock Soak goldfield (DBD 422., 170.95 178.5; 
Table 1). Tue sample was selected fto:n a long section of 
mo_1vtonous nonmineralilledmature q'Jartz wacke. It consists 
of su~rounded to S'.Jb*fillgulfJI', moderately sorted quartz! and 
:rare feldspar in a sericitised clay ruatrit. Ziroons are a mLxed 
population of sizes, shapes &:ld colours oonsisterit \.Vi.th 
ddvation from a ra:::ige of so'U:".::es. Most {"' 70o/(l-) of :he 
grab; are of ,;elatively uniform slze (80 I 00 µru dinruete~). 
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Miner Depns:ita. 

The foll •ize range is 40 200 µm in diametei; and eq.lfillt 
sub-rounded grains predomiruite. About I !Ph of these have 
surfaces pitted p::esumably by mechanical sedimentary 
abrasion. Approxtroately 51J/tj- of the gmbs: are tr..1bhedt&l ro 
euhedml, with some well·proserved cryslal fuces. TI1e ztreon 
gra±ns: are colourless to pa.le.brown~ clear) with relatively few 
fractures and L'"Iclusions. Many of the gmins have visJbJe 
coneenlric grow:.'l zoning in transmitted light With very few 
exceptio,., the CL ;, '1!lifunnly dork and provide. little 
infmmation on the internal zonbg textures. 

The 94 zircon g::ains analyzed have, with few exceptions, 
a very limited range cf 1: content (100 400 ppm) and 
n=•l. felsic ig:ieous Th/U (0.2 0.9) (S4, Fig.?). Co:nmon 
Pb C\..'!rtents are uniformly low; bllt about 30o/a of the 
analyses are moderately to strrogly discordant (Fig. 7). Most 
of tile analyses (67%) defbe a disoomance line with .. ., 
upper canoo::dia intercept of -1.86 Ga The reruainbg 
analyses have 207Pbt""'Pb aware:tt ages in the ra:ige 3.2 
2.0 Cm~ W'i'.:b a claste:: flt -2--50 Ga. The discordance line 
defbed by the 63 analyses in the youngest group is 
moderately we!! defined MSWTI=4, wifa conoordia intel"~;it 
ages of 1,868.6±6.5 and 99±71 Ma, indicati:l.g that most of 
the Pb loss hfis taken place very re;;ently. The best estimate 
of the moon crySllllliziltioo age is given by fue radiogenic 
"°'pbf''Pb of the least discordant =ilyses. The 38 analy~es 
that are Jess than 100/o disoorda."lt have a range of radiogenic 
207Pbt'06Pb that is slight.ly greotet than expooted ftom the 
analytical uncerlllinties (MSWD=2.6). Even omitting the 
analysis \'Vith the lowest 2 c7Pb/200Pb, which bas tl1e hirlles: 
common Pb correctlon1 s:oroe scatter remains (l\1SWD=2.2). 
There ~ however, no remab.ing identifiable o·.itlJers. 
The 107Pbl206P'o robu.'t media:> nge (Ladwig WO!) of the 
remaining 37 analyses is 1,865,6+31-?.5 :Ma, with t!ie 
airytlli"tlettic uncertainties reflecting the asym:ndric distttbution 
of the dalll. 
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A loose cluster of 18 analyses dominates tlle oldcT group 
at -2.50 Ga. Five of these ate more th.an 10%- discordant. 
Although there is no co:r:relatiOn betW'een discordance !Lf'td 
radioge:nic 21:nPb:,i00pb because the age of the Pb loss is not 
kno'Nil, these analyses a.--e of no value in assessing the age 
di.~ibtr.:ion. The 13 remai!ling grains have 107Pbf0&pi, 
apporrnt •ges in fae range -2.53 2.41 Ga and ore dispersed 
beyrod analytical uncer;al:lty (MSWD= 10). Most of fae 
analyses (11) cluster at -2.so Ga but are still_ scatWed 
(MSWD=4.8). This scatter can be reduced, but not elimi
nated, by omitting one oilier low analysis (MSWD,"3.8), No 
other omissioos cun be justified. The media::i age of 1he 
re:naining grabs is 2,496+17/-25 Ma, the large uncor'.ainty 
reflecting the resldmtl scatrer 

Kiili Kt/Ii Formation, quartz a:reflite (2001082505) 

Sample 2001082505 was eolJe.cted from outcrop fa the 
Tu!key Bore region) approximately 5 km south"''est of Jirns 
Pit (Table !). T'.1e sample is a moderarely sorted qua.'i:z 
arenite wi'.h :cunded ID sub-romded quar-.z: grains and 
sericitised matrix. 11le zircon grains recovered are a mixt.rre 
of sizesft sl:inpes and colours oo~sist.ent with derivation from 
a range of sou..~s. The g:ains llinge jn diam.et.er from ..,40 
to 200 µm and the majorify are eqtl!int and rub.rounded, 
Less than 5% of the grains are subhedral with some 
retaining well preserved crystal faces:. Approximately 5D'Y.:i 
of gmbs hnve pitted su::nc-es indic<itive of roechs.nical 
scdi!nent&"')' abrasion and ... 2()% have what is predominant~ 
ly faintly visible growth zones in transmitted lighL The 
zircon gmi.~s llre mably clear, colourless to pale brown and 
many g:ains have fractures that are s:ained by iro:i. oxides. 
Mort groins have a dark to moderate lurulnescence. Two 
contrasting zy;ies of zoning, finely oscllla»ry arul b'.'OOdly 
diffuse, a:e about eq'Jally represenred 

Tiie 64 zircon grains ao&lyzed have a lin:rited range of 
ages. i:;· contents a.".l mostly 100 350 ppm (S5, fig. 8), The 
full ra:nge ls 25 615 ppm. 11t/U is 0.14 to I. 8, with most 
\'alues in the range 0.3 l .O. Common Pb conte.."l:ts are 
consistently Jow~ Most oi the analyses (-80%) are 
CO:icordant o: near oonootdant. The grains ha\•e s \\.ide 
r-..oge of 207pbf06Pb ll:?Pft!eDt ages. 111e :nain cluster is at 
-L85 Ga and there a:re smaller groups at ~2.5_0 and 
-2.10 1.90 Ga. Mostofthediscorda.ntgmins are included in 
the youngest grou;i. The .29 anal)'!les in tlle yo;ingest group 
plot almoot within error on a single discordance line 
(MSWD~l.8), Omitting one conco~dant low value 
(C22.l) reduces the scatter (MSWD=J.5). The resulting 
line hus coneo!dio inte=pt ages of 1,810.2±6.l a.'ld 
210±88 :Ma. The 24 analyses that are concotdant or 
::iear concordant have a range in radiogenic 207

Ph.i2D
6Pb 

that is barely larger tllim expected from the analytical 
uncertaintie. (MSWD= 1.9). Omitting the same low v•lue 
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that was an outlier in the regression re<luces the scatte: 
(MS\!tTI- L6), yleldbg • w<lghced 1Jleft:l 207Pbt"°6l>b age 
ofl,864.4±5.3 Ma. 

The remainbg analyses cluster at -2.50, -2.0 and 
- L97 Ga. TI1e L97 Ga cluster is consists of 14 grains that 
have arange b 207Pbf'0'P'o ages o: -L99 to L94 Ga One 
analysis is significantly di'Jcordant and is no~ inolu!b:i in 
assessing the llge distnbutio11. The re:naining 13 analyses are 
dispetSed beyond analyticol uneertnhty (lvfSVlD= 3A). Omit· 
ting the youngest~ reduces the scatter (,MSWD=2.3)) but 
does not eliminate it and no ofuer omissions can be, jJstified. 
The rQbUst median 207Pb1a:::0pb age of t.1e remaining grains is 
1,9'75+6.81-12 Ma, the large uncerJirlnty rcflecti:ig lhe 
residual scatt!:r. The -2.03 Ga group consists of seven 
ana~;ses with a range of discon:!ance tltat plot wlthi.1. ei=or 
(MSV.U~ UJ9) on • •lngle dis"""1ooce llne ><11h conco"1ia 
i::l=ept ages at 2,050± 12 and 174± 130 Ma. The lower 
in1etl:;ept indicates vory ree<Jlt Pb loss. The -2.50 C'ra group 
consists of six grains :that range in age from -2.54 to 
-2A4Ga. 

Kiili Kiili Forw..ation, quartz wacke (2001082515) 

Sample (200Hl82515) was collected about 5 km nort.oeost of 
tile !\>iaveric..'< granite. The quartz watike co:!lsists of well 
sorted, sub-rounded to sub-angular quartz grains in a 
.sertcitisedi fine.grained matrix. The zircon grains recovered 
range in size from -30 to 200 µm m diameter. They are 
mostly eq .. umt, roilnded to S\4'>-::ounded, clear and colourless. 
S~ce abrasion is co_;nrnon, but a :fu"w' grabs still p:rese:-ve 
some crystal fuces. Relatively few grabs (<5%) have faintly 
visible gt\}~-th zoning in tra.nsmittcil light Dark CL and falnt 
cHi.ciUatory grow'tll ;r.o::li:ng predominate. Moot grains are 
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fragroenls of large,: crystals. A few grains (-lO'h) have 
stronger CL and in some the .zafiJng i:; weak ot absent. 

One lltlndred <r!ld twelve anal}~es are listed in S6 and 
plotted in Fig. 9. The zircon grains ha-ve ruost!y low to 

mode.-ate U conrenls (50 500 ppm), with • full range of 
20 1,000 ppm. ThJU is mostly "1oderare tn aigh (O.l 3.1), 
and an unllS'Jolly large ftac~on of the gmins (50%) have 
values in the range 1 3. More t."tan 30% of the analyses are 
greater tl'i.an. lOo/o disco:dant The 207Pb/206?h apparen~ ages 
"""" dispersed ove: the range -3.50 to -L?O Ga, w~Ji 
prominent groups a:-2.50 !!!ld L86 Ga. The 58 ffilalyses ln 
the youngO&t group ru:e very poorly fitted to • discordance 
line (MSWD~ll) oonsiste:it with dominantly re<:ent Pb 
loss. Considering o:ily the 38 least discordant i:Ca!yses, 
there is nevcr6eless a significant range in :radiogenic 
207Pbl'06!>b (MSWD= 17). The scatter is mainly due to a 
group of seven analyses with ages significanlly higher 
than the :main populir.ion. Omitting these1 the scatter is 
not eli:ni:lated (MSWD,"2.2). Omitting lhe lowest value 
(1696±63 Ma) makes li!tle diiference because of its large 
a"lalytical illlCe:tainty (~tSWD = 2,0) and £'1.ere are no 
ofher obvious outliers. The median 2

G
7Pbt106Pb age for the 

!'C!Ilaining JD'Values is l,8U8+5.3!-6.l !vfa. The seven older 
graL"l-s a..«e dispe::sed over ':he range -1.98 1.90 Ga and do 
::J:ot form a discrete age group~ 

'foe26 analyses infae-2.50 Ga group do natev<a loosely 
define a discordance line. Considering just t.1e 16 lea.it 
discocrlant points) there is a significant range in radiogenic 
2"pbf'°'J'b (MSWD~16). This group can be divided in>:J 
three ,'i':Jl:.;g;oUps. Nine of the analyses have equat 2°

7Pbl206Pb 
wibin error (MSWD~ U), with a weighted mean age of 
2,499±9 Ma. FCve of the groins are y.ounge:r~ with a weigh'"£(] 
mean age of 2,443±17 Ma (MS\v'D~2.4) and two gmins ore 
older with age.< of •2.55 Ga 



Miner Dq::osita 

Kil!i Kflli Fotmation quartz wacke (2fJ01082{}36) 

Sample 2001082036 was a section of h•lf core from the 
Titrutla Au P"''J'OO' (1DH01, 110.6 116.6 m), located 
about 40 km norlhwest 0: The G:ani= Goldfield (!'able l ). 
The sample was a pi~e of vein.free quartz wacke from a 
lang section of monotonous ncrn-mlneraiised qua:tz wacke, 
It co:tsists of moderately sorted, :rub·ro11nded to :ru~anguJar 
q_uar_,,,;: grains- and minar feldspar in a sericitised, !Jne
gra.L'led ruatrix. The zirCtm grains recovered tange fro:m 40 
to l&O _µmin diamerer. Most ate sub-'rounded eq11a:Jt gmins, 
,,_5'J~ are eio:igate prisms with aspect ratios of 2 3. 
Ap;rroritnately 5o/c- of t:w grains a.-e subhedral to euhed:al 
with some preserved crystal faces, The ruaJority (60!70) have 
predominantly well-defined visible gro'itth zones in trans
mitted Hght and many ( ~40~'0) have pi~ed abraded surfaces. 
Many of the gro\llth .zo11es aremeta."'llict. The zircon g:-ains 
are clear, c:olo\U'less to bro'W'.D and many have fractures t.'.tat 
are ito!l oxide stained. They predominflfitly show faint 
osciU<Jto!J' gro'WO zones in CL. 

Seventy·:!'.line analyses are listed in 87 and plotted in 
Fig. W. The ziroo:t g:rfilns have. low to moderate U contents 
(50 500 ppm) with a full range of 9 2,383 ppm. ThlU 
ranges from 0.06 1.60, "Nifu most values in the :range 
0.2 1.1. Com.'llon Pb con:mrts are mostly low (<0.6 ppm) 
bu: about 30?/c- of the isotopic compositions are moderately 
:o strongly diocordant Moot ®alyses cluster •t -1.86 Ga, 
with smaller gro"JJ)• betweo:i -2.50 and l.90 Ga. 1be 3i 
analyses in the dominant: l,86 Cra group do not define a 
discordance line. Considering o:1ly tlle 27 ooncordant and 
near-concordant a.nalyses~ '!he data are sHghtly dispersed in 
radiogenic 207Pbl2°"Pb (MSWD=2.0). This scatrer can be 
reduced, but not eliroinate:d by on.ri:ting the two highest 
values (MSVilD~ 1.7). Ko olher omissions = be justified. 

0.20 

0.18 

0.12 

Kiili KJlll 
Formation, 

quartz wacke 
2001082036 

= 
2.197 ±15 Ma 

Z,001 ±12Ma 
ts4U10Ma 

..=::::> 
;::;::::: ta&7 +B.51·13 Ma 

U!OO -.....__ -.,.__ 
o.oa ~-~--~-~--~-~--.....,1""20'°0,...-

""'Uf"'Pb 

u; 2.5 3.5 4.5 
Fig. 1JJ Conocordia. plot of dmtt;;l :rircon U~Pb analyses ,for quartz: 
wa:::ke ss.rri.ple 2001081Q36 from the 'Kilii KUH Jlmnatfon 

16 

The median :ii:nPbf06Pb age o: 'fue remaining grai"'.!s is 
l,867.2+8.51-13 Mo. 

The o-::her age clu.~ers are at -2.50, -2.20, -2.00 and 
-l.95 Ga. The - l.95 Ga group consists ofl5 grains that 
have a co:lStrult 207Pbi206Pb wioin error (!V!SWD= l.6), 
giving a weighted mean 207Pbi'''Pb age of l ,948"' l O Ma. 
The -2.0 Ga group consists of W grains (13t have a 
signi:icam range Lo tadiogenic 10'J>'>l'''Pb (MSWD~ 3.2). 
By emitting two of the hlghest values. the scatter is 
eliminated (MSWD=0.51) leavi:lg eight analyses vJiic.'> give 
a weighted m= :w7Pbf'"'Pb age of 2,001± 12 Ma The 
-2.20 Ga cluster wmprises six anacyses that have lhe 
same radioge:nic 107Pb/1'.:<6pb v.".i;hin analytical uncerti:rin:y 
(MSWD~0.98) giving awe.ighled mean age of2,197±15 Ma 
The eight ru:ial)'les in the -2.50 Ga group lie wi1hln error 
(MSWD~0.91) on a discordance line, with conoordia 
i.irtereept ages of2,52l±l0 and 250=66 Ma 

Waregt(•Up 

Centuty Fotmati.on, lithic arel'l:ite (2001082519) 

Sample 2001082519 was collected froru a low lying, isolated 
outcrop of sUici!i~ :mediu."11 m coarse grained sandstone, 
located alxm: 15 km southwest of the Pendragon dq>osits 
(Table I). The rock comprises approximately 70% moder· 
atcly sorted rounded 1<> sub-rounded quartz grains in a matrix 
of pooYly sorted mostly angular lilhlc frtigments. ZL'"Con 
grains recovered range i:l diameter from 50 200 µrn., They 

are mostly sub-rounded lo rounded equant grains but -30% 
are euhedrnl to :rubhedral cryS':Jlls or crystal fragments with 
some weU p_'f'Vserved fac-es. The zi:oon grains are clear~ 

colourless ro pink wi'lh f~.,, f:'actw:es or inclusions. Less than 
-5% have faintly yisible gro-wth mnes i'l 1:rilMnJjtted light, 
1Dd -10% hove abradro filltfuces. The. "'tlajority are dull in 
C~ and well-developed oscillatory g:owth zones p.."edottii
nate over lesser sector roning flfid difli..ise bandhg. 

The 99 z:iroon gr'di:ls analy.7.ed have unffonnly low U 
contents (14 290 ?pnl, median 115) and low to rooderate 
Th/U (0.11 1.75, median 0.57, S8, Fig. 11). Co:nmon Pb 
contents are also low, and about 1 ·7o/o of the analyses are 
more tban l ~Jo discordant. The 207PbP06Pb apparent ages 
a.~ scattered throug."t the range of -3.50 L80 Ga. 1bere is 
a major group at ....,1.83 Ga, a sec-0ndary group at -1.88 Ga) 
and minor cl"81"'1l at -2.50 and -3.40 Ga, Eahedral .,., 
subhedral grains and fragruems with prcgerved crystal faces 
predominate in the""' 1.&3 Ga group. Two analyses a.""e mote 
than 10~'0 discorda:1t and have not been used in ,assessing 
the age distribution. The remaining 38 concu:dan: and near~ 
-conoo:rrlant analyses have the s:a,'Ue radiogenic 207PbP16Fb 
within a:ialytical une-."!tninty {~SWD=0.96) and yield a 
weighted :nenn age of 1,823.2±3.7 Ma. The 1.8& Ga group 
consists of 20 analyses} six of whi,d,1 are more than l Oo/(l 
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discordant but all have the same radioge..."lic 21J
7Pb:'.206rb 

withL~ etrot (MSWD= 1.4)_ The weighted 1UCO:l '""Pbf206Pb 
age of tac 14 near-concordant a::ialys.es is 1,877.8±9.3 Ma. 

1'ho ..... 250 Ga group consists of a )()()Se cluster of 14 
analyses. Two of these are more than 153~ discord.ant and are 
not considered further. The rex'tlaining 12 analyses Dre 
d!Sp<rSed in =adiogonlc "'7Pbl''"Pb beyond fillolytical error 
(MSWD=2-4} Tile scatter is eliminated by removing t.lie 
two loweilt values (MSWD= LS) leaving 10 that give a 
weighted mean age of2,5!2.6±&.3 Ma. The -3.4() Ga group 
oon.si~ of seven grains that !ange. in apparent age from 
-3.45 to 3.36 Ga. 

Wi.lson Fonnation, gra_ywacke (2001082527) 

Sample 2001082527 was collected from a low lying outcrop 
of tightly folded, thick-bedded, gmde<l, granular conglomer
ate and grayv.'BckC located ab-Out 2 km ea:rt o: :he Cfusade 
Au prospect (TaO!e J)_ This gmywacke is poorly sorted, 
consisting of rounded to sub-· rounded monocrystalline quartz: 
grains with le5ser lil:hic frag)'.llcnti, polycrys1llllbe quartz and 
feldspars .... 4 mm i::i diameter> in a matrix of finer grained 
angular feldspars and qua.'tz grains- in a sericitic ground:nass. 
The ztroon grains re<::overed range in diarneter &th 40 to 
!50 µm. ~foot are sub~rounded to rounded, turbid, fractured 
and ±netamict with V."eJl~defined visible growth zones in 
tmnsmi"ied ligbt. Approximately 20~/:; of the g.""llins are 
suhhedral to eu."ied~I, clear find colourless with some 
well-preserved ccyw..al faces. There is also a minor population 
(.., 10~-\;) of rounded to s11b-rounded cleari oolou:le.ss grains 
that have abraded Sl.tia{les:. 

One hundred and twenty grains were onalyzed (S9, 
Fig. 12). U oonteots !Ire !llil!l!ly low to moderate, ( 60 
550 JlJ>ro, me<lian 180), with :he foll r~'lge being 29 
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2,664 ppm. nvu is moderate to very high (OJ 1, :nedian 
Ll4). Co:nroon Pb conte.~'.ll are modomte to h(gh (-0.05 
6 ppm) "1ld -45% o: the gmias are moderately to strongly 

discordant_ Most of fue grains Hi0%) Juwe 207Pbi"''Pb 
apparent ages faat clu- between -L98 !llld -1.76 Ga. Thete 
is a mlnor g:oup m 250 Ga and scattering of ages between 
-2.44 and - l.99 Ga Tnree grains have '"7Pbt'°'P'o· appa::e:it 

ages less :rum L72 Ge but none give a reliable estima:':e on the 
prinwy age. Two of:Oe grains (D27-2, !WU) are U-riCh and 
their ages are =ly discordant (-80<;{>), lhe third (B42.!) 
has a high oormnon Pb 00111'.ent 

The domi.'1.Mt gro.iping oomis';s of 93 anatyses that tre 
dio1'e<sed beyond a.'l!llytical uncernii::J!;y (MSWD=3.l). This 
population is bimodal with a domL"'11t clust<r at - 1.83 Ga and a 
minor cluste! at -1..89 Ga The -1.83 Ga clu- consists of57 
onal}<es -35% of Whicll are greitt:r than 10% discordant All 
analyzed Cc."UJX>Sitions in this group, plot withi!1 = on a 
single disc-O!tlat!::e line (MSWD~0.97) with CO.'!C<.'!illa interoep: 
ages at l,83L7±6.l and 3±40 Ma. The lower cxmoordi!I 
intercept age bdicates '.hat: Pb loss h"' taken plooe very recently. 
In that case, the best est:C:nate of the zircon crystallization age 
can be OOtained from the radioge:nic 1~'Pbl2°6Pb of the least 
discordant analyses. The 36 analyses that a.-oe fess thrsn 1 OO'Ci 
disOO!llant are within arutlyt:iral error (MS\VD~ LOS) and give a 
weighted mean age of 1,830.9±65 Ma 

The 1.89 Ga cllL~ conlprises of 36 analyses, ~55% o:f 
wbich &re grea:rer than 1 Oo/o discorda."lt. The 16 concordant 
and ne~ concordant analyses from this g:oup have the 
sa:rne ~diogenic 207Pbfo6Pb withb analytical lmeertointy 

(MSWD"'0.4&) a::id yield a weiglF.ed mean age of 
t,883,8±8.4 !>fa. The older -2-50 Ga group consis:< of 
four concordmr. a..'ld near oonc.ordant analyses that ha\!e 
fue same radiogenic 2"'Prn2°"Pb (MS\\1J~0.39) and give 
a weighted meon age of2,500±!5 Ma. 
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}>'fou1tt clur!'les formation, atkose (2003082644) 

Sample 2003081644 was collected from a filt)Ssive bed of 
medium-grained arkose exposed i::i the western side of Jims 
Pit located about 30 m below gro.md level (Table !). The 
s:nnp le is a dark grey medium-grained a:kose· wiO rare 
rounded chert and/or siltstone inl::mclasts up to 8 mm in 
dia.-neter. It is very strongly serk::itlsedt containi:1g a poorly 
sor:ed matrix of angular end sub-angular altered feldspars, 
quartz, lrJtic grains, rounded polycrysMlme quartz and 
20 30~·J opaque Fe Ti oxides. 

Zircon grabs recovered comprise a range of shapes a!l.li 
sizes~ in t.1.e range of -40 to -200 µm i-:i diametet The 
:majority are stubby, sublledriil to euhedtal, clear, oolo'...eless 
prisms and crystal fragments wiia few fractures or 
inclusions. About 30% of-.he g;ralns have l)brtided slirfuces 
and almost atJ ha'\le some preserved crystal faces. Less ili.a."'1 
5% have fai.'1tly vis:i;,le growth zones in transmfr-.00 Jight 
L1.J!Ii:inescence :ra.riges ftruti dun to bright, bu: ::nost are 
moderately lUillbescent- Fine oscillatory 8-+td brO'Jdly 
diffuse gro-1ro zones predo:roiruite. 

One hundtOO and '!vfo grai:ts were analyzed (Sl O} 
Fig. 13). U oonten:s are low to moderate (18 250 ppm), 
w~.h one value higher (B242, 390 ppm), and Th/U 
moderate to high (0.14 2.&, median 0.61. Co:m:oon Pb 
contenl!! ll:'e aniformly low (<0.01 0.8 pp:n) and 10% of 
the analyses are moderately to strongly discoroant The 
salilp"Je compris-a throe dls-:inct age clusters, a domina."l! 
g:-ouping at -2.50 Ga and two ml~o: groups at -3.50 3.32 
and ~ L91 Ga. The dominant grouping consists of &O 
analyses, nine of Which a.-re greater than l 0?/" dis:coffiant 
and a..-e not considered fu:r"Jter. The concordant and near
ccnoororurt grabs scatter in radiogenic 20-;-Pbfn6Jv::.rnore tl110 

expected from the aruilyJcal uncet'.ainties (MSWD=2.9). 
This seater can be reduced but not elimi::tated by o::nitting 
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0.14 
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Mount Charles Formation, 
afl<OSQ 

2003062644 

0.00 ~~~-~~--........ -~~-~~-~~ 
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Fig. 13 Con"10rdia pl::it of dctrital zircon U-Pb snal:ys~ fur arlrose 
sample 2003032644 from the Mount Chades Fonnation 
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two of the highest values \MSWD= 1.8). No oilier omissions 
can be justified. The median age fur the remaining grains is 
2,503.6+4.4/-5.8 !\fa. The oldest zircon gmins in this sample 

comprise oove.n grains that have ·~ 207Pbf11"'Pb ages 
betwee.n 350 ond 3.32 Ga. Four of these grains are wit.iii~ 
analytical U11Certainzy (MSWD=0.66) and hJWe o weighted 
mean age of3,42l.6±6A Mo_ The -l.91 Ga group is made 
up of euhedra! czysmls and cystal ftagmonlil wt.h preserved 
ff.locs. Zkccn grains from fuis groll_? generally has Tn/U> 1. 
Nine anatyses on eight grains hi.\ve the same radiogenic 
207Pbi"''J>b withfa analytical unceitlinty (MSWD= 1.7), and 
give a weigh.red mean age of 1,9\3±18 'Ma. 

Mount Charles fo1mation, arko<e (1()()1081507) 

San:iple 200 !082507 was collected from a massive bed of 
coarse-grait1ed. arkose exposed in tlie 'Nestem stde of the 
Efotricane-Repulse Pit approximately 20 m below ground 
level (Table 1). Petrogmphic~lly, it ls similar to sample 
2003082644. The soruple oon.<i<!S oi migulitr and sub
angular qua,1z, feldsp<e and rounded polycrystalline q·uartz 
grains in a matrix o: strongly se:icitised, roostly angular 
lithlc fragmen:s_ 

Zircon grains recovered comprise a mbted JX>PUlation of 
shapes with a "ide range in size (2D 200 µ"1 dia:metec ). 
Tue :majority (~ 70o/o) are sub-rounded, optically t.rbid, 
metamict, b.ighly fractured wr.h well-defined visible growfu 
zones in transmitted light ac"l.d abraded stL"fac.es. Other 
zircon grains are clear, colourless and S'J.bhedral to 

euhedral, ma:iy have prese..rved crysml fuces and only rarely 
do they show signs o!"" abrasion. 111.e CL response :fr<>m the 
turbid, metaruict zircon grai."ls ls dark and provides Uttle 
info:rufttion on the internal zoning characteristics of these 
grains._ The ;;:Jear, colourless zin:--0n grains htv.vever, are dun 
to brighUy luminescent and reveal a predominance of fine 
;:;oncentric gro1Nth zontng over sector-zoned crystals. 

Sixty analyses were niade 01i zir.::on gnti:::lS from this 
sa:nple (Sl l, Fig. 14). There is a large ta."lge L1i U CO!hen:: 
(36 2281, median 150) and, with one exception, moderate 
to high Th/U (0.42 4.2). Commo::i Pb contents are 
moderate to high (-0.05 6 ppm) and -50% of the gmin; 
analyzed are modom+.ely to strongly disco:rl!lll~ These 
analyses 16ow no correlation, bet'1.'een radiogenic 207Pbf0~ 
and dlsoordance, a"ld bex:auoo the age of the Pb loss is not 
know:i, tlley have "been exctJ.ded funn the age asses-sroent for 
f.'lis sa:mple. The -remaining 30 concordant and near coo.co:-· 
dant analyses principally ch1s~ at .-3A2 and ~l.91 Ga, rne 

older grOU'.)h\g oonsis:s of eight gm:ins that have constnnt 

:radioge;:ric ""207Pbf06pb within analyticaJ -.mce:rblinty and give 

a weighted mean age of 3,419.2±3'.6 Ma. 7.ircon grains in 
the y(,>Ullgest ~l.91 Ga grouping e-0nsis1S of euhedml t.o 

subhedml groins with preserved crystal !lices and Thill 
generally >L These 10 analyses have the same radiogenic 
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Fig, 14 Conrordia plot of detrit.aL zi.nmn U~Pb analym.:s fur axkose 
s~lc 200108151)7 from the MowitChartes Forrna..t:cn 

207Pbf"'i>b within OC1alytical uncertainty ~~ 1.8) and 
give a weighted !tiean age. of 1,905:r 12 Ma. 

Pargee Salldstone, quartz arenite (2()1)1082517) 

Sample20010825l7 WM collected in the Pargee Hills area, 
from a kr.v Jying seq'..lence 0f t1ickly bedded mOOf..tm to 
coarse grained sandtr.one and conglomerate, located about 
250 m south of' the contact with the unconformably 
O'l'erlying Ga..'diner Sandstone (Table l). The sample is a 
red, -:nedturu~grnined, moderately well~sarted quart.z areniw) 
wit."t rou::lded to sub-rounded qaartz g.'llins and ::are rub
ro1mded H~aic ftagnientsL Tue .zircon groins recove:ed 
comprise a wide range of shapes, rolo'.l!s and sizes that 
range fro:n -50 to 150 µm in diarnerer. T2e vast majo!'ity 
are equan; :ru ":>-·rounded to :oundcd. grains and range from 
turbid and bro1Nli in oolour to clear and ooJoul'less. I.\ifany 
grains are highly fractured which in the Illlljority of cases 
made SJlRIMP-spot overlaps onto these ft3.L"iures unavoid
able. The zircon grains have well-defued visible r,rowth 
zones Jn transmitted light and almost all ha-ve abraded 
sul.5;ces. ~fost grains bave a moderate to bright CL with 
osciUatory growth z.ortes, and -20~/~ have rounded cores. 
Approximately 20% are duU in CL and gfve Jlttle ·or no 
inforro.ation O:'l their internal gro1Nth zones. 

One h:Jndred and eleven grains: were analysed fr.om t1is 
sample (Sl2, Fig. IS). Many of these analyses (-40%) are 
:moderately to strongly discordant \llhlc.h is conslste!lt ·t;crjth 

t':le highly fractured natu .. ""e of many of ilie ziroo:n grai..1:s in 
fi1is sample Fo:ty-five analyses th.tr: are g-rw..er than lff}'r; 
discordant arc not consid«ed :further. The remahing 66 
analyses have low to moderate Ii oonte.ots (V. 250 ppm), 
modotate Th!U (0.4 1.4), and low co moderate oom.'llon Pb 
contents (<G.O l 2 ppm). The 2°'Pbl2°"Pb apparezi: ages are 
scattered betwe<!l -3.37 and l.73 Ga with clusters at-2.53 
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Jig. 1:5 Con;:;ordia p~t of dctri:tal zi:rron U-Pb ana.lyse~ for quartz 
armit.e sampl<' 200108251 '? from the Pugre Sandstone 

and -1.80 Ga. The youngest cluster Collll:ises 25 analyses 
thlll: ru:e disp=ed in radiogenlc 207Pbf'0 Pb apparent ages 
(MSWD~ 8). This population is bimodal with a dornlna:it 
grouping at -1.83 Ga and a :uinor one at -L77 Gil. The 
do!lliruult grouping oonsists of 13 analyses that are 
dispersed in rOJliogenic 207Pof'°6Pb (!YISWD~2. 1). This 
scatter can be elirui.-<'la'.ed by t~oving the highest -value 
(MS\VD= 1.3)~ the re.ruaining analyses combine to a 
weighted mean age of 1,835.4±9.8 Ma. The minor group is 
1uade -up of 12 analyses that au have the sa:ne :mdiogenic 
1 0

7pb.fZ06pb (MSVvTI=l.'i)} a."l.d combi:i.e to yield fh"'l age of 
1_;768± 14 Ma. Tne oldestgroupbg cornprises nine analyses 
that !:Jave the same radiogenic 2°'Pb/2116Pb (MSWD~ 1.6) 
and combine to give a weigh~i mean age of2i524±10 Ma. 
There are also minor peaks at -2. 70 a:id -2.21 Ga. 

Gardiner Sandstolle, sub/ithatettite (2Q03Q82642) 

Sample 2003082642 was eullec!ed from an outcrop o: 
thickly bedded, masslv-e, purple sandst.o::J.e L'l the Coon-ia:rie 
Rimge (Table !). The sample ls well sorred and consists of 
about 80% sub---a.!gulat to sub-rounded quartz and about 
I5o/., fme--grained sedimentary and meta-se4imentacy li1hic 
olasts_ The zireo-n grains l'CC(!Ve.ted a:e remarkably unifutru 
in diameter (-70 JOO µm). They""' cleat and colourless, 
wi'lh relatfvely few frac:ures or inclusions. The n1ajority are 
equan; rounded to sulH<r.mded, and 70 80% have a bradcd 
surfaces. Rare g:ai::is (<5o/o) have s~e pres<rrYed crystfil 
faces. CL i!'llaging :shows that ±nost grains have fine 
oscillatory groW.h zones. There is also a lesser ;>opi..tlation 
of c.ryS'.:als 1hat sho\V diffuse :,wmg and sector zonffig. 

Nincty-tlh'1le arolyses a:re liS'.ed in SB and plotted in 
Fig. 16. The anatyz.ed zircon gmffis have low to moderate U 
contents (-30 270 ppm, mOOian 130) and r:vu (0.15 1.68, 
media.~ 051). Common Ph con':ellts a:re unifurml)I low 
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:Fig. 16 Con:ord\a plot cf detrital zircon u·~·Pb analyses for 
rub1itharen:ite sampte 2-003082642 frorr. the:. Garliner Sandt:tcne 

(<ll.01 0.6 ppm) and app:'O:timately 20'/o offue fil1lllyses are 
::nodei._"1)tely d:isoordant Tue 207Pb/206Pb apparent ages :range 
between -3.25 and ,...-1:74 Ga wiL1i a dmninant cfJSter at 
-1.83 Ga \70%) and a minor cl'..sster at -250 Ga. 11le 65 
anal:'.:lSes in !he }>oungest grouping do not defl,_"Je a single 
discordance line. C.onsi~;ng only the analyses :hat are less 
than 10~/.,. discordrutt, there is significant dispersion in 
tadiogenic 107Pb!2°'Pb (!>1''\.VD~4.1). This population is 
bimodal, fontli!lg a dominant group ot N l.81 Ga and a 
subordinate one at ,., L8? 0$. The dominant group comprises 
36 analyses trust have tql.lal 207Pb/206Pb 'Within enor 

(.MSWD~ 1.4) and combine w give a weighted mean age 
of 1,812.2±7.9 Ma. n1e subordinate group comprises 18 
analyses mat have me same rodiogenic 207Pbf°"Pb (MSWD~ 
L7) and combine to give a weighted mean age of 1,872± 
11 Ma. The 2.50 Ga i;to'Jjl compri ... -. st< analyses that range 
in apparent 207.Pbf"".Pb age be:Ween 2.53 a...:! 2.44 Ga. 

Diseussion 

The detrital zircon age distributions displayoo in Fig. 17 
co:nprise 12 satnples from the six principal sedimentary units 
in the Tana.mi Region, and the depositional age estimates for 
these units are show:. in Table 2. The data in Fig. 17 
dernons:rote ihat all units oontrti:n zlroons "With an age :mode 
of -2.50 Ga b additioo, with the exception o: the Mount 
Charles Fonnationi all units younger thilfi the Fecd1es 
:l.1e:uber of the Dead Bu!locl< Formation are dominated by 
Palooproterozoic .de:ri~s wit±i an age mode between -1.89 
and -1.84 Ga. The Wa.-e Group samples contain a younges: 
zlloon corupo:iem between -1.83 and -1.82 Ga and only in 
the youngest Pargee and Gardiner Sandstone do -1.80 Ga 
zircon components npperu:. The Fer dies Mero bet oon1ilins 
zitcon grains wifu age groups of -3.20, -2.70 a.'ld -2.50 Ga 
(Fig. 11 ). These ages cm\trast mrukedly wim younger 
sedimenta.7 uniti; in the Tanan:li Region. The Mount Charles 
Formation is also do.:ninated by zircons 'Xrifu Archean ages 
but i.-, additiOUi co:rn.nins a youngest det:it.aJ con::qx.inent at 
""l.91 Ga, which is about 100 Ma olderthan its depositional 
age as suggeswi! by Crispe et al (2006). 

Table 2 Ikpositional age estfr!l1ltcs for the )X'incipal sedlment.uy sequences in the Tmami Regltln 

Unit OZCHRON Numb"" Max.. ag('. 0---i?.) {dctri:ta: zircon) 

Fertile& Member 2(}0303.2647 2,533±3 
Ferdii:& Mernher 20030&'.2649 2,1:.l9*20 
K\lli Kiili Formation 2()010&2021 1,~66+3/ 8 
lGHi Kiili Formation 2:J01082505 l,.854±5 
K.Hli Killi Fomuti;:n 2D01!).&2515 l,l!68+5/ 6 
Killi K:.lli Form.ati on 2001-082036 1,857+9/ 13 

\:\<'are Group 2001082519 1,82%4 
Vt"are Group 2001082527 1,831±7 
Mount Charle$ Fontlatiun 2003082644 l,,.Ql'.!:+:lii 
Mount Charles j<(lnnation 20010&2507 l,905Jo12 
Pargec Sandstone 2001082517 1,768±14 
Gard.a.er Sandstone 2(103082642 l,812±& 

"~e of youngest delrital. z:~on in Ferdics ~!ember ~ample 20030i2649 _(this study) 
"Cty:tts:Jisstion age fur Sl'llll.p~ of tu.ff in Callie Member (this study) 
"Conteni:porantm:s _ft:lsic volzanis!n in Wo-e Group 
d Age ofyoo.ngcst detrltal xtr::on population from Pugee Smdstcue, sample 2001082517 (th;s study) 
~Age of cross 1~uttirl{'l ignemIB intnwlon (Crispe et al, this wlume) 
1 Infcrenr:: frorr. ages of Cl'tllilli CUI.ting igneous l:ntn:.mons (CF...spe et al tbfa voh.uue) 
11'.sHRIMP U~Pb dating of diagenetic xerwtime .from Gardiner Sanjswre {Vitllini et al. this volume) 

Mo<. A!!' (Ga) Mi~ '<>' (Ga) 

~2.11.;,; "'L84Gab 
"'2.11" ~L84 Gab 
.... L84b ~L82 Ga~ 

.viJi14b .....-1.82 Ga" 
'"'L84'\l ..,L82 Ga~ 
.... i.g4h -L82 Ga" 
.... L&2c ""'1.Sll Ga.r 
""LS2" ,...i.go Gar 
-L82{; ""L80 Gar 

.vL8t'' "'L80G::if 
-1.7'.ti ,.,.L64 Gail· h 

... i.77d ,...1,64 Ga*· h 

hCo~l.ulcn of Ge:rdlner Sandsttinewith roob in~ Victo.ria River Ba.M v.nicli arc ovt'l'iainby the ~1.64 GaL::O-.banyaGttH!p (C\ltovir,;:.s et al. 2()(12), 
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Ff8. 17 Frob'1>;:'1y dellsily dl•
tributicin diagr&ns ccropar'.n.g 
detrital zircon ~Pb ages fur 
analyzed satllpk:s from this 
11l4dy with d:lta Rom: Cross ct 
aL (:OOSb) fur lhe Icmder Rook 
beds t20:l2082504}; Cmss et a:._ 
(2003c) fur the 'Pricl:rk Hill' 
sa.:ndst:one (2001082S4i>); Cross 
et al. (2005a) for lhe A.t:rwia Gap 
Quartti"' (2001082142) and 
Beeston~ Formatloo 
(20010&2533). Gpey -vertical 
Unes are common major age 
peaks at,...,,2.50and ""L87 Ga 

Pine Creek 
Orogen 

ActK"h\ Gap 
11'l".!'l:idl4 
20!llO>r.!S•2I 

The tuffaceous Bample from the Callie Membe:- of the 
Dead Bullock ForltlJ!tiou (20010825! !) represents the only 
volcanic rock to have b-'....en isotopically dated from <:::ie 
TEl1lil1tli Group, Ra_"'C :angular and euhedral grains of qwmz, 
feldspar and z.iroon bdioate a tJffaceous origin. The zoned 
zircons sttengthen this interprerafun. Isotopicully, they 

21 

lFllr 

Tanami 

Ware Group 
200!tl1125;'/ 

Kini Kiili Fm. 
20010~20.?i 

W'!lll.~-l 
2.1 2.'i 2J? ll J,4 lfl 

l\~fO«! 

Arunta 
Region 

'Prickk Hill 
san&stnnc 
2QQJ082.5-t:IJ 

~ 1.mi.lkr Rock bed;;:\ 
~ 20020"$15{)4 I 

I 

record a single U Pb age. Mar:phologically faey are 
homogeno':!S~ pristine,, euhedral zircon grains: wtill axial 
inch1sions a feaht..re typical of volca.nic-ziroon. FeatllteS fuat 
would indicate an intrusive origin fo:!' this '!1."lit, such as 
contact meta!M!p~isro in local rocks, (Jf chilled :nrugms 
v:.tifu adjacent units were not o';J.se:ved at the S!llnple site. It 
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is fur the above reasons that we interpret this sample as 
tuffuceous in origin and likely to have been deposited 
contemporaneously with sediments of the Callie !vlember. 
The SHRIMP lJ-Pb age for this unit of 1}838±6 :tvfu 
provides an important constraint for the depositional 
chronology of the rocks included in the Tanaroi Gtoup 
and early basln development. 

Detrital rircon depositional age estimates 

Fmlies member of 111£ dead bullock formation 

Zircon grains from the Ferdies ~1ember arkose 
(2003082647) srunp!e.d fro.tu 1he Ground1ush region define 
a maximuu1 deposition age of 2,533±3 _Ma, whereas a 
fekfapatltlc are:nire (1003082649) from the 'ame unit at 

Dead Bullock Soak contains zircon grains that in1p1y a 
deposition age aft.et -2.11 Ga. A n1inimum age of 
sedimentation for the Ferdies Member is provided by the 
overlying Ca!lie Member felsic tuff (2001082511), which 
contains zircons that c1ystallized at 1,838±6 ).·fa (Table- 2). 

The i.in1ing of deposition for the F erdies 1vfen1b& is poorly 
constrained between -2. ll -1.84 Ga. Therefure, estimates of 
the true age of deposition remain speculative. T\vo alternatives 
are poss1ble, First! y that there may be an extended deposi
tional hiatus (i.e. czyptic unconformity) between the Ferdies 
and C,aUie Members of!he Dead Bullock Formation lnstirig up 
to a maximum of approximately 270 Ma. l\. similar sce.nario to 
this has been detected in the Paleoproterozoic Hurwitz. Group 
in the we.stem Churchill Provi11ce of northern Canada. 1Jsi.'1g 
V~Pb dot<;s fulm badoo!eyite &1d detrital zircon, Aspler et aL 
(2001) detected a previously unrecognized time break of 
approximately 200 Ma across an Internal c1yptic unconk•r
mity, The second altemati\te is that the Archean detrital 
ziroons fuun:d in the Ferdies Member \Vere derived from the 
uplift of eitlwr Archean baser:tent rocks or scdlmentary rocks 
derived fron1 Archean source rocks. In this scenario, uplift 
of these. sou1ces before -1.84 Ga,_ during either the ·-1.87~ 
l.85 Hooper Orogccy, Llie -J.S7 Ga Nimbuwalt Event or 
the early stages of the - L83 Ga Tanami Event shed 
detritus inm the proto-Trumni basin. If thh model is 
adopted, Ferdies !¥1cmber sedimentation wou!d have 
oo:mrred between -1.86 and l.84 Ga. Of the two models 
presented 1n this stady}' we prefer the Jattcr as the nIDSt 
likely as the Dead Bullock >nd Kiili Kill! Formations share 
a similar stL11Ctrual history and have been intL,"'Ipreted as 
oonfonnable- in nur::ierous drill core intersections (see 
Crispe et aL 2006). 

Killi killi fonnafion 

The yo:u:Jgest zircon component in cll foar samples from 
the Killi Killi Fomtation. provide a consistent 1naxinlum 
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depositional age estimate of between -1.87~} ,86 Ga. 
I-Iov.rever, this unit is weH constrained between the 
conformably u::iderlying 1,838±6 Ma! Callie tuff 
{200!082511), and a.'1 illt".isive contact wiL'i the 1.82 Ga 
Wute< Tower Tonalite (Crispe et al. 2006). There.fore, the 
Kiili Kiili Fommion was deposited al least 20 Ma after the 
age indicat.ed by its yow1gest detrltal zircon component 

U'O:re group 

The youngest dctrital zircon component in the Century 
Forma.tk•n (Ware Group)> lithic arenite (2001082519) 
indicntes a ma-xltnum deposition age of 1,823±4 Ma, 
\\thereas a graywackc from the Wi:tson Forn:w.tion 
(2001082527) contains a youngest zircon component at 
1,831±7 Ma. Sin1i1ar ages have been measured in felsk: 
volcanic unJts within the \Va.re Group. For example, a 
Shlllple of rhyolite from the Mount Vlinnecke Ponuation 
has a SHRIMP U-Pb age of l,824±5 l'ifu (Page i995) 
and a dacite and felsic volcanic from the Nanny Gout 
Volcanic Complex have SHRIMP U-Pb ages of 1.816=7 
and 1,821±5 Ma, respectively (Smith 2001). Crispe rt aL 
(2006) suggest that minin1um age constraints for sedimen
tation in the Ware- Group can be it-ifened from the ""L82-
L 79 age of D2 defurmation, and the :innusion of the 
1,8 t 5=5 Wmnecke Gramphyre. 

For the two samples of sed:in1e.ruary unit.s in the \\tare 
Group considered in this stud)'> the youngest zircon grains 
constitute a minor population of euhedral and unabraded 
grains. Given their relatively pristJnc state, we consider 
them to be first-cyele sediments, and ID mDle probobJy been 
derived :from either one or a combLJ.ation of nearlry ca. 
~l.82 Ga feJslc volcanic rocks and gra11ites. This indicates 
that sediinentation and volcanism associated with this 
group \\.'as broadly contemporaneous, :\ccordingly~ we 
consider 1he _maximum deposition age estimates for the 
t\VO Ware Group sedimentary rocks analyzed fur this study 
to be good approximations for thei:t true depositional age. 

~Mount Charles fom1ation 

The ages of the youngest zircon oom:ponent in both samples 
from the );fount (:t\llrles Fom1ation me indistinguishable. 
Sample 2003082644 bas a youngest component at 1,913± 
18 Ma} whiie the youngest grains analyzed from 
200!082507 crystallized ar 1,905±12 Ma. Page (1998) 
obtaine-d similar tesults to these in another- detrital zircon 
SHRIMP U-Pb study of a sediment from the Mount a1arles 
Fonnatioo. In fai.s study, Page (1998) calculated a maximum 
dc)lOSition age of 1,916±8 Ma, (MSWD~I.66) finm the 
yo1mgest 14 grains analyzed. 

The -1.91 Ga Cetrital zircon from our Moum Charle< 
Sfilllples and that of Page (1998) share simi!Ar morphological 



and chemical characteristics. They all have preserved cry~ 
faces 'With no signs of sedimentary abrasion and have ThlU> 
J . The youngest component !tom all three samples have the 
same radiogenie w 7Pbl'°"Ph within analytical unctttainty 
(MSWD~l.16) orul combine to give an age of 1,913±6 M11. 

The absence of D 1-D3 defunnation in rocks included in 
the. Mount Charles fomllltion, aplite dyke intrusioru;, and also 
contact metiJJ.Uorphism associated "vith Grimwade- suite 
grmutes bave led Crupe et al. (2006) to suggest a depositional 
age for the Mount Charles Pollllillion at -1.80 Ga. This is 
100 !Ma younger 1han the -1.91 Ga age of the youngest 
zircon grains in the three sarnples examined in this study. 

Pargee Sandstone and Gardiner Sandstone 

1be ynun.gest detrital zimm component analyzed fium the 
Pargee Sarulstone (2001082517) crystallized al 1,768± 
14 Ma. In contrast, the youngest zirrons fium the unconfortn
ably ov<:rlying Gardiner Sandstone (2003082644) records an 
age ofl,812±8 Ma, about4S Ma older than zin.xms from the 
Pargee Sandstone, Clearly, the detrital zircon 1naximum 

deposition age estimute for the Gardiner Sandstone doe.s not 
approxi1nate the true age of sedimentation. 

There are no d!rect minimum age eonstraints for the 
deposition of the Pargee- Sandstone. Therefore: controls on 
the timing of sedimentation fur the Gardiner Sandstone 
ofter the only geological co11straints for the minimum age 
of deposicion fur the Pargee San&.1.one. The upper limit fur 
sedimentation in the Gardiner Sandstone is constrained by 
diagenetic xenotime grov.-111at1,632±3 Ma (Vallini et al 
2006) an.d the -1.64 Ga age of Limbunya Group rodes, 
which were inreiprcted in drill core by Cutovims ei al. 
(2002) to overlie Birrindudu rocks: Jn d1e Victoria River 
Basin, north of the Tanami Region. -Therefore, the timing of 
sedimentation for both the Pargee Sandstone and fr.u-diner 
Sandstone is currer:.tly loosely Constrained to between 
-L77 and ,....1_64 G.a.. ·n1e depositional age constr'aints from 
the six principal sedimenim:y units from the Tanami Region 
outlined above show that sedimentation occurred at least 
between tl1e pcnod -1.84-1. 77 Ga. 

The above examples emphasize the. importance of 
isotope studies of intercalated volcanic units to reliably 
detennine the deposition age of non-fossiliferous sedimen
tary rocks. An altcntative to this approach, is to date 
diagenetic minerals (such as Juonazite and xetiotirne) (sec: 
Vallini et al, 2006). 

Source of detrital zircon 

Ferdie..'f member-dead bullock fi:rnnatit:m 

The dctrital zircon age dlstnbutions iu the basal Ferdies 
Me1nber samples discussed in this study are remarkably 
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different compared to othei· Tan.1Illi sedimentary units. 
Perdies lviemher sample_-; are almost entirely composed of 
Archean. aged detritus and laclt the -1. 86 Ga zircon that is a 
principal component in most younger samples ("Fig. 1 7} 

Detrital zircon grains from the Fer dies Member arkose 
2003082647 constitute a unimodal age peak at -2.53 Ga. 
This rock is clearly derived from a restricted late Arcbean 
source. Known rocks_ of this age in the ~A('. occur in the 
tie&by .Billabong Complex, where Page ct al. (1995) have 
intetpreied an. age of2,514±3 Ma, and in the Rum Jungle 
Complex where the- -earliest phase 9f granite intrusion 
occurred at ---2.53 Ga (Cross et aJ. 2005aJ The wide range 
in morphology of these zircon grains ( euhedral to rounded 
orul sometimes pilled) probably refleets both proxlIDlll and 
rnore distal sources. Therefore, we consider it possihie 1hat 
these zircon grains could have been derived from either of 
the above re.gioos, a combination of both or an e>:;:otic 
source. Detrital zircon SHRL.\fP studies from two sedinlen-
1.aly rocks from t..tie Pine Creek Oro gen share simil.e.r zircon 
age distributions to the Ferdies Me.mber arkose 
2003082647. The Acacia gap Q\h'lrtzite Member of the 
'\\rildman Silt:itone, and the- Beestons Formation which rests 
unoonformably on the Archean Rum Jungle Complex are 
both dominated by detrital zirco11 approximmely 2.50 Ga 
old (Fig. \7; Cross et al. 2005a). This co'Jld indicate the 
once widespread occurrence of NeoArchea.n crust across 
much of northern AustraUa. 

Feldspathic nrenite (2003082649) from the Ferdies 
Member has age modes at -3.20, -2.78, -2.70 and 
-2.45 Ga It i;-; possible that a large perceritage of these 
zircon grain,;;; are derived from the Pilbara Craton in Western 
A~tmHa.. The -320 Gll zircon grains can be correlated with 
the -3.27 to 3.2.'l Ga Cleland Supersuite of the western part 
of the Pilbarn Craton (Van Krandendonk et al. 2W4) and the 
-2, 78 age mOOe wlth magrnatisn1 assocla:ted \\i.th the 
Fortescue Gtoup (Ne.tson 1999). The -2.45 Ga age mode 
may in part be derived froro the Pine C.reek Otogen,. or 
alternatively from magn'latism in the Pilbara region between 
-2.60 and 2.45 Ga that was associa!ed with the Hmnerslcy 
Group lThome and Trendall 2001 ). 

Kiili killi formation 

Detrital zircon age distributions fro1n fuur s.ainp1es of Kiili 
Kill! Formation arc retlliitkably similar. Each is dominated 
by a zircon population !hat cystallized at -1.87 Ga_, with a 
subordinate age group at -2.50 Ga (fig. 17). The dominant 
zircon component could have been derived _fi'urn one or a 
cotnbination of similarly age-d rocks in ~otihem Australia. 
These include magmatic rocks from the Pine Cte-ek and 
Litchfield plt)vinr-es (Won:!en et al. 2004~ Needham et al 
1988), !he Halls Creek Orogen (Blake et al. 2000) and 
Tennant Creek Region (Compston 1995 aod Smith 2001). 
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Tbe dominant -1. 8 7-1.86 Ga zircon grams from the four 
samples ofKilli Kiili Frn:moton are likely to represent frrst. 
cycle .sedimentary components because they are tJ11ically 
eqilllllt subrounded prisms with -·5~,t having retained their 
crystal faces. Fwiherrilore, 'When sedimentary pitting on 
zircon exteriors is pre.sent, it is usually fiUnt. This: is ih 
contrast to the KeoArchean zitc-On grains that a.re typically 
well rounded a.'ld_have a. marked pitting on grain exterl4l!S; 
which is indicative of a longer history of sedimentary 
transport and/or t'ccycling. The r\rchean zircon grains in the 
Kiili Kiili Fonnation samples were probably recycled from 
underlying unl:ts such as the Ferdies Memhert which 
contain a high pe.rcG!.1tage of zircons of this age. Alterna
tively, fh.ese zircon grains may have been derived from 
siinilarly agetl granites and also elastic units that are 
dominated by late Archean zircon grains from the Pine 
Creek Orogen (see Cross et aL 2005a). 

The detrital moon age distributions in the four Killi Killi 
samples (this study) share close similarities to detrital zircons 
fulm the Lander R<>ck be&, southern Arunta (Cross et aL 
2005h) and the 'Prickle }lill' sandstone, northem Arunta 
(Cross et al. 2005c) (Fig. 17). The similarities in the detrital 
zircon ~e distributions between these widely separated 
saniples indicates that the KiUi Killl Formation may have 
once been a part of a much larger depositional system. 

~'Ore group 

Detrittil zircon grains: from two samples of sedimentary 
rocks fronl the Ware Group have similar age <listributionK 
Both are dmnirutted by -1.83 Ga detrital zircuns, and like 
other uaits analyzed in this study, have a minor age 
population at -2.50 Ga (Fig. 17). The detrital zircon age 
distributions. for the '\Vare Group samples 2001082527 and 
2001082519 are broadly similar to th& of the Kiili Killi 
Formation samples discussed above. Like the samples fulm 
the Kiili Kiili Formalion, samples from the Ware Gro'.1p 
cootain a significant proportion of -1.86 Ga deuital zltcon. 
'These zircon grnll+s are c haracterisrically mature with rounded 
to well·tounde<l morphologies. Only the younger, -1.82 Ga, 
enhedral; noo~abraded zircon grains present in samples fi:om 
the group can be used to isotopically distinguish between 
sedimentary rocks in the KiUi Killi Formation and 'Ware 
Group. We interpret that the similarity of dettital zircon age 
patterns in these samples indicates that the younger Ware 
Group may be largely derived from the recycling of the 
underlying, Tanami Group. The abradod morphology of the 
-1.86 Ga, and Archean·aged zircon grains in tl1c samples fulm 
the, Ware Group supports this interpretation. Therefme> we 
consider fuat the Ware Group bas mostly been derived from 
the re.cycling of sediroentaryrocks in fhe T.1112llli Group Vlith a 
relat:f\rely minor input of -1.83~L82 (Ja volcanics and 
grarjtes deri-ved fto-1n ltx:al sources. 
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Mount Charles. fonnation 

Detrital zircon age distributions: fron1 nvo samples of arkose 
from the Mount G'harles Formation are distinctive. Both are 
largely co1nprised of Archean-aged zircons. Sample 
2003082644 is dominated by -2.50 Ga zircons, while 
2001082507 contains only a minor age group at 
-2.50 Ca and js dominated by zircons that crystnllized 
at --3.40 Ga. Both samples also ha-ve a youngest component 
at -1.91 Ga (Fig. 17). The older Archean'ilged zircon 
grains in these rocks are rounded with pitted surfaces. The 
-2.50 Ga zircon grains may have been derived from 
similarly aged granite-s in the Pine Creek Orogen or 
recycled .front underlying units such ns tbe Fe.rdie,, Metnber, 
The well-rounded morphology of ~4rchcan zircons from 
the,se two samples probably excludes a. local granitic 
protolith such as the Billabong f'.-01I1p-le:x as a source. The 
-3.40 Ga zircon grains fulm sample 2001082507 represents 
the oldest zircon component measured during this study. 
These zircon grains inay indicate a provenance from 
similarly aged rocks in the Pilbam Crarun (Nelson 1999 ). 

A possible source for the l.91 Ga zircon con1po:nent 
oonunon to all Mount Charles sample~.;; exantined is the 
Ding Dong Dovms Volcanics. 1hese rocl:s are compdsed of 
Jnain.ly ma.fie and also fCfajc volcanics and furm the 
basement to the eastern wne of the, Halls Creek Oroger1. 

TI1e Ding Dong Downs Volcanics have a SHRIMP U-Pb 
age of 1~907±6 Jv!a. and a granophyre from the same unit 
has a SHRJMP U-Pb age of 1,912±3 Ma (Blake et al. 
1999). Zircons fulm the Ding Dong Downs Volcanics have 
Th/U ratios that are distinctively high and are often > L 
Given that the youngest Yl:ount Charles detrital zircon 
grains crystallized at ""'1.91 Ga and also have Th/U ra.tit:l'!: 
> 1, we suggest that they may have been derived from the 
Ding Dong Down.~ Volcanics !n tlJe l-Jalls Creek Orogcn. 

In contrast to the rounded and pitte-d surface texturt·,s of 
the Archean-aged zircon grains in the Moll11t (:;tiar:es 
Formation, zircons from the L91 Ga populfition have 
retained crystal faces with no signs of sedimentary 
abrasion. The grains are. therefure likely to represent frrst
cycle sedimentary detritus. Their pristine condition and 
presence Jn thtee samples from the Mount. Charles 
Formation suggests that they may record the true nge of 
seditneut deposition, either representing the products of 
source region uplift and coeval magmatism, or oontempo~ 
raneous volcanism. In addition~ Archean zirc011 age 
distributions from the Mow1t Charle.s Formation, in 
particular sample 2003082644, ore. similar to the basal 

Ferdies Member arkose (20-030826'17) (Fig. 17). Significant 
also is the lack of any --1.87 Ga zircon component in 
sedimentary rocks analyzed from the. Mount Charles 
Fon:nation. As pointei! out ear1iert tJ:.Js component is a 
major feature of the Killi Kiili Fotma.tion,, Ware Gro"l..tp, 



Pargee Sandstone and Gardiner Sandstone, We int:=pret the 
presence of -I .8 7 Ga zircon in sedhientary roC:.Cs you.."lger 
6an the Kiili Killi Formation to 'x the result ofreworkbg of 
underlying elastic units. Given that c:tspe et al (2006) place 
the Moant Charles For.:mtion as overlying the Ware group 
ond depooitod at-1.80 Ga, fae "!'Patont absence of -Ul7 Ga 
zirc-0n grains in this unit is puzzling. If be Mo1.4lt C:."l&ies 
F or.rttation was deposited at -1.91 'Ga, it would require that 
this unh; was i:n some way pa:r:;itioned fra:n the e:ffectsi of 
lhree signifiCllOt deformational events (D1 to D3) in ue 
Tanami Region. The inference tllllt the Mount Charles 
F onnation !t\ay have been deposited berore - L88 Ga ru.i 
obvious i:nplicatio:is for exploration. Ihat is, t.liat the 
Au-rich Mount Charles For::uation may in fact underlie eit.lter 
the Collie Membel; Kiili Killi Fot!l:llition or Ware Group. 

An a!temir.hre .explanation for the L91 Ga de'.rftal zirc<m 
component in the Mount Charles samples is that they do 
no~ approxima+..e the age of sedL<nettt deposition and were 
derived from a very rostrictoo catclmlent !hat o!lly eroded 
roc1::s of the Ding Dong Downs Volcanics, or age 
equivale:::its, toge:het with olde: basement erulov;.'ed '\Vi'.h 
Arobean zircons. Cleatly :fu.r"Jter gt<..ulies -0f t.">ie Mount 
Charles Formation are required to establish its true 
depositional age and stratigraphic position. 

Pargee Sctl'.dstone and Garctmer Sandstone 

Principal age g:oups in samples from lhePargee Su:ndstone 
(200108251 T) u:nd Gardiner Sandstone (2003082644) occur 
at -2.70, -2.0 and -1.80 Ga. A youoge:: popula:ion at 
..., L/6 Ga was only detected in the Pargee Sandstone 
sample. Scrimgoour (2003) hos suggestoo t\at !his compo
nent was probably related to magiuatlc events associated 
wJfu the Late Strangways Orogony in the Aruntn Region. 

Older zirron grains from the Pargee and Ga:diner Sand
scones are predoml:!lantly well roaru:kd v.11h pitted surfuces 
indica:iv-e of a long hiSX)cy of sedimentary tra.:_;sport and 
reworking. These grains were probably derived from 
u11derlying sedi:nent'"'Y rooks Jn the Tanami Group. 

Considered ooUf.ctively, detri:al :dreon groins from the 
Kiili Killi Formation, Ware Group, Pargoo Sandstone and 
Gardiner Sa:nd;<tone are chamcterized by a high pe:centage 
of ... t.86 Ga·g:ai::is wifu a minor component at ~2.50 Ga 
The ""L86 Ga oom:Jonent from these samples shows a 
,progression in zircon rounding from their appea:ance L:i the 
Kiili KilH Formation to the :o-p of the sequence in the 
Gardiner Sands+..one. Detrital zirco'.:'ls in t.~e Kiili KiJli 
Formation is predominantly sub~rotmded \Vith rfll'e signs: 
of surfuce abrasion, whereas zircon grains from the Gardiner 
Slitldsrone- is predominantly toun.ded and 70 8Qll/~ of grains 
have abraded su.cfuce.. We intqrret the presence of lhe 
-1.86 Ga arul -2.50 Ga agepopu!atfons in al! of these units, 
and -the su!Xessive rounding of the ""1.86 Ga :zi!CDn 
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oomp<>oent :Tam older to you..~er units, t-0 tndica';e t.1-Jat 
recycling of urulerly-jng sediments has played a :najor role in 
supplying detritus to you.T)get seque::ice.s. 

Early 00\'cloproent of the Ta:nami Basin 

Re.assessment of Browns Range Dome granite sample 
88495008 

A san:rple of grimite (88495008) fro:n the Browns Range 
Dome in tlle no7Jt west of the Tana.mi Region was 
inteqireted from a SHRIM!' U Pb zircon study by Page e: 
al. ( 1995) to have crystallized at 2,5 JO ±22 Ma and lo have 
undergone high-grade metamorphis.."Ii lit eifuer ~ 1.97 or 
-1.88 Ga. The latte (-L88 Ga) age inrerpretutio:i for this 
sa:nple hos been used by Hendrickx et aL (2000) as 
evide.nce fo: the lnltial extension associw.ed wifu ::he early 
development of the Ta.na.n:ti Bas1n. To access fue evide!lce 
for this proposed - L88 Ga me".an:wrphism, lhe original 
SHRIMP mount with zircon from the_gmnite sarupled from 
the Bro'Wns Ra11ge Dome was re-etami:ned using CL 
.irnagtng1 & technique unavailable to the original researchers. 

Zircons from this satnple hewe a diverse Jill'8-Y of sizes and 
shapes. They dominantly constitute rounded to well· rounded 
concentrically and sectat"z-oned zircon cores that are 
oveigrown by highly metmnicl; daik lurnine.cenoe response 
oveigrowths up to 100 µm b 1hic.kness. ConconJ.:it and 
near-concordant compositions range b apparent age b~ 
-3 A1 tv - l.87 Ga !llld fall into \:bree loosely defined groups 
of -3.15 to 3.04 Ga (11=6), -2.67 to 2.44 Ga (n=8) and 
-L99 to L87 Ga (n=9). There are also two zircon grains at 
-131 and -2.26 Ga ond two older grain• at -3.42 and 
-3.24 Ga (Fig. 18). The nine ooneordant and near-
concon:iU!tt compositions that range in 101>b/206pb age 
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between -1.99 mid -L87 Ga (fable 3) were ir.terpreted by 
!'age et al (1995) as recording the age of metamorphism in 
Bro'A-TIS: Range Do-roe. 

The precise location of each SHRIMP spot for analyses 
that ranged between -1.99 and -1.8? Ga were examined 
wit.ti refutence to the new CL images. Th.cse images showed 
that each Sl-IR.Ov!P spot \Vas entirefy centred on concentri
cally (JT sector :?..-0ned, limiinescent, rounded to -well-rouuded 
zircon cores (fur exarnpie, Fig. 19). We interpret these 
internal zoning feature..s and high degree of rounding of 
these cores to be more cliaracteristic of zircon grains that 

have crystallized from an igneou,,r; melt and later rounded 
during sedimentary transport, rather than zircon fruit bas 
grown and/or re.ctylltallized under metamorphic oonditlons. 

Zircons t.tiB.t have gro\\n or re..crysta.lHud under 
metamorphic conditions genetally has Th!U < 1 ("lloskin 
and Black 20-00; w1lliruns 2001) and is often very poorly 
luminescent Regions in zircons that have been re-crystal
lized can appear as lobate. poorJy lwninescent patches 
discordant to the primary growth zones (e.g. Hookin mid 
Biack 2000). In contrast, new zircon growth under 
metamorphic conditions usually fonns poorly luminescent 
nev.' crystals (W'illia.rns 2001) or preclpiwes a.~ an over
gro\"1h onto a protolith zircon core (Williams 2001; Tyler et 
al. 1999). Althoogh almost all zircon grains from ihis 
sample have thick, poorly lmninescent overgrotvths, these 
are highly metmnict and when_ tz.rgeted v.ith the SlffilMP, 
yielded grossly disoon:lant age-s. 

TbJU ratios fur the nine anal;'es between -l .99-l.88 Ga, 
are generally low, ranging fr-Olll 0.19-0.02. Four analyses 
have Th/U less than 0.1, and rhe remalnll>g five .range 
between 0.13 and 0.19. Although some oftbose Th1J ratios 
are <0.1? by themselves, they cannot be used to diagnose a 
metamorphic origin. The majority remain within the nonnal 
nmge tbr zircons from felsic ignoou:s rocks (J~O.l:Willia:ms 
2001). Furthennore, ThlU rdlios for the older, Archean 

zircons in tllis sample vary widely between 0.04 and l.66 
v..ith no apparent pattern. 

The morphological characteristics: of these zircon grains-1 

as ·seen in the CL images, is thought to be diagnostic of 
their origins. The interpretation of Page et al. (1995) that 
these zircon grains forr:ted by metamorphic proc:.esses 
\\'ithin their host granite is inconsistent vrith these new 
observations. They are better interpreted to represent. 
inherited CQIUponents possibly ftom a nleta-seditnentary 
protolith. By infCrence the:refure~ the Archean crystnJliza
tion age attributed to tills granite must also represent 
an inherited component_ The youngest till'ee analyses 
from this sample combine to give a weighted mean age of 
1)874± l 0 Ma, and can be used as a maximum emplacement 
age for th.is rock. 

Proposed model for the early evolution of the 1b.nanii Basin 

With ihc retnoval of the evidence for a """1.88 Ga event to 
have affucted T armmi rocks in the Browns Range Dome, 
the model lbr the early evolution of the Tana.mi Bas.in can 
be revised To <ln this, understmding the liming of the 
earliest sediment deposition of the Ferdie._.., Member is 
crucial. However1 there are no dirr.ct constraints on the 
timing of sedimentation for this unit The oldest direct 
conBtraint for the minimur.J age of sedimentatioo for the 
Ferdies Member is the l ,838ec6 Ma age of the overlying 
Callie tuff (20010825ll). Therefore any idoos regarding the 
true deposition age of this sequence are speculative. 
However, as previot1..sly state<:4 we believe that tlte. early 
development of the Tanami basin to have occurred between 
-l.87 and l.84 Ga This interpretation is partly supported 
by the -1,864 Ma age of the Bald Hill sequence in Western 
Austra:!ia (cited in Huston et aL 2006). This unit may 
represent one of the earlie.~t se.d:imentary units in the 
Tana.mi Region. 

Thble 3 SHRIMP U-Pb isotopic datn for iircoos: (-1.87~1.99 Ga) :from granite Ut Browrui Jlimge borne {88495008) 

Spot name u (ppm) Th(ppm) 1l>'U "'Pb (ppb) "'u1""1'b JtJ7pty®6rlJ 201w1~ age Disoon'laucc ~~) 
(±Jq OJ(,) (±la'?.)} (Ma±la) 

19,l 240 4.1 0.!9 138 0.3469 0.0043 O.H43 0.0007 1,869 ll -3 
l4J 6!1 106 0.17 352 0.3401 0.0041 0.1145 0.0004 l.lr71 7 -l 
17.! 415 55 013 853 0-3245 0.0040 0.1155 Q.0003 1,888 12 4 
28.I 890 43 0.05 2085 0.3154 0.0047 O.ll63 0.0007 1,900 lO 7 
4Ll 211 37 0.18 204 0.3316 0.0051 0.1165 (),()010 1,903 16 3 
441 200 27 0.!4 43 0 3>72 0.0052 0.1169 0,0007 l,910 ll 2 
81 800 33 0.04 lOl 0.3.172 0.0043 OJ202 0.0003 l,%0 5 0 
27.l 979 23 0.02 1074 0.3385 0.0051 0.1213 0.0005 1,975 7 5 
31.l 1,003 28 0_~3 2846 0.'.1496 0.0052 0.1222 o.OOOCi l,988 9 l 

Isotope ratios are C.:.n'w.ed fol' coromon Pb by refi...""'t"eno.e to the :measured abundance of 2114pr, 
lMpb denotes fhe ·amount of common U\6pb measured 
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Fig. 19 Cathodolumincsccncc 
imag=s of zircons from sample 
&&495008, which Page ct al 
(1995) used to interpret meta· 
moiphic evcnlll at -1. 99 or 
-1.87 Ga. The SHRIMP spot 
locat ions arc shown to have 
targeted rounded 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 Nirobuwah Event 
(Pine Creek Orogen) or alternatively, the very early stages of 
the -1.83 Ga Tanami Event caused Archean basement rocks 
or sedimentary rocks derived from Arohean sources to be 
shed into the Tanami basin forroing the basal Ferdies 
Member of the Dead Bullock Forroation. Between - 1.84 
1.82 Ga the - 1.86 Ga voluminous products of the Hooper 
Orogeny and magroatism associated with the Nimbuwah 
Event were exposed, eroded and transported to form 
turbidite of the Kiili Kiili Formation. A similar significant 
age contrast in detrital zircons between basal and overlying 
sediments shed from an orogen has been observed by 
M cLennan et al. (2001) in lhe lower Paleozoic 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 
magroatism, but rather represent fue eroded products of 
uplifted basement rocks. 

Condusions 

The Paleoproterozoic Tanami basin probably developed 
between - 1.87 1.84 Ga in response to either fue Hooper 
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Orogeny (Halls Creek Orogen), Nirubuwah Event (Pine 
Creek Orogen) or very early stages of the Tanami Event. 
Initial uplift and erosion of Archean basement probably 
occurred between - 1.87 1.84 Ga and produced sediments 
now represented by the Ferdies Member of the D ead 
Bullock Fomiation. Its deposition age is loosely constrained 
between -2.11 and 1.84 Ga. The extensive turbiditic 
sandstone units of the Kiili Kiili Formation can be 
correlated with the Lander Rock beds in the adjacent 
Arunta region. Kiili Kiili Fonnation turbidite was largely 
derived from fue erosion of -1.86 Ga ·orogenic granites and 
deposited at -1.84 Ga. Detrital zircon -2.50 Ga old, 
appears in all Tanami sediments investigated and wifu the 
possible exception of the Mount Charles F ormation, 
- 1.86 Ga zircon components are present in all sediments 
younger than the Kiili Kiili Fonnation. The persistence of 
these age modes throughout the various units shows that 
recycling has played a major role in the development of the 
sedimentary successions of the Tanami basin. 

Based primarily on structural grounds, the Mount 
Charles Formation is interpreted by Crispe et al. (2006) t.o 
have been deposited at - 1.80 Ga. However, this unit lacks 
the - 1.86 Ga component so prominent in sequences 
younger than the Kiili Kiili Formation and is dominated by 
Archean detritus with a youngest zircon component defining 
a maximum deposition age of - 1.91 Ga. One possible source 
for this component is lhe similarly aged Ding Dong Downs 
Volcanics in the eastern part of the Halls Creek Orogen. The 
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unabraded nature and p1~servcd crys1al faces of this zircon 
component indicate that they are first-cycle sediments and 
may record the timing of contemporaneous volcanism and 
by inference the depositional age of this unit. Alternatively, 
the youngest 1.91 Ga detrital ziroon component in the Mount 
Charles Fom1atio11 may not approximate the timing of 
sedimentation, but represent a derivation from a restricted 
catchment, that. only eroded rocks endowed with . .\Ichean 
and -1 .91 Ga zircon components. 

Detrital zircon grains from the Pru.gee Sandstone define a 
maximum deposition age of 1,768±14 Ma, whereas the 
youngest zircons from the overlying Gardiner Sandstone 
are -40 Ma older, and crystallized at 1,812±8 Ma. 
Therefore, dctrital 7frcons from the Gardiner Sandstone do 
not approximate its depositional age. There a.re no 
minimum age constraints for the deposition of the Pargce 
Sandstone other than the -1.64 Ga constraint provided by 
the Gardiner Sandstone (Vallini et al. 2006; Cutovi110s et al. 
2002) . . Hence, timing controls for sedimentation of the 
Pargee Sandstone currently span -40 Ma. Without finn 
minimum age controls for the deposition of this unit, the 
accuracy of the -1. 77 Ga, detrital zircon ma'C deposition 
age cannot be determine<l. Clearly, futther isotopic and field 
studies focussing on locating intemalated volclllliC units 
and/or diagenetic m.i.netals are needed to establish the 
depositional age and stratigraphic setting of the Mount 
Charles and Gardiner Sandstone units. 

Acknowledgmenls Mineral separntions were carried out by mmJben> 
of Geosdence Auslral.ia's ~iinernl Separ.ition Laboratory namely, Tas 
Armstrong, Chris Foudoulis, Gerald X.uehlich, Bozana K.rste&:a a.o.d 
Stephen Ridgeway. This manuscript has benefited from numerous 
discussions with David Huston. Ian Williams, Leon Vandenberg, La 
Lambeck and Jon Claoue-Long. Thorough reviews by Leon Bagas and 
John Aleinikoff greatly improved this work. Newmont Mining is 
thanked for i!s suppo1t of this project. AJ Cross publishes with 1he 
permission of1he Chief Executive Officer, Geoscience Australia. 

References 

Aspler LB, Wisotzek IE, Chiarenzelli JR, l~souczy MF, Cousens BL, 
McNicoll VJ, Davis WJ (2001) Palaeoproterowic breakup of 
Keuorland to assembly of Laurentia: Hurwitz Basin, NUD3.VUI, 

Canada. Sediment Geol 141- 142:287-318 
Black LP, Calver CR, Seymour DB, Reed A (2004) SHRIMP U- Pb 

detrilal zircon ages ftom Proterozoic and Fnrly Palaeozoic 
sands10nes and their bearing on the early geological evolution 
of Tasmania. Aust J EaJtb. Sci 51:885- 900 

Blake DH, Tyler IM, Griffin TJ, Shepp:mi S, Th.311e AM, Wll:len RG 
(1999) Geology of the Halls Creek 1:100 000 Sheet area (4461), 
Western Australia. Au.st.rdlillll Geological Survey Oig~, C'.anberta 

Blake DH, Tyler IM, Page RW (2000) Regional geology of the HaUs 
Creek Orogen. Jn: Hoatson DM, Bl:ike DH {eds) Geology anc\ 
economic potential of the Pnl.aeoprotcrozoic layered roafic. 
ultramafic intiusions in the East Kimberley, Western Australia. 
Aus1ralian Geological Survey Organisation, Canberra, 246:35-62 

28 

C!aoue-Long JC, Compston W, Roberts J, Fanning CM (1 995) Two 
Carboniferous ages: a comp arisou of SHRL>v!P zircon datiug with 
conventfonal zircon ages and 40Ar/39Ar analysis. In: B~rggren 
WA, K£nt DV, Aubrey M-P, Haxdenbol J (eds) Geochronology 
time scales and global stratigraphic correlation. Society for 
Sedimentary Geology (Special Publication No. 4), pp 3-21 

Compston D (I 995) Time constraints on the evolution of the TeunanL 
Creek Block, northern Australia. Precambrian Res 71:107-130 

Comps10n W, Williams IS, Meyer C (1984) U-Pb geochronology of 
zircons from Lun:ir Breccia 73217 using a sensitive high lll<iSS· 

resolution iou rnicroptobe. Proceedings of the 141h lunar and 
planetary science conference, part 2. J Geophys Res 89 (Suppl): 
D525-D534 

Crispe AJ, Scrimgeour IR, Vandenberg LC (2006) Geologi.oal 
framework of the Palaeoproterozoic Ta=i Region, Northern 
TerriUlr)•. Miner Deposita (in press) 

Cross AJ, Claoue-Long JC, Crispe AJ (2003) Swnmary of results. Joint 
NTGS..GA geochronology project: Tammi Region 2001-2002. 
Northern Territory Geological Survey, Record 2003- 006 

Cross AJ, Claoue-Long JC, Scrimgeonr JR, Ab.mad M, Kruse PD 
(2005a) Summary of results Joint NTGS·GA geochronology 
project: Rum Jungle, basement to southern Grorgina B asin and 
eastern Anul1a Region 2001-2003. Northern Terriwry Geological 
Survey, Record 2005-006 

Cross AJ, Claone-Long JC, Scrimgeour IR, Close DF, Edgoose CJ 
(2005b) Summary of results. Joint NTGS-GA geochronology 
project soullulm Anmta Region. Northern Territory Geological 
Survey, Record 200:1-003 

Cross AJ, Claone-Long JC, Scrimgel'UI ID.., Crispe AJ, Donnellan N 
(2005c) Summary of results. Joint NTGS-GA geochronology 
project: north= Arunta and Ta.narni regions 2000-2003. 
Northern Territory Geological Survey, Record 2005-003 

Cutovinos A, Beier PR, Kru.se PD, Abbott. S1~ Dwister JN, 
Brcscianini RF (2002) Limbunya, Northero Territory (Second 
Edition). I :250 000 geologicru map series explooatory notes, SE 
52- 07. Nort.hem TerritOl)' Geological Survey, Darwin. 

Hendrickx MA, S later KR, CrispeAJ, Dean AA, Vandenbe:rg LC, Smith 
JB (2000) Paleoproterozoic stratigraphy of the Tanami ~gion: 
regional correlations and relation to rnioeralisatiou- prelirnioary 
results. Northern Territory Geological Smvey Record GS2000-13 

HoskinPWO, Black LP (2000) Metamorphic zircon fmmation by solid
State recrystallisation of protoli1h igneous zircon. J Metarnoiph 
Owl 18 4:423-439 

Huston DL, Vandenberg L, Wygralak A, Memagh T, Bagas L, Crispe 
A, Lambeck L, Cross A, Fraser G, Williams N, Wolden K. 
Meixner T, Goleby B, fones L, Lyons P, Maidment D (2006) 
I.ode.gold mineralisation in the Tanami Region ne>rlhern Australia. 
Miner Dep<'."1ita (in press) 

Ludwig KR (2000) Decay constant errors in. U-Pb oonc.or<lia·intcrccpt 
ages. Chem Geot 166:3 15- 318 

Ludwig XR (2001) Squid 1.02: a users manual Berkley Geochronology 
Cen1n: Special publication No. 2 

Ludwig KR (2003) Isoplot 3: a users manual. Berkley Geochronology 
Centre Specinl publication No. 4 

McLennlUl SM, Bock B, Cnmpston W, Hemming SR, Mc.Daniel DK 
(2001) Detrital zircon geochronology of Taconiau and Acadian 
foreland sedimentary rocks in New England. J Sediment Res 
71:305-317 

Needham RS, SLuart·Smitll PG, Page RW (1988) Tectonic evolution 
of the pine creek inlier, northern tenitory. Precambrian Res 
40/41 :543-564 

Nelson DR (1999) Chronological corrdations betweeo t.be Pilbara and 
Kaapvaal cratous. Precambrian Res 97:165-189 

Nelsen DR (2001) An assessment oftb.e determination of depositi<)oal 
ages for Precambrian elastic sedimentary rocks by U- Pb dating 
of detrital zin:ons. Sediment Geo! 141- 142:37-60 

~Spri.Dger 



Nutman AP, Bennett VC, Friend CRL, Rosing MT (1997) -3710 and 
:2:3790 Ma volcanic sequences in tile lsua (Greenland) supra
crnsW bell: structural and Nd isotope implications. Chem Geo! 
141 :271-287 

Page RW (1995) Sample 87495029. Unpublished data in Geoscience 
Australia. OZCHRON dabihase. h!tp:/iwww ga.gov.au 

Page RW \1 998) Sample 94495025. Unpublished data in Geosdcnce 
Australia OZCHRON d3tahase. http:/iwww.ga.gov.a11 

Page RW, Sun S-s, Blake D (1995) Geochronology of an exposed late 
An:hean basement terrane in The Granite-Tanami region. AG.SO 
Res News! 22:19- 20 

Scrimgeom IR (2003) Developing a revised framework for the Arunta 
Region. Ann113l Geoscience Exploration Seminar (AGES) Record 
of Abstracts, Nmthera Tcrri.to.ry Geological Survey R.ewrd 2003-
001 

Smith JB (2001) Summruy of results. Joint NTGS-AGSO age 
determination prog ram 1999- 200!. Northern Territory Geological 
Swvey Re~ord 2001- 007 

Smithies RH, Nelson DR, Pike G (2001) Development of1.he Archean 
Mallina Ilasin, Pilbaia Craton, northwestern Australia; a study of 
detrital and inherit ed zircon ages. S~<liment Geol 141-142:79-94 

Stacey JS. Kramers JD (1975) Awroximation of terrestrial l~&d. isotope 
evolmioo by a two-stage model. Earth P lanet Sci .Lett 26:207- 221 

Thome AM, Trendall AF (2001) Geology of the Fortesque Group, 
Pilbar1 Craton, Western Ausualia. Geological Survey of Western 
Australia Bulletin 144 

Trendall AF, Comps-lcn W, Nelsuu DR, De Laeter JR, !Jennett VC 
(2004) SHRIMP zircon ages constraining the depositional 
chroooloey of the Hamersley Grnup, Western Australia. Aust J 
Earth Sci 5 Ui2 l-644 

29 

Miner Deposita 

Tyler JM, Page RW, Griffin TJ ( 1999) Depositional age and provenance 
of the Macboo Formation from SHRIMP U-Pb zircon geocliro
nology: implicatioas from the early Palaeoproteroroic tectanic 
evolu1ion ofili.e Kimberley region, western Ausu:alia. Precambri:m 
Res 95:22S-243 

Vallini DA, Groves DI, McNaughton NJ. Fletcher m. (2006) 
Ura.niforous cliagcnctic xenotime in cru1hcm Australia and its 
relationship to unconfonnity-=ociated uranium mineralisation. 
Miner Deposita (in press) 

Van K:rnudendonk MJ, Smithies .RR, Wickman AR, Baggas L, 
Williams IR, Fazell TR (2004) Event stratigraphy applied to 
700 million yeai:s of Archean crustal evolution, Pilbara Craton, 
Western Australia. Geo! Surv West Aust Annu ~v 2003-
()4:4.'>-61 

Williruns IS (2001) Resp•)llSe of detrital zircon and moDll.2.ite, and chcir 
U-Pb isotopic ~ystems, to regio"al metamorphism and host rock 
partial-melting, Cooma complex, southeastern Australia. Aust J 
Earth Sci 48:557-580 

WiUiruns IS, Claesson S (I 987) Isotopic evidence for the Precam
b11an provenance and Cale<louian me tamorphism of high grade 
paragaeisses from the Seve Nappes. Scandinavian Csledonides. 
II Ion microprobe zircon U-Th-Pb. Contrib Mineral Petrol 
95:205-21 7 

Wordeu KE, Claou~Long J, Scrimgeom I, Lally J (2004) Summary of 
results. Joint NTGS-GA geochronology project: August 2003-
December 2003. Northern Territory Geological Survey, Record 
2 004-04 

Wygra11k AS, MWlagh TP, Huston DL, Ahmad 1'! (2005) Golcl 
mineral 'ystcm of 1he Tannmi Region. Noctbcm Territory 
Geological Survey, Report 18 



30 



2. XENOTIME OCCURRENCE AND GEOCHEMISTRY 

2.1 lntroduction 

Xenotime (YP04) is a widespread but volumetrically minor mineral that can occur in 

granites (e.g. Forster 1998; Wark & Miller 1993; Schaltegger et al. 2005), pegmatites 

(Amii 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 (ZrSi04), 

coffinite (USi04), hafuon (HfSi04) and pretulite (ScP04) (Forster 2006). 

Xenotime crystals commonly have dipyramidal forms (similar to zircon). They occur 

as individual crystals or radial intergro\\<ths, 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 Y AG-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 µm in diameter. The minute 

size of these crystals has meant that the preferred method of in situ U-Pb analysis is 
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SIMS (Secondary Ion Mass Spectrometry), for which a spatial resolution of ~5 µm 

can be achieved (Fletcher et al. 2000). 

2.2 Xenotime structure and chemistry 

Xenotime has a tetragonal symmetry ( ditetragonal di pyramidal) with the space group 

I4i/amd (identical to zircon). Each Y and/or BREE atom is surrounded by 8 oxygen 

atoms (Y/REOs polyhedra). The Y/REOs polyhedra are separated by an intervening 

P04 tetrahedron. Each of the 0 atoms in this structure is coordinated to two Y/HREE 

atoms and one P atom. The xenotirne unit cell contains four polyhedron-tetrahedron 

chains which are linked laterally [in (001 )] by sharing the edges of adjacent Y IREOs 

polyhedra. The xenotime structural unit therefore comprises chains of alternating P04 

tetrahedra with intervening Y/REOs 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 c 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 l 966b ). Electron microprobe analyses of natural xenotime show it to be 

variable in the relative proportions ofY and the HREE. Y20 3 concentrations typically 

range from ~ 3 3 to ~ 3 7 wt% and total REE contents between - 14 and ~ 22 wt%. U 02 

concentrations can range from <0.01 to -9.4 wt% and Th02 from <0.01-3.1 wt%. 

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

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

(Th, U)4+ + Si4+ = (REE, Y)3+ + p5
+ (1 ; Thorite; ThSi04) 

(Th, U)4+ + Ca2
+ = 2(REE, Y)3+ (2; Brabantite; CaTh(P04)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 Si4
+ 

ion is smaller than the Ca2
+ ion and is therefore preferentially partitioned into the 

lattice where it replaces the p5
+ 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 Si4+ and Ca2+ 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 Uffh 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, xenotime is removed by garnet-forming reactions (Franz 

e t 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). 

2.3.2 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 in 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 µm in diameter and rarely > 100 µm. More 

typically, xenotirue is intergrown with other accessory minerals including biotite, 

zircon, monazite and rutile (Forster 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 <l to 20 µm 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.l 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 (YP04), other significant diagenetic phosphate minerals include 

Francolite or carbonate flourapatite (Cas(P04, C03, OH)3F), viviannite 

(Fe3(P04)2.8H20), goyazite (SrAb(P04)2(0H)6), crandallite (CaAb(P04)2(0H)6), 

rhabdophane ((REE, Th)P04.nH20), monazite ((REE, Th)P04) and florencite 

((REE)Ab(P04)2(0H)6) (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 

(Bemer 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; Bemer 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; Bemer 1973; Froelich et al. 1977; Krom & Bemer, 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 ofxenotime 
engulfed by diagenetic quartz. (b) BSE image ofxenotime 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). 

Fig. 2.3. BSE image ofxenotime 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). 

Xenotime 

Gold 

~ -
Fig. 2.4. (a) Reflected light photomicrograph ofxenotime crystals (~10-25 µm) 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 µm). 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 207Pb/2°6Pb 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, Kositcin et al. 2003; Schaltegger et al. 2005; Amii 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; Vallirri 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. 

2.6.l U and Th 

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

wt% U02. 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% U02. Diagenetic and metamorphic xenotime 

from metapelites and metapsammites share a similar compositional range in U of 

between ---0.1 to 1.1 wt% U02• The data for diagenetic xenotime from Vallini et al. 

(2007) (i.e. the 'Diagenetic 2' grouping) has a much higher upper limit for U02 of2.7 

wt%. 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. Th02 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 Th02 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. 

T bl 2 1 EPMA d t fi . h" h d h a e .. a a or igneous, metamorp 1c, LY rot enna an dd' f 1agenet1c xeno ime. 
Igneous Metamorphic Diagenetic 1 Diagenetic 2 Hydrothermal 

Si02 0.1- 1.6 0.1-1.1 0.1-2.15 0.01- 0.4 0.1-0.9 
P20s 32.2-35.8 30.1-34.7 32.5- 36.3 30.2-36.0 30.2-35.1 
Cao <0.01- I.8 0.02-0.19 0.1- 0.6 0.1-1.1 ---0.l 
Y203 34.8-46.l 38.6-45.9 36.6-47.7 39.5-47.7 34.7-42.3 
Th02 <0.01-3.1 <0.01- 0.9 0.1-2.6 0.1-0.4 0.01- 1.48 
U02 <0.01- 9.4 0.1-0.9 0.3-1.1 0.1- 2.7 0.05-4l.13 
La203 <0.01 <0.01-0.1 <0.01-0.1 n.r. <0.01 
Ce203 <0.01-0.1 <0.01-0.1 <0.01 n.r. <0.01 
Pr203 <0.01-0.1 <0.01-0.1 <0.01 n.r. <0.01 
Nd203 0.1-0.7 0.1-0.5 <0.01-0.l n.r. <0.01-0.4 
Sm203 0.1-1.3 <0.01-0.5 0.2-0.8 n.r. 0.2- 1.6 
Eu203 0.01-0.02 - 0.1-0.6 n.r. 0.2- 1.2 
Gd203 1.6-4.9 1.7-8.6 l.4-7.7 n.r. 1.5-9.7 
Tb203 0.5-1.2 0.5-1.2 0.5- 1.5 n.r. 0.5-1.5 
Dy203 4.2-7.0 3.3-6.7 5.4-8.6 n.r. 3.9-8.3 
Ho203 0.9- 1.3 0.7-1.3 1.1-1.6 n.r. 1.1-2.3 
Er203 2.0-5.2 3.8-5.6 2.7-4.3 n.r. 1.7-5.9 
Tm203 0.3-4l.7 - 0.3-0.7 n.r. 0.3- 0.6 
Ybi03 0.9-6.5 1.8-7.3 1.8-4.0 n.r. 0.8-4.0 
Lu203 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 (V allini 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% REE203. 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<>/o Gd203. Gd contents in 

hydrothermal xenotime are high (1.5-9.7 wt% Gd203). Magmatic xenotime has the 

lowest concentrations of Gd among the different xenotime types, ranging from 1.6 to 

4.9 wt% Gd203. Dy contents range from 3.3 to 8.6 wt% Dy203 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% Er203. 

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% Yb20 3 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% Yb203, while 

sirnilarily 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% Eu203 

respectively) and for the igneous- metamorphic xenotime, Eu contents are barely 

above detection limits. 

2.6.2.1 REE patterns 

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 Eu2
+ 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 (XENO 1) and 6Jfanite pegmatite from Aust-Agder province 

Norway (XEN02). (b) Diagenetic xenotime from the Witwatersrand Basin, South Africa 
(Kositcin et al. 2003). (c) 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 ofxenotime 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. 

41 



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. Tbis 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 

metamorphic 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 dia!:,rrams 

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 is 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 initial 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 I 0 µm 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 

monw.ite. Similarly, for t..he same cooling rate, a 50 µm xenotime grain •..vill 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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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. 

Scharer 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 ~so µm 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 µm), 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 MP 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-lCP-MS, U-Th-Pb analyses are limited to spot diameters of 

40 µm (40x40x15µm sample volume), precluding their usefulness for the analysis of 

<20 µm diagenetic and hydrothermal xenotime. Although Simonetti et al. (2006) 

successfully undertook U-Pb analysis of a high-U monazite sample using a 5 µm 

spot (5x5x2 µm 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, Stem et al. (2005) using a 

spot diameter of between 3-5 µm, 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 
207Pb/206pb 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 206Pbl238U 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 207Pbf206pb 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 volcanic intercalations, the timing of sediment deposition can 

be inferred from the U-Pb age of the youngest detrital zircon recovered from a elastic 

unit. Such studies are now routinely carried out using either ion microprobe or laser 

ablation JCP-MS where large numbers of zircon grains can be analysed. Jn 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 mini.mum 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 ~ 7 50 Ma. 

In another more recent example, V allini 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 ofxenotime SHRIMP 207Pb/206Pb ages for sedimentary rocks from 
the Witwatersrand Supergroup, South Africa. The large spread in xenotime 207Pbi206Pb 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 µm 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 diagenetic 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 maintaining 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; Rasmussen et al. 

2006; Cross et al. 2005). 

Like diagenetic xenotime, the minute size of hydrothermal xenotime (usually <-20 

µm) 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 earlier 40 Ar-

39 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 

. "fi 206Pb/238U . f~ h. h l" b . stgru 1cant matnx e J.ects w 1c comp 1cate SHRIMP U- P xenohme 

analyses are fully investigated in the following Chapter. 
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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 ofU- Pb in U- rich trace 

minerals (particularly zircon) at high mass resolution ( ~5000) and sensitivity, with a 

spatial resolution of usually 20 to 40 µm (Compston et al. 1984; Williams & Claesson 

1987; Williams 1998; Claoue-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 (ZrSi04) is a widespread mineral that crystallises in igneous, 

metamorphic and hydrothermal environments. Its almost ubiquitous presence as a 

detrital component in elastic 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, Chemiak 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 (YP04) 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 204Pb 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 207Pbi2°6Pb 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 µm). 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; Claou6--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 ff rather than an 0 2- 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 mismatches 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 

composition 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 Laeter & 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 instruments 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 0 2- ions is generated in the primary 

column, accelerated to I Ok V and strikes the target at an angle of 45°. Positively 

charged secondary ions are then accelerated to -1 Ok V 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 (197 4) 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 

occurs 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, a feature of the SHRIMP II design which allows for high precision 0 

and S isotopic analysis. Although SHRIMP RG can operate at a much higher mass 

resolution than SHRIMP II, the sensitivity of SHRIMP RG for U-Pb analysis is 

currently approximately 75 % of that achieved by SHRJMP 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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204Pb are effectively removed from the secondary ion spectrum. 

Electrostatic 

OOH Chamber 

..... - ...... 
100cm 

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+ flY versus UO+ flY 

calibration (Compston et al. 1984). This calibration addresses the two major problems 

that affect SIMS 206Pbi238U 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+, 206Pbi238U ratios measured on an unknown sample can be corrected to 

yield the true 206Pb/238U. 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+/UO+:UO+/U+ e.g. 

Compston (2000) and Pb+/UO+:U02+M (Petersson et al. 2001). 

Early attempts to quantify the functional relationship between Pb+ M 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 (Claoue-Long et al. 1995). 

Regardless of the form of the relationship between Pb+ M and uo+ /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 Claoue

Long et al. (1995) assumes that Pb+ !U+ = A(UO+ M)b, where b is normally assumed 

to be 2. 

More recently, Stern & Amelin, (2003) suggested that for zircon, 206Pb+P7°(UO/) 

ratios do not show any functional relationship with concurrently measured 238U[Ox]/ 
238U[Ox] ratios. The recognition by these researchers that the spot-to-spot variability 

in 206Pb+P7°(U02+) ratios is very small compared to the wide variation associated with 

Pb+M ratios allows the 206Pb+;27°(U02+) ratios to be used without normalisation to a 

specific UO+M value. Therefore, they concluded that the calculation of 206Pbi238U 

ages from sputtered 206Pb+/270(UO/) ions in the target, need only be corrected for the 

overall SHRJMP 206Pb+P7°(UO/) bias. Furthermore, concerns regarding any 

dissimilarities in lnPb/U:lnUO/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 ion-probe instrumental bias 

in the 206Pb+;238U+ 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 206Pb/238U ages relative to 207Pb/2°6Pb ages. These researchers 

attributed the apparent elevations in 206Pb/238U to an instrumental bias in the 

sputtering and ionisation efficiency of the 206Pb + and 238U+ ions, between the matrix of 

the standard zircon, and high U zircons which were presumed to be metamict and 
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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 206Pb/238U 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 206Pbi238U 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 Zr02 and Si02. More recently, 

Williams & Hergt (2000) and Butera et al. (2001), have suggested that the elevated 
206Pb/238U 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 206Pb + /238U+ 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 

Stem & Berman (2000), reported elevations in monazite 206Pb/238U and 208Pb/232Th 

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 206Pb/238U ion 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 206Pb/238U 

determinations of monazite. Crystal orientation can also cause significant U-Pb 

matrix effects. Wingate & Compston (2000) reported that the crystal orientation of 

baddeleyite (Zr02) can cause as much as a 10 % deviation in 206Pbt238U 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 206Pb/238U 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 ppmuru.- U ppmstd) (eq. 1) 

Where Pb/U-raw is the calibrated Pb/U ratio and xis the correction factor= 8. 

More recently, Fletcher et al. (2004) suggested that besides U, Th and IREE 

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 IREE were applied to the raw (not matrix corrected) 
206Pb/238U and 208Pb/232Th ratios in a similar fashion to that shown in (1). Using this 

method, Fletcher et al. (2004 ), stated an accuracy of ~ 1 % for 206Pb/238U 

determinations and ~2 % for 208PbP32Th 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, MGl, BSl, 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. 

BSI and MGl 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. BS 1 is from Bahia 

State, and MG 1 is from Ouro Preto, Minas Gerais State (pers. comm. Miguel Basei, 

2005). Full descriptions of the original crystals are given in Fletcher et al. (2004). BS 1 

fragments are clear, honey-yellow and homogenous in backscattered electron images. 

MG 1 fragments are honey-yellow often with lo bate patches of red iron oxide 
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staining. Backscattered images of MG 1 are homogenous. Fletcher et al. (2004) report 

ID- TIMS data for BSl that are concordant with a 206Pb/238U age of 508.9 ± 0.3 Ma 

(la) and a 207Pbi2°6Pb age of 505.5 ± 0.6 Ma (la) (Table 3.1). A reference 206Pbl238U 

age of 509 Ma has been used in this study. ID-TIMS ages for MG 1 are concordant 

with a 206Pb/238U age of 490.0 ± 0.3 Ma (la) and a 207PbJ206Pb age of 491.8 ± 0.6 Ma 

(la) (Fletcher et al. 2004). A reference 206PbJ238U age of 490 Ma for MGl has been 

used in this study. For both MG 1 and BS 1, 208Pbl232Th ratios were calculated directly 

from the 206pbJ238U age assuming a closed isotopic system. 

T bl 3 l R ti f, d. h" d a e e erence ages or xenotime samp es use mt 1s stu 1y. Uncertamt1es are cr. 
Sample 206PbP3su 201Pbf206pb 2osPbJ232Th 

age(Ma) ± age (Ma) ± age (Ma) 
(assumed) 

MG1 1 490.0 0.3 491.8 0.6 490.0 
BS1 1 508.9 0.3 505.5 0.6 509 
Z64132 994 1 997 1 994 
Sample Reference Reference Reference 

206Pb/238Uage(Ma) ± 207Pb/2°6Pb age(Ma) ± 208Pbl232Th age(Ma) 
D43764j 2625 2625 2625 
NY/PK 1000 1000 1000 
6-804 

1 . Source: Fletcher et al. (2004 ). 
2. Source: Stem & Rayner (2003). 
3. Reference age interpreted from SHRIMP 207Pbt206Pb age and EPMA dating. 
4. Reference age interpreted from unpublished data (Kama, 2005), supplied by Dr. John 

Aleinikoff (USGS), see appendix 3 .1. 

± 

0.3 
0.3 
1 

± 

Z6413 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 206Pb/238U 

age of 994 ± 1 Ma (lcr) and 207Pb/2°6Pb age of 997 ± 1 Ma (lcr) (Table 3.1). A 

reference 206PbP38U and 208Pbt232Th age of 994 Ma for Z6413 has been used in this 

study. 

NY/PK 6-80 xenotime consisted of individual grams 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 µm 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 µm) (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 Ka.mo, Royal 

Ontario Museum (results kindly supplied by Dr. John Aleinikoff, USGS). Thirteen 

individual analyses of both abraded and un-abraded grains have 206J>b/238U ages that 

range between 970.3 ± 1.9 (2cr) and 1006.4 ± 2.7 Ma (2cr). Even after omitting the 

youngest analysis (skl 7pl68) the data are spread beyond analytical uncertainty 

(MSWD=13), and range between 992.6 ± 4 (2cr) and 1006.4 ± 2.7 Ma (2cr). This age 

range is probably the result ofID-TIMS analysis of both core and rims. Although the 

oldest 12 206Pb/238U analyses represent a mixed population, their median age of 1000 

+3.2/-5 Ma (95 % confidence) is used in this study as the reference 206pbf238U and 
208Pb/232Th age for this sample. 

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 µm. The crystals are variably cracked and the majority 

are speckled with <1 to 5 µm monazite inclusions that mainly occur in patches (Fig. 

3.2). There are no ID- TIMS data for this sample. However, SHRIMP 207Pb;2°6Pb 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 207Pbt2°6Pb age of 2625 Ma was used as the reference age for both 206Pbt238U and 
208Pbt232Th 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 SXI 00 at RSES. 

Isotopic analyses were carried out on the SHRIMP II and SHRIMP RG ion 

microprobes located at the RSES. Early experiments were carried out on SHRIMP II, 

however, later experiments showed SHRIMP RG to be more suitable for xenotime 

analysis as this instrument does not encounter the scattered ions detectable on the 

mass 204Pb 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 lOOnA with a beam size of 

~5 µm. 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, 26413 and BSl. 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. 

61 



3.3.2 SHRIMP 

Experiments conducted on SHRIMP II used a primary 02- beam with an ion current 

that ranged between - 2 to 6.5 nA. Kohler apertures of either 70 or 120 µm yielded 

spot diameters of - 10 to 30 µm. 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 ions associated with the 204Pb peak and also to test whether the high energy 

ion population is less susceptible to 206Pbt238U 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 µm diagenetic xenotime overgrowths 

and hydrothermal xenotime. To achieve this, the primary beam was focussed through 

a -30 µm Kohler aperture which resulted in spot diameters of between -5-7 µm. 

Initial trials using SHRIMP RG using a ,...,().1 nA, 0 2· primary beam yielded a 206Pb 

count rate of about 100 cps for analyses of the primary calibration standard MG 1 (- 70 

ppm 206Pb; i.e. 14cps/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 206Pb+P38U+ spot precisions of - 2%. Because of the 

higher ff current achievable with the SHRIMP RG duoplasmatron (ff/0 2- = 4) an ff 

primary beam was trialled which resulted in an increase in the absolute 206Pb count 

rate for MGl 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 ff primary beam was judged to be the best balance between precision, 

sensitivity and instrument stability. Under these conditions, primary 0- beam 

strengths focussed through a 30 µm 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 var10us experiments to 

determine the optimal data acquisition sequence for xenotime U- Pb and Th-Pb 

analysis. A typical run table consisted of 89Y2
160+ [19\Y20+)], 204Pb, BG, 206Pb+, 

207Pb+, 20spb+, 23sif, 232Th160 + [248(ThO+)], 23s0 160 + [2s4(UO+)] and 23s0 1602+ 

[270(U02 ')] (BG=background measured at +0.04 mass units up mass of the 204Pb 

peak). Some experiments included 232Th+ and 232Th160 / [264(Th02l] for independent 
208Pbt232Th determinations. Additionally, with the aim of monitoring the matrix 
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effects introduced by the HREE, some experiments included 174Yb160+ [190(Yb0+)], 
161Dy160+ [177(Dy0+)] and 165Ho160+ [181(Ho0+)]. 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. 206Pbt238U and 208Pbt232Th ages 

were calculated via a procedure written by the author in EXCEL to calculate 
206Pbt238U and 208Pbi232Th ages from the raw 206Pb+J270(UO/) and 208Pb+J248(Th0+) 

ratios (procedure discussed below). The uncertainties for these age calculations used 

the algorithms from ISO PLOT 3 (Ludwig, 2003). Common Pb corrections were based 

on individual measured 204Pb 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 MGl, BSI, 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 U203, ThOi 

and IREE-oxides. Overall, there is a wide range in :LREE and actinide 

concentrations among these samples. U20 3 contents range from ~0.02-2.8 wt%, Th02 

from 0.06-1.9 wt% and IREE203 from ~15-21 wt%. 

63 



Table 3.2. WDS detennined average compositions for the reference xenotimes used in this 
s tud IV. 

sample MG1 BS1 Z6413 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 0.73 
P205 35.10 33.24 34.27 34.27 34.38 33.87 
Cao 0.02 0.01 0.02 0.09 0.08 0.10 
Y203 47.07 42.76 43.58 41 .89 42.45 39.35 
Th02 0.11 0.35 0.26 0.42 0.38 1.00 
U203 0.11 0.05 1.46 1.76 1.43 1.62 
Nd203 0.26 0.16 0.04 0.45 0.44 0.90 
Sm203 0.63 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 , .02 2.20 2.25 2.29 
Tb203 0.67 0.74 0.33 0.58 0.61 0.57 
Dy203 5.24 6.63 4.30 5.73 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 3.68 
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 0.12 
total 98.07 97.09 98.78 99.09 98.98 95.25 
av. U/Th 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 IREE concentration ranges for the reference 
xenotimes 'c' and ' r' denotes core and rim analyses respectively). 

U20 3 wt% Th02 wt% l:REE20 3 wt% 
Sample Range Range Range 
MGl -0.075-0.144 -0.0614--0.199 - 14.91-16.77 
Z6413 - l.088- 1.781 - 0.20--0.336 - 18.15-18.85 
BSl -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 c - 1.04-2.51 -0.296--0.565 - 18.72- 20.56 
043764 -0.772-2.778 -0.405-1.916 - 17.71- 19.48 

MG 1 is distinguished by relatively low IREE concentrations ( ~ 15 wt% IREE203) 

and also low to moderate U203 and Th02 contents, both of which are ~0.11 wt%. BSl 

contains the lowest levels ofU among the reference xenotimes (~0.05 wt-0/o U203) but 

moderate to high Th02 (~.35 wt%) and high IREE203 contents of ~20 %. Three of 

the xenotime samples, Z6413, NY/PK 6-80 and D43764, have high U203 

concentrations which are generally above ~ 1.4 wt%. Z64 l 3 typically contains U203 

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

wt%. Z6413 is also characterised by moderate to low Th02 (0.26 wt%) and moderate 
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to high IREE203 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 U20 3 (- 1.5 

wt%), moderate to high Th02 (0.4 wt%) and high IREE20 3 levels (- 20 wt%). 

Sample D43764 contains the highest Th02 concentrations amongst the reference 

xenotimes (- 1 wt%) as well as high U20 3 (- 1.6 wt%) and moderate to high IREE203 

(- 18.5 wt%). 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. BSl has the lowest U/Th ratio 

of-0.15 and MGl has a ratio of- 1. 

3.3.3.1 Actinide substitution mechanisms (or the re ference 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)4+ + Si4+ = p5+ + (REE, Y)3+ 

(Fig. 3Jb, 3.3f, 3.3j, 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. 3.3c; 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, r) lie above the 

idealised thorite substitution vector (Si vs. Th + U), indicating an excess of Si. The 

zircon substitution i.e. Zr4
+ + Si4+ = p5+ +(REE. Y)3+ 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[Ox]:U[Ox] I U[Ox] to determine which ratio pair yielded the 

best correlation and therefore, the least scatter in calculated 206Pbi238U 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 MGI, BSI and Z6413. Fig. 

3.5 shows typical lnPb/U:lnUO/U linear regressions for the three xenotime standards 

obtained with SHRIMP II using a ~6.5 nA primary 0 2- 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, ff primary beam 

focussed through a 30 µm Kohler aperture (Fig. 3.6). This figure shows lnPb/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, MG 1 has a slope of - 1.5. Contrasts in slope amongst 

these xenotime standards occurred for all of Pb/U[Ox]:U[Ox]IU[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. 
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The scarcity of xenotime Pb/U standards has made it necessary in many case studies 

to analyse the 206Pb/238U standards and unknowns in separate mollllts, 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 206Pbi238U age 

calculation. Figure 3.7 shows such a situation from the Curtin University SHRIMP II

B where the Pb/U:UO/U slope for the standards (slope= -2.3) contrasts with that of 

the llllknown 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 206PbP38U 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 206Pb +;27°(UO/) ratios to calculate 
206Pbi238U ages, as has been suggested for zircon by Stem & Amelin (2003). 

·0.5 - -
Left-side mount holder 

·1 -

Right-side mount holder 

· 1.5 - ::i 
......... 
..0 
0... 
c 

--

--

lnUO/U ·2_._ ____ ....__, ___ ~, ____ ....__, __ _._ 

1J5 lB 1B5 13 
.--~--M-Gl---. --y = ·5.66 + 2.17x R= 0.81 
~ · Z6413 - -y= -5.21 +2.43x R=0.87 - * -39503899 - - • y =-2.46 + 1.23x R= 0.76 

Fig. 3.7. lnPb/U:lnUO!U calibration slope variation between samples analysed concurrently 
from separate mount holders on the SHRIMP sample stage. Standards MG 1 and Z64 l 3 

(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 206Pb+/70(UO./t-based SHRIMP 206Pbt38U calibration scheme 

An investigation of all the SHRIMP xenotime Pb/U data sets collected during this 

study shows that xenotime 206Pb +/270(U02 +) ratios, regardless of analytical conditions 

or instrument, are virtually independent of the U[Ox]IU[Ox] ratios. This is similar to 

findings of Stem & Amelin (2003) for zircon. Figure 3.8a & b, show 
206Pb+;27°(U02+):UO+M plots for MGI data from SHRIMP II and SHRIMP RG. 

Both of these plots show that the 206Pb +J27°(U02 +) ratios do not show any relationship 

with the concurrently measured UO+ /U+ ratios. Furthermore, the percent standard 

deviation (coefficient of variation) of the raw 206pb + !270(UO/) ratios for the 

calibration standard, is significantly reduced in comparison to the raw 206Pb +;238U+ 

ratios and indeed comparable to the reproducibility associated with Pb/U: UO/U 

correction techniques (Table 3.4). The lcr percent standard deviation of the 
206Pb +;270(UO/ ) 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:UO/U calibration technique. 
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Fig. 3.8. 206Pb+f27°(UO/ ) vs. 254(UO+)f238lf plots for two SHRIMP sessions SHH- 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 206Pb"'/270(UO/ ) ratios for the primary 
calibration standard MGI, with the reproducibility associated with a linear and power law 
function typically used to correct for the SHRIMP Pb+tu•· spot-to-spot variation. 1. Raw 
206Pb?70(UO/ ) ratios 2. Pb+M:U0+/1.I' correction using a simple unweighted linear 
regression y = mx + b (Stem 1997) and 3. Power law, y = axb of Claoue-Long et al. (1995). 
Error is calculated as the lcr percent standard deviation. Reproducibility of the raw Pb+;u + 

. . 1 h ti . ratios 1s a so s own or com oanson. 
Session SHRIMP O/o 1. 2. Pb/U: UO/U 3. Pb/U:UO/U 4. No. 

EF 206pb +p7&u 02 + linear power law 206pb + 123su 
+ 

SH-11-1 II 50 2.3 2.3 2.3 13.3 25 
SH-II-6 II 90 2.5 2.1 1.9 3.4 14 
SH-11-4 IJ - 1.4 1.3 1.6 3.5 12 
RG-1 RG - 2.3 2.9 2.4 4.8 13 
RG-4 RG - 2.2 2.6 2.6 3.2 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 206Pb +, 238l.t, 254(UO~ and 270(UOt ) also 

support the calculation of 206Pbl238U from the raw 206pb +;27°(U02 +) ratios (Fig. 3.9a & 

3.9b). Energy distributions for 206Pb+ and U[Ox] species, were measured on SHRIMP 

II and SHRIMP RG and show similar trends to those obtained for monazite (Harrison 

et al. 1995 and Stern & Berman 2000) and zircon (Stem 2000). Specifically, the 

energy profile for 270(U02 +) most closely parallels that of the 206Pb + ion distribution. 
254(UO+) ions also show a close but lesser similarity to the 206Pb + profile, and the 
238l.t ions have a broader energy distribution in comparison to the 206Pb + and U[Ox] 

ion distributions. 
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Calculating 206Pb/238U from the raw 206Pb + !27°(U02 +) 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. lOa and 3.lOb, compares 

the scatter of the raw 206Pb+;270(UO/) ratios with that of the Pb/U:UO/U regression 

for two SHRIMP RG sessions, where MG 1 was analysed from both the left- and 

right- side mount holders on the sample stage. Eight analyses of MG 1 on the right

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

in Fig. 3.lOa. These data when plotted on a lnPb/U:lnUO/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 % 

(lo} The raw 206Pb+l27°(U02) ratios for the same data points, are uniformly scattered 

about their mean, with a slightly elevated standard deviation of 2.5 % (1 a) in 

comparison to the lnPb/U:lnUO/U regression. The lnPb/U:lnUO/U regression line for 

the data shown in Fig. 3. lOb (experiment RG- 3) is poorly defined. This may be due 

in part to the very narrow range of UO+ /l.t ratios and also the limited data collected 

for this experiment, which consisted of seven MG 1 analyses on the right- side mount, 

and five on the left-side mount. The scatter of the Pb+ /l.t ratios about the 

lnPb/U:lnUO/U regression line for both mounts is 3.2 % (lcr). The relatively poor 

reproducibility of this data set when considered as a whole may indicate that the MGl 

analyses from the left- and right- side mounts form two separate lnPb/U:lnUO/U 

regression lines. By contrast, the raw 206Pb+/270(U02) ratios have a standard deviation 

of2.6 % (lcr). 
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Although the data from these two experiments are perhaps limited, the scatter of the 

individual raw 206Pb+J27°(lJ02+) ratios as analysed from separate mounts during the 

one experiment, suggests an acceptable reproducibility of approximately ~ 2.5 % (1 cr). 

Additionally, the 206Pb+J27°(UOt) calibration teclmique may also be more resistant to 

changes in instrumental conditions, which may cause contrasts in the lnPb/U :lnUO/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+ IU+ ratios by a regression against the 

uo+M ratios is based on the premise that both 206PbP 38U 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 206Pbi238U from the raw 206Pb+J270(UOt) ratios appears to be a robust, 

practical alternative. It is for these reasons that all xenotime 206PbF38U ages reported 

in this thesis are calculated from the raw 206Pb +J270(lJOt) ratios, unless otherwise 

stated. 

Calculating 206Pb/238U from 206Pb + F7°(lJ02 +) ratios is straightforward. The raw 

206Pb + P70 (U 0/) ratio of the unknown is divided by the average 206Pb + /270 (U 0 2 +) of 

the standard, which is in tum multiplied by the 206Pb!238U ratio of the standard 

(equation 2). 

206pbf238U(unkrc206Pb + F7°(U02 +))unk/av .(206Pb + J27°(U02 +))std*c2°6PbJ238
U)std 

(eq. 2) 

3.3.4.2 Independent 208Pb/32Th age calculations 

The calculation of 208Pbi232Th ages from the sample xenotimes can be used to assess 

the concordance of the target mineral, and thereby assess the SHRIMP 208Pb/232Th 

xenotime matrix effect. The significant matrix effects of SHRIMP xenotime 
206Pb/238U ratios preclude the calculation of derivative 208Pbt232Th ages that are based 

74 



on 206Pb/238U, 208Pb+f06pb+ and 248(Th0+)/254(UO) ratios as described by Williams et 

al. (1996). Therefore, independent 208Pb/232Th age calculations are necessary. 

For the independent 208Pbi232Th age calibration, combinations of 
208Pb/232Th:232Tu0/232Th and 208Pbt232Th0:232TuOt232Th 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 208Pbi232Th calibration is very sensitive to the choice of calibration slope, 

which subsequently yielded inferior results to the 206Pbt238U age calculations and 

matrix corrections. 

The limited range in variability that the 206Pb+;270(U02+) ratios show, compared to the 
206Pb + t238U+ ratios, is also evident between the xenotime 208Pb + !232Th + and 
208Pb+f232Th0/ ratios (Table 3.5). Table 3.5 shows that the 208Pb+f248(Th0) ratios 

show the least amount of scatter which generally ranges between ~1.5 and 3.5 % (lcr), 

which is slightly elevated compared with the typical standard deviation of the raw 
206Pb + t270(U02) ratios. Therefore, 208Pbi232Th ratios were calculated from the raw 
208Pb+f248(Th0+) in the same way xenotime 206Pbl238U ratios were derived from the 

raw SHRIMP 206Pb+f270(UO/) ratios. However, 208Pbi232Th 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 208Pbi232Th ages from hydrothermal 

and diagenetic xenotime, where Th concentrations are typically in the lOO's of ppm. 

Table 3.5. Percent standard deviation (1 a) of the raw 208Pb +J248(Th0+) ratios for MG 1 for nine 
separate SHRIMP sessions. Limited data for 208Pb+P32Th+ and 208Pb?64(ThOt ) is shown for 
comparison (EF = enerf,>y filtered). 
Session SHRIMP EF z68Pb + pzTh + 208pb + J248Th0+ zospb+J264Th02+ n 

SH-II-2 11 50 - 2.10 - 16 
SH-II-3 II - - 2.7 - 8 
SH-11-4 ll - 2.7 2.0 21.1 11 
SHil-5 II 90 - 2.8 - 14 
RG-1 RG - - 1.8 - 10 
RG-3 RG - 19.8 3.3 2.9 7 
RG-4 RG - - 1.31 - 10 
RG-5 RG - - 3.1 - 8 
RG-7 RG - - 2.6 - 8 
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Fig. 3.11. lnPb/Th:lnThO!Th and lnPb/ThO:lnThO/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 206Pb+J270(U02+) or 208Pb+J248(Th0) standard analyses. 

However, this sometimes resulted in an overestimation of the analytical errors for the 

calibration standard MG 1 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+J270(U02) and 208Pb+/248(Tu0) ratios and their counting and common Pb 

correction errors, the additional error required for the ratio errors to reach unity 

(MSWD=l) 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 
206pb+/270(UO/ ) and/or 208Pb+/232Th160+ ratios, a minimum calibration error of 1 % 

was applied, which is a typical minimum value applied to SHRIMP 206Pb/238U 

calibrations. Using this method, the reproducibility of MG 1 for both 206Pb + /270(U02) 

and 208Pb+t232Th160 + ratios ranged between 1- 3.5 % (1cr). 

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 & Hinthome (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 L TE 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' i.e., [Sp(A)] is defined as: cps/nA/concentration (ppm). Therefore the 
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RSF of element A with respect to element R is [Sr(A)] = Sp(A)/Sp(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) = l!Sr(A) * (A+IR)* 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°lo and as such can be used as a reference 

element, without external EPMA analysis. The method involves a calibration between 
196(Zr20~t238if and 248(U0+)/238if which obeys a power law of the form y = ax0

·
66 

(Claoue-Long et al. 1995). Ireland & Bukovanska (2003) state for SHRIMP analyses 

of the standard zircon SLl 3, 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 Y203 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 wt% Y20 3 (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 25\U0+)/194(Y20+) 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 
254(UOl/194(Y20+) of the standard. The U concentration of an unknown is then 

calculated by multiplying the sensitivity factor by the 254(U0+)/194(Y20 +) 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), 

MG 1 was used as the U standard and the 270(UO/) molecule as a proxy for U 

concentration. Nine WDS analyses of fragments from MGl, have an average U 

concentration of 965 ± 65 ppm (2cr, SDOM; Standard Deviation of the Mean), which 

was used as the reference U concentration of MG 1 for this experiment. The reference 

U value for MGl has a 2cr variation of ~6.7 %, therefore U abundance calculations 

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

MG 1 was also used as the standard for U abundance determinations using RSF, i.e., 

RSF(U- Y) and RSF(U-Ho)· Y was measured as 19\Y20+), Ho as 18\HoO+) and U as 
270(U02 +). The average of nine MG 1 WDS and SHRIMP analyses was used to 

determine the RSF, where RSF(u-Y) has a value of 45.96 and RSFcu-Ho) 0.39. 

Therefore, the 270(UO/) molecule is more efficiently ionised than 194(Y20+) but not as 

79 



efficiently as 181(Ho0+). For the RSFcu-v) and RSF(u-Ho), Y and Ho concentrations 

were determined by WDS for each of the unknowns prior to SHRIMP analysis. 

Table 3 .6 shows the companson between the xenotime WDS U abundance 

measurements for the reference xenotimes (MGl , BSl, Z6413 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 ~-7 % (cr) (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 

BSI range between 150 and 570 ppm, and have individual lcr 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 Z6413 and NY/PK 6-80. 

Comparisons between the results of MG 1 are excluded as in each of the methods 

MG 1 was used as the calibration standard. The highly imprecise WDS U 

determinations for BS 1 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 BS 1 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 RSF(u-Ho) 

performs the best overall, with individual U determinations generally within 5 % of 

the WDS value. Furthermore, the SHRIMP U abundance determinations using RSF(u

Y) are generally more accurate than the U abundance scaling method of Fletcher et al. 

(2004) by approximately 6-7 %. 

The better results of RSFcu-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 

Z6413 and NY/PK 6-80 have with the standard MGl, that is compensated for with 

RSF(U-Y)· However, the superior results of RSFcu-Ho) over RSFcu-Y) are less easily 

explained. It may be that the ionisation of Y varies in the reference xenotimes, i.e. that 

the 194(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%) 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, RSFcu-tto) is 
superior (see text). 

Uppm 
(WDS) Uppm % diff. to %diff. to 

Uppm o/oerror Fletcher et WDS Uppm WDS Uppm 
Labels (WDS) (a) al. (2004) value RSF (U-Y) value RSF (U-Ho) 

MGl-1.2 852 22 861 I 865 2 865 
MGI-1.1 853 22 860 I 865 1 892 
MGl-1.3 946 20 881 -7 877 -7 854 
MGl-1.4 1006 19 1027 2 1012 I 973 
MGl-1.5 941 20 922 -2 935 -I 955 

MGl-l.6 891 21 893 0 903 I 935 
MGl-1.8 968 20 973 1 981 1 996 
MGl-1.9 1104 18 1173 6 1173 6 1167 
MGl-1.10 1125 17 1096 -3 1076 -4 1036 
Z6413-1.l 13479 6 16128 16 14858 IO 12924 
Z6413-1.l l 10453 7 12526 17 11500 JO 10294 
Z6413-l.2 16480 6 21145 22 19345 17 16034 
Z6413-l.3 10472 7 12387 15 11338 8 10268 
Z6413-l.5 15273 6 19113 20 17392 14 14666 
Z6413-1.6 17082 6 22717 25 20663 21 16463 
Z64 I 3-l.7 8122 7 9348 13 8539 5 7989 
Z6413-l.8 7483 7 8597 13 7961 6 7404 
Z6413-l.9 7091 7 7679 8 7177 1 6996 
NYPK-1.1 13815 6 18157 24 16097 17 13178 
NYPK-1.2 14394 6 18900 24 16744 16 13912 
NYPK-2.I 10950 7 13850 21 12526 14 10851 
NYPK-3.l 11543 6 15139 24 13571 18 11343 
NYPK-4.J 12908 6 16049 20 14379 LI 12171 
NYPK-5.I 17493 6 23876 27 20869 19 16191 
NYPK-6. 1 12894 6 15590 17 14069 9 11992 
NYPK-6.2 13166 6 16698 21 14930 13 12406 
NYPK-9.1 15538 6 18347 15 16286 5 13416 
BSl-1.10 225 78 29 1 23 270 20 249 
BSl -1.3 360 50 400 10 366 2 325 
ns1-1.4 156 114 332 53 304 95 260 
BSl-1.5 226 79 368 39 338 50 304 
BSl-1.6 162 109 174 7 161 0 152 
BS l-1.7 332 54 539 38 493 49 421 
BSI-1.8 363 49 440 17 406 12 357 
BSl-1.9 262 67 303 14 283 8 263 
BSl.2 568 32 578 2 534 -6 492 

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(u-Ho) can reasonably 

be expected to be within ~5-10 % of the actual value, whereas RSF(U-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 ofU the use of RSF(tJ-Ho) or RSF(u-Y) is preferred. Similarly, EPMA analyses of 

xenotime with Th abundances less than - 500 ppm are imprecise, and Th 

concentrations are better 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 µm diameter, 25 kV electron 

beam, shows that ~99 % of the electrons penetrate to a depth of ~2.4 µm. By contrast, 

it is estimated that the SHRIMP primary beam when focussed through a 30µm 

aperture sputters a ref,'1on of approximately 5~ 7 µmin diameter by 0.5-1 µm 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 µm diameter spot that penetrates 2.4 µm 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 µrn3
. 

3.3.6 SHRIMP xenotirne Th/U ratios 

Xenotirne Th/U ratios were determined using the known age of MG 1 ( 490 Ma) and 

the 208pb+P06Pb+ and 248(Th0+)/254(UO+) ratios following the method of Williams et 

al. (1996). This method relies on the strong correlation between 208Pb +f2°6Pb + and 
248(Tu0+)/25\UO+) to define a calibration factor to correct SHRIMP 
248(Th0)/254(UO} ratios to their true 232Th/238U ratio (Fig. 3.12). Assuming a closed 

Th-U-Pb system for MG 1, radiogenic 208Pb/2°6Pb and 232Th/238U 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 208Pb +;206Pb + 

and 248(Th0)/254(UO) (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: 

(eq. 4) 

The difference between the expected and observed Th-U- Pb isochrons is 

attributable to the interelement fractionation between 232Tu0+ and 254(UO+) (Williams 

et al. 1996). 
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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 

MGl, BSl and Z6413, for six different analytical sessions using SHRIMP II and 

SHRIMPRG. 

Table 3.7. Representative Th/U calibration factors calculated from MGl, BSI and Z6413, for 
both SHRI MP II and SHRIMP RG instruments. (EF =energy filter). 

Session SHRIMP EF MGl BSl Z6413 average 
SHII-6 II 90% 0.831 0.828 0.832 0.830 
SHII-4 II - 0.876 0.862 0.876 0.871 
SHII-3 II - 0.862 0.856 0.866 0.861 
RG-1 RG - 0.938 0.932 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 II 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 248Th0+ and 254UO+ ions that were sampled during the energy 

filtered session. The average Th/U correction factors for the two unfiltered SHRIMP 

II 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 sess10ns are 

significantly elevated compared to the SHRIMP II results, with an average value of 

0.938. However, although the Th/U correction factors for BSl and MG 1 are similar to 

within 0.5 %, for these sessions, the calibration factor for Z6413 is elevated in 

comparison to MGl and BSl 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 208Pb+;206pb+ vs. 248(Th0)/254(UO) plots for MGI , 

BS!, 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 MG 1 and BS 1. Therefore, the slightly elevated Th/U 

correction factor for Z64 I 3 is not representative for this SHRJMP RG session. 
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Pb+f2°6Pb+ vs. 248(ThO}i254(UO+) isochrons for reference xenotimes analysed in 
session RG-1. Samples BS 1, MG I and 043764 have Th/U correction factors that are accurate 
to within 0.5 %, demonstrating that Pb/U-Pbffh 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 SHRJMP 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~ % 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 II sessions for this 

study are internally very similar and indicate that the 208Pb +J2°6Pb + vs. 
248(ThOl/254(UOl calibration is unaffected by matrix contrasts which cause the 

extreme Pb/U-Pb/Th matrix effects. The consistent Th!U correction factors for 

MGI, BSl 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 204Pb 

Excess ion counts at mass 204Pb 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 204Pb, 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 232Th 144Nd02 +r as the causal molecular species. Excess 

counts on the 204Pb 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 204Pb 

interference in xenotime was related to the Th content. These researchers 

demonstrated that the 204 correction resulted in over corrected 207Pbi206Pb 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 204Pb 

encountered during SHRIMP II xenotime analysis, may not be related to Th 

concentration. SHRIMP II xenotime experiments showed that for analyses conducted 

with a - 3 nA, 02· primary beam, the count rate at the mass 204Pb and background 

positions are approximately equal and ranged between 2- 3 cps. Figure 3.14 shows 

that the measured 204Pb counts for MGl, BSl and Z6413 do not correlate with Th 

content, contrary to the suggestion by Fletcher et al. (2004). The equal count rates at 

the mass 204pb and background positions show that it is not only the 204Pb 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 (Ian 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 II, 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 µm spot sizes and primary beams 

of ~0.5-0.8 nA 0"2 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 204Pb count rates vs Th concentration for MGl, BSl and 
Z64 I 3 session SHII-4. There is no apparent correlation between Th concentration and the 

204Pb 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 206Pb/238U and 208Pb/232Th 

ratios for the unknown sample, producing reversely discordant compositions (Fig. 

3.15a). The opposite occurred when a xenotime with low to moderate U 
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concentrations was calibrated against a high U standard, that is, the 'unknown' 

sample appeared normally discordant (Fig. 3.1 Sb). 
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Fig. 3.15. Concordia plot of raw xenotime U- Pb analyses for Z6413 (a) and MG 1 (b) (session 
SHll-4). Fig. 3.1 Sa 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, results in normally discordant results. 

Figure 3.16 compares the independently calculated raw 206Pbi238U and raw 208Pbi232Th 

ages as well as the 207Pb/206Pb ages for Z6413 (high U), calibrated against MG 1 (low

moderate U) using SHRIMP IL This graph shows that the 206Pb/238U and 208Pb/232Th 

ages for Z6413 are highly correlated (R=0.99) and similarly elevated by 

approximately 14 % relative to the reference age for this sample. Additionally, the 
207Pbi206Pb ages for Z64 l 3 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 BSl (low U, high Th and HREE) 

when calibrated against MG 1 are elevated by between 5 and 6 %. 206Pbi238U and 
208Pb;232Th xenotime matrix effects are also evident in SHRIMP RG analyses. Figure 

3 .18 demonstrates that the 206Pb/238U and 208Pb/232Th ages from the high U xenotime 

D43 764, when calibrated to MG 1, 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 206Pb/238U ages for D43764, after calibration against a low U standard MG 1 and the 

high U standard Z64I3. D43764 analyses, when calibrated to MGl , yield 206Pb/238U 

ages that are elevated by -20 %. However, when the same D43764 analyses are 
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calibrated to Z6413, which has broadly similar U concentrations, the 206Pb/238U 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. 
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A significant finding of this study has been to demonstrate that both 206Pbl238U and 
208Pb/232Th SHRJMP 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 206Pbl238U and 208Pbi232Th ages. In each 

of these cases, the independently calculated 206Pb/238U and 208Pb/232Th ages for 

Z6413, D43764 and BS 1 are all within error of each other. 206Pb/238U- 208Pb/232Th 

concordia diagrams also demonstrate this. Figures 3.20a & 3.20b show 206Pb/238U-

208Pbi232Th concordia diagrams for Z6413 and BS 1, 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 206Pbi238U ME found in this study, compared to 

that of Fletcher et al. (2004). For Z6413 analyses calibrated to MGl, this study 

typically observed the 206Pb/238U ratios for Z6413 to be elevated by - 15 %. However, 

Fletcher et al. (2004) using a SHRJMP II instrument reports Z6413 analyses 

calibrated to MG 1 to be elevated by -11 %. 
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Fig. 3.20. U-Pb-Th concordia plots for BS 1 (a) and Z6413 (b) (session SHJJ-4). Both 
samples are shown to have elevated but concordant Pb/U-Pbffh ratios. 

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

Electron 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 

determinations of 177(Dy0+) and 190(Yb0+) measured concurrently with the 
206Pb + /

238u+ and 208Pb + ;232Th + 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 

SHRJMP Pb/U and Pbffh were observed in the samples with the biggest 

compositional range. These are the two multi-grain samples NY /PK 6-80 and 

043764, and also fragments of the single crystal Z6413, 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 LREE between the reference 

xenotimes and the calibration standard MG 1, and also their typical SHRIMP Pb!U

Pbffh fractionations. The xenotimes with the highest observed U-Pb/Th-Pb 

fractionations are Z6413, NY/PK 6-80 and 043764, which have fractionations 

between ~15 and 20 % relative to the primary calibration standard MGl. Each of 

these samples has U contents that are between ~ 1.1 and 1.4 wt% in excess of the MG 1 

U concentration. BSl, which has a lower U content than MGl, has typical Pb/U

Pbffh fractionations of ~5 %. The elevated levels of Th and/or LREE in BS 1 relative 

to MGl may also cause Pb/U- Pb/Th ME. From Table 3.8 it appears that contrasts in 

Th and/or LR.EE between xenotime standard and unknown cause Pb/U- Pbffh 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 Pbffh fractionations for 
the reference xenotimes and the contrasts they have in U, Th and IREE with the Pb/U
Pb/Th calibration standard MG 1. 
Sample Typical% Typical% Average U Average Th Average 

Pb/U Pb/Th ppm diff. to ppm diff. to IREE wt% 
fractionation fractionation MGl MGl diff. to MGl 

Z6413 +_ 15 +-15 12000 1000 2.8 
BSI +-4- 6 +- 4- 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 (2°6Pb +J27°(U02 ), 

208Pb+f248(Th0)) ratios and 254(U0)/194(Y20 +) ratios in the high- U xenotimes 

Z6413, NY/PK 6-80 and D43764 (Fig. 3.21). These correlations are due to the strong 

dependence of the xenotime 206Pb+f270(U02) and 208Pb+f248(Th0+) ratios on U 

abundance. 
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Fig. 3.21. Plots demonstrating the good correlations between 254(U0+)/194(Y20+)ratios and the 
206Pb+J27°(UO/ ) and 208Pb+J248(Th0+) ratios for the high U reference xenotimes, Z6413, 

NY/PK 6-80 and D43764. 

Raw 206Pb+f270(UO/) and 208Pb+/248(Th0+) ratios from Z6413, NY/PK 6-80 and BSl 

are also positively correlated with 190(Yb0+)/194(Y20) and 177(Dy0+)1194(Y20 +), with 

R values ranging between 0.78-0.97 (Fig. 3.22). The significant correlation between 

(190(Yb0), 177(Dy0))/194(Y20+) and the 206Pb+!27°(UO/ ) and 208Pb+f248(Th0+) 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(Y20 +) verses 190(Yb0+) 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 206Pb+;270(UO/) and the (190(Yb0+), 177(Dy0+))/ 
194(Y20+) ratios, suggests that the ionisation of these ratio pairs are similarly 

influenced by changes in the xenotime matrix. 
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F ig. 3 .22. Plots demonstrating the good correlations between 190(Yb0+)/194(Y 20 +) and 
177 (Dy0+)/194Y 20 + ratios and the 206Pb +;270(U0 2 +)and 208Pb ? 48(Th0+) ratios for the reference 

xenotimes, Z6413, NY/PK 6-80 and BSl. 
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Fig. 3.23. Diagram comparing fclots for WDS determined Yb20 3 vs Y20 3 concentrations 
(wt%) and SHRIMP determined 1 0(Yb0+) vs. 194(Y 20 ')(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). 

3.4.4 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 206Pb+P70(U02} and 208Pb+f248(Th0+) ratios in the three high U xenotimes 

Z6413, 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 
206Pb+;270(U02+) and 208Pb+;248(Th0+) ratios in Z6413 (Fig. 3.25a, 3.25d, 3.25g, 

3.25j), whereas in NY/PK 6-80, only the Si concentration has a positive correlation 

with the 206Pb+P70(UO/) and 208Pb+P48(Th0+) ratios (Fig. 3.25h, 3.25k). However, 

the correlations between the 206Pb+P70(U02+) and 208Pb+/248(Th0+) 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. 3.3c and 3.3d). Spot-to-spot correlations between the 
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206Pb+;270(UO/) and 208Pb+;248(Th0+) ratios and WDS-determined LREE were not 

observed in any of the reference xenotimes. 
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Fig. 3.24. 206Pb? 70(UO/) and 208Pb+J248(Th0+) vs U ppm (WDS) plots demonstrating the 
strong dependence that the 206Pb+;270(UO/ ) and 2011Pb?48(Th0~) ratios have with the U 

concentration, for the high U reference xenotimes Z6413, NY/PK 6-80 and 043764. 

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 206Pb+f270(UO/) and 208Pb+f248(Th0+) ratios are positively 

correlated with the SHRIMP 254(UOl/19\Y20) ratios and the WDS-determined U 

contents. It is likely that the dominant 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 LREE. However, the influence on 
206Pb+f270(U02+) and 208Pb+;248(Th0+) ratios caused by matrix mismatches between Th 

and/or LREE concentrations is evident in the elevated 206Pb/238U and 208Pbi232Th 

ratios observed in BSl analyses calibrated to MGl. Additionally, positive spot-to-spot 

correlations between 206Pb+f270(UO/) and 208Pb+J248(Th0+) ratios, and 
190(Yb0)/19\ Y20 +), 177(Dy0+)/19\Y20 +) ratios in Z6413, NY/PK 6-80 and BSI, 

indicate that the matrix effects that cause variations in the 206Pb +;270(U02 +) and 
208Pb +;248(Th0+) ratios, also cause corresponding variations in the xenotime 
190(Yb0+)/194(Y20 +) and 177(Dy0)/194(Y20+) ratios. 
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Fig. 3.25. 206Pb? 70(U02+) and 208Pb?48(ThO'l vs Si ppm and Th ppm (WDS) plots for the 
reference xenotimes Z6413, 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 IREE 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 206Pbt238U 

ages (calibrated to MG 1) 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 

98 



requirement could mean that the impractical situation anses 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 206Pb/238U and/or 208Pbi232Th 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 easily 

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 failed to influence the SHRIMP xenotime 

Pb/U- Pb/Th ME. That is, the relative ionisation yield of Pb+ and/or U+ in Z64 l 3, 

NY/PK 6-80 and BSl remained elevated compared to that measured in the primary 

calibration standard MG 1. Even after ~90 % of the low energy component of the 

primary beam was removed, the measured 206Pbt238U 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 206Pbl238U fractionations of BS 1 and Z6413, that were 
collected usin fil ed d fil d d · b 1_g an un t ter an 1 tere secon ary ton earn. 

session Sample % Energy filter % .LuoPb/<'.JlSU b 

SHJl-6 Z6413 90 - 17 
SIIll-6 BSl 90 - 4 
SHII-4 Z6413 - - 14 
SHII-4 BSI - - 4 

< V U" l<~O % Pb/ U B represents the percent dev1at1on from their reference age 

3.5.1 Empirically based U, Th. IREE. YbO/Y20 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 190(Yb0+)/194(Y20+), which was shown to correlate well with 
206Pb+f270(U~+) ratios in NY/PK 6-80, Z6413 and BSl (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 206Pbl238U age/reference 206Pb/238U age) for NY/PK 6-80, BSl 

and Z6413 calibrated to MG 1 for session SHII-1. Although the analyses of BS l and 

NY/PK 6-80 lie on similar trajectories, those of Z6413 do not. The data shown in Fig. 

3.26 demonstrate that the 206Pbl238U ME of BSl 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 BSl 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 
206Pb/238U ME and the 190(Yb0+)/19\Y20 +) 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 
206Pb!238U ratios vs 190(Yb0+)/194(Y20+)ratios, for the reference xenotimes BSl , Z6413 and 
NY /PK 6-80. The correlation between these ratio pairs for BS 1 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 simultaneous 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 IREE. All experiments that were processed with this 

technique use MG 1 as the primary calibration standard and Z6413 and BS 1 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 * LiU) + (y * Li Th)+ (z * L1IREE) (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. 

LiU, L1Th and L1IREE 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 LiU, 

L1Th and L1IREE. 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 IREE can be determined. For example, the U 

correction factor (UCF) is simply determined by multiplying the U correction 

coefficient (x) by LiU, equation 6. 

(eq. 6) 
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The U, Th and IREE 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 IREE are summed, they represent the total U, Th, IREE 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 IREE 

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

UTh2:REE ' ' me Pb/U-Pb/Th =raw Pb/U-Pb/Th*(l-(UcF+Thcr+ IREEcF)) (eq. 7) 

(me= matrix corrected) 

A useful calculation which expresses the relative SHRIMP xenotime Pb/U-Pb/Th 

ME caused by U, Th and IREE for a given analytical session, can be defined with 

knowledge of the U, Th and IREE correction factors (UcF, ThcF, IREEcF) and ~U, 

~Th and ~IREE. The calculation of the relative U correction factor for 206Pb/238U 

(U- % 206pb/238U) is shown in equation 8. 

U-% 206Pb/238U = Ucr I ~U(ppm)/l 000000 (eq. 8) 

From equation 8, the relative U correction factor (U-% 206Pb/238U) represents the 

percent change in the raw 206pb/238U ratio that results from every I wt% difference in 

U concentration between the secondary standards and the primary calibration 

standard. By calculating the relative correction factors for U, Th and IREE, 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 2.: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!fh ME. Additionally, Ca and Si concentrations 

were also trialled, as these elements can occur in concentrations of up to lOOO'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, :LREE) and (U, L: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. 

3.5.3 U, Th and L:REE Pb/U-Pb/Th least squares correction 

The assumption underpinning this approach is that contrasts in xenotime U, L: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 L:REE relative correction 

factors. Although Uhas been demonstrated to have a major effect on ME, :LREE and 

Th have not. Th was shown by Stem & Sanborn (1998) and Stem & Berman (2000) 

to cause SHRIMP 206PbP38U 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 

xenotimes. 

Table 3.10 compares the relative correction factors for U, Th and 2.: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 L:REE 

change for both 206pb/238U and 208Pbl232Th 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 254(U0}! 194(Y20) 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 

content using 194(Y20+) as a reference element will result in an apparent reduction in 

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

Table 3. 10. Pb/U-Pb/Th relative correction factors for U, Th and IREE, for nine SHRIMP 
sessions. Pb/U-Pb/Th correction factors determined by Fletcher et al. (2004) are also shown 
f; . or companson. 

206Pb/23su 2osPbf232Th 

session u Th :LREE u Th LJIBE 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 I 1.4 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-06) 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 2.46 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 206Pbi238U data are all positive and range from 10.26 to 14.17, with an 

average value of 11.38. Also consistent are the 206Pbi238U relative correction factors 

for L: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 206Pbi238U 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 

standards to either increase, or reduce the xenotime 206Pbt238U ratio. For example, the 

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 206Pb/238U 

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 206Pbi238U ratio by 15.47 %. 

The relative correction factors for U, Th and IREE for the 208Pb/232Th results are 

similar to those for the 206Pbl238U results. The relative correction factor for U ranges 

between 9 .4 and 13 .41, and is consistently lower than that of the 206Pbi238U data. The 

LREE relative correction factors for the 208Pbi232Th results are also generally similar 

to the 206Pbi238U data and range between 0.66 and 2.67. For the 208Pbi232Th 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 LREE as variables, 

implies that Th mismatches can either significantly increase or reduce the 206Pbi238U 

and 208Pb/232Th 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. 

3.5.4 U- l:REE Pb/U- Pb/Th least squares correction 

The relative correction factors for U and IREE 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 2.:REE for both the 206Pb/238U and 
208Pb/232Th data are reasonably consistent from session to session and also between 

different instruments and running conditions. Generally, the relative U correction 

factors for the 206Pb/238U data is slightly elevated compared with the 208Pbi232Th data, 

whereas the relative correction factor for IREE is reduced in the 206Pbl238U compared 

to the 208Pb!232Th data. 
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Table 3.11. Pb/U-Pb/Th relative correction factors for U and IREE, for the same SHRIMP 
sessions shown in Table 3.10. 

206Pb/nsu 2011pbp32Th 

session u IREE u IREE Shrimp 

SHil-6 (Dec-05) 12.52 1.09 10.73 1.47 11 

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 206PbJ238U data, the U relative correction factor ranges between I 0. 75 and 

14.73 and has an average of 11.89. For the same data, the L:REE relative correction 

factors range between 0.57 and 1.42, with an average of 0.9. For the 208Pb/232Th 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 L: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-L: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 

SHil-6 and session RG-1. 

3.5.5 Results Experiment SHII-6 - SHRIMP II 

Experiment SHH-6 was designed to test the U-L:REE least squares matrix correction 

method using MGl, Z6413 and BSl 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, 
207Pb was not measured. WDS analyses to determine the concentrations of U, Th and 

L: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 :LREE for MGl, 

as well as the individual determinations for BSl , Z6413, and NY/PK 6-80. This table 

shows that the U, Th and :LREE concentrations in NY/PK 6-80 are generally similar 

to the range of these elements measured in the secondary standards Z64 l 3 and BS 1. 

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 MGI, 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 BSl are elevated by 

~4 % whereas those for Z6413, are elevated by -17% (Table 3.13a & b). However, 

once the U, Th and :LREE 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 BSI combine to give a SHRIMP U-LREEmc 206Pb!238U age of 509 ± 8 Ma 

(95% conf.) with an MSWD = 0.55, and a near identical independently calculated u

:LREEmc 208Pb/232Th age of 508 ± 8 Ma (95% conf.), MSWD = 0.52. For Z6413, 12 

analyses combine to give a U-LREEmc 206Pb/238U age of 995 ± 17 . Ma (95% conf., 

MSWD = 0.2) and a U-LREEmc 208PbJ232Th 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 206Pbi238U and 208PbJ232Th raw ages are all concordant 

within experimental error, but on average - 21 % elevated compared to the reference 
206Pb/238U 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/238U and 208Pb/232Th ages. 

However, once the U and :LREE 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/238U ages give an age of 993 ± 13 Ma (95% conf.), with a MSWD = 1.31, 
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whereas the matrix corrected 208PbJ232Th ages combine to give an age of 1001 ± 14 

Ma (95% conf.) with an MSWD = l.40 (Fig. 3.28 and Table 3.14). 

Table 3 .12. Generalised WDS results for session SHII-6. (IREE =Nd, Sm, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, Lu). 
label Uwt% ± U % err. Thwt% ±Th% err. I:REE wt% ± EREE % err. 

average MG1 (1cr) (1cr) (J cr) 

(n=14) 0.0910 605 0.0980 8.57 !3.43 2.25 

BS1-2.8* 0.0230 76.96 0.1109 13.62 17.96 3.55 
BS1-2.9* 0.0388 46.65 0.3666 5.37 17.93 3.57 
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 8.72 17.86 3.57 
BS1-3.3* 0.0518 35.33 0.3081 6.07 18.02 3.57 
BS1-3.4* 0.0515 35.34 0.3028 6.11 17.52 3.56 
BS1-3.5* 0.0565 32.39 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 3.57 
BS1-4.3* 0.0791 23.51 0.4226 4.92 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 
Z6413-5.*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 
Z6413-5.3* 1.5045 6.58 0.2580 6.82 16.19 3.56 
Z6413-5.4* 1.2920 6.64 0.2214 7.63 16.16 3.57 
Z6413-6.1* 1.2411 6.66 0.2173 7.73 16.33 3.54 
Z6413-6.2* 1.2452 6.66 0.2235 7.56 16.39 3.53 
Z6413-6.3* 1.1592 6.70 0.2014 8.19 16.36 3.53 
Z6413-6.4' 1.2116 6.68 0.2034 8.16 16.33 3.54 
Z6413-6.5* 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 3.53 
Z6413-7.1* 1.3210 6.63 0.2215 7.63 16.38 3.53 
Z6413-7.2* 1.2815 6.65 0.2171 7.74 16.45 3.52 
NYPK-3.2 1.2782 6.65 0.3967 5.12 16.99 3.68 
NYPK-3.3 1.2442 6.66 0.4425 4.79 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 4.68 17.09 3.69 
NYPK-4.1 1.5679 5.40 0.4461 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 0.3262 5.79 17.21 3.66 
NYPK-4.5 1.2671 6.65 0.3221 5.84 17.51 3.63 
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 
NYPK-4.9 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 3.65 
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 3.59 
NYPK-8.1 1.4692 6.59 0.3506 5.50 17.70 3.58 
NYPK-8.2 1.3585 6.62 0.3816 5.21 17.38 3.64 
NYPK-8.3 1.5783 6.56 0.4391 4.83 17.85 3.58 
NYPK-8.4 1.8349 6.51 0.3262 5.79 17.66 3.61 
NYPK-8.5 1.3739 6.61 0.4230 4.92 17.30 3.64 

.<VU ,,_~,,. * denotes secondary Pb/ U standard. 
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Tabl 3 13 T bl h e a. a es owmg th e raw an d t . ma nx correc e ra lOS or sess10n 

Spot raw 206Pb/23su %01 U,l:REEm.c. 206pb/238U % 206Pb/23su 

name (± lcr %) (± lcr %) correction 
BS l-2.8* 0.0831 3.4622 1.2 0.0798 3.58 -3.9 
BSl-2.9* 0.0867 2.4666 5.3 0.0832 2.55 -4.l 

BSJ-2.10* 0.0898 3.2345 8.5 0.0865 3.42 -3.7 
BSl -3. 1* 0.0855 3.673 1 3.9 0.0820 3.73 -4.0 
BSl-3.2* 0.0870 2.9376 5.6 0.0835 3.01 -4.0 
BSl -3.3• 0.0865 2.4217 5.0 0.0827 2.49 -4.4 
BSl-3.4* 0.0826 2.6067 0.6 0.0795 2.66 -3.8 
BSl-3.5* 0.0862 2.4571 4.7 0.0829 2.5 1 -3.8 
BSl-4.l * 0.0889 2.4495 7.6 0.0844 2.54 -5.0 
BSl-4.2* 0.0850 3.5275 3.3 0.081 1 3.57 -4.6 
BSl-4.3* 0.0857 3.0948 4.1 0.0818 3.14 -4.4 
BSl-4.4* 0.0863 2.6964 4.8 0.0822 2.79 -4.7 
BSl-5.l* 0.0844 2.5385 2.7 0.0805 2.60 -4.6 
BSl-5.2* 0.0843 2.8665 2.5 0.0802 2.96 -4.8 

Z6413-5.1* 0.2042 2.5894 18.3 0.1669 3.32 -18.2 
Z6413-5.2* 0.2044 2.1769 18.4 0.1688 2.93 -17.4 
Z6413-5.3* 0.2088 2.1982 20.2 0.1659 3.24 -20.6 
Z6413-5.4* 0.2033 2. 1784 18.0 0.1670 2.98 - 17.9 
Z6413-6.1* 0.2068 2. 1761 19.4 0.1707 2.92 -17.4 
Z6413-6.2* 0.2058 2.1973 19.0 0.1697 2.94 -17.5 
Z6413-6.3* 0.2000 2.1914 16.7 0.1672 2.85 -16.4 
Z6413-6.4* 0.1993 2.1594 16.4 0.1653 2.88 -17.l 
Z6413-6.5* 0.2074 2.1773 19.6 0.1630 3.28 -21.4 
Z6413-6.6* 0.2111 2.1712 21.0 0.1642 3.36 -22.2 
Z6413-7.1* 0.2064 2.1597 19.2 0.1682 3.00 -18.5 
Z641 3-7.2* 0.2021 2.1614 17.5 0.1656 2.96 -18.1 
NYPK-3.2 0.2088 2.1779 19.6 0.1699 2.98 -18.6 
NYPK-3.3 0.2085 2.1692 19.5 0.1704 2.93 -18.3 

NYPK-4.IO 0.2099 2.1709 20.l 0.1627 3.29 -22.5 
NYPK-4.11 0.2046 2.1788 18.0 0.1652 3.07 -19.2 
NYPK-4.1 2 0.1988 2.1824 15.6 0.1617 2.98 -18.7 
NYPK-4.1 0.2276 2.1726 26.3 0.1749 3.25 -23.1 
NYPK-4 .2 0.2467 2.1711 32.0 0.1844 3.52 -253 
NYPK-4.3 0.2247 2.2084 25.3 0.1680 3.57 -25.2 
NYPK-4.4 0.2046 2.1707 18.0 0.1718 2.74 -16.0 
NYPK-4.5 0.2094 2.1850 19.9 0.1696 2.98 -19.0 
NYPK-4.6 0.2137 2.1739 21.5 0.1680 3.18 -21.4 
NYPK-4.7 0.2150 2.1880 22.0 0.1628 3.50 -24.3 
NYPK-4.8 0.2108 2.2056 20.4 0.1694 3.04 -19.6 
NYPK-4.9 0.2252 2. 1710 25.5 0.1671 3.61 -25.8 
NYPK-5. l 0.2160 2. 1812 223 0.1704 3.15 -21.1 
NYPK-5 .2 0.2102 2.2269 20.2 0.1682 3.09 -20.0 
NYPK-5.3 0.2348 2.1656 28.5 0.1605 4.26 -31.6 
NYPK-7.1 0.2055 2.1820 18.3 0.1649 3.06 -19.8 
NYPK-7.2 0.2205 2.1711 23.9 0.1630 3.61 -26. l 
NYPK-7.3 0.2270 2.1 710 26. l 0.1695 3.56 -25.3 
NYPK-8.1 0.2133 2.1670 21.3 0.1669 3.20 -21.8 
NYPK-8.2 0.1947 22145 13.8 0.1557 3.10 -20.0 
NYPK-8.3 0.2147 2.1646 21.8 0.1647 3.33 -23.3 
NYPK-8.4 0.2271 2.1735 26.1 0.1674 3.66 -26.3 
NYPK-8.5 0.1938 2.1708 13.4 0.1547 3.08 -20.l 

81 percent deviation of the raw ratios from their reference age. 
82 percent deviation of the matrix corrected ratios from their reference age. 
* denotes secondary 206Pbl238U standard. 
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Table 3.13b. Table showing the raw and matrix corrected 208Pb/232Th ratios for session SHII-
6. 

Spot raw 208Pb/232Th %01 U,l:REEm.c. 208Pb/232Th % 2osPb/212Th 

name (± lcr %) (± lcr %) correction 
BSl-2.8* 0.0266 3.71 4.1 0.0250 3.84 -6.I 
BS l-2 .9* 0.0274 2.86 7.0 0.0257 2.97 -6.2 
BSl-2.10* 0.0283 3.21 9.9 0.0266 3.39 -5 .8 
BSl-3.l* 0.0276 3.10 7.5 0.0259 3.21 -6.1 
BSl-3 .2* 0.0278 3.03 8.2 0.0261 3.13 -6.1 
BSl-3.3* 0.0274 3.06 7.1 0.0257 3.16 -6.5 
BSl-3.4* 0.0271 2.90 5.9 0.0255 2.99 -5.1 
BSl-3.5* 0.0266 2.89 4.3 0.0251 2.97 -5.7 
BSl-4.1* 0.0284 2.92 10.2 0.0263 3.05 -7.4 
BSl-4.2* 0.0271 2.85 5.8 0.0253 2.96 -6.7 
BSl-4.3* 0.0264 2.89 3.4 0.0247 2.98 -6.4 
BSl-4.4* 0.0274 3.00 7.0 0.0255 3.13 -7.I 
BSJ-5.1* 0.0266 2.91 4.1 0.0248 3.02 -6.8 
BSl-5.2* 0.0268 2.95 4.9 0.0249 3.09 -7.2 

Z6413-5.1* 0.0574 2.97 12.2 0.0476 3.47 -17.2 
Z6413-5.2* 0.0621 2.87 18.9 0.0519 3.34 -16.5 
Z6413-5.3* 0.0627 2.88 19.6 0.0507 3.54 -19.2 
Z6413-5.4* 0.0612 2.84 17.7 0.0509 3.34 -16.9 
Z6413-6.1* 0.0623 2.94 19.1 0.0520 3.39 -16.6 
Z6413-6.2* 0.0621 2.85 18.9 0.0517 3.33 -16.7 
Z6413-6.3* 0.0604 2.86 16.5 0.0508 3.27 -15.7 
Z6413-6.4* 0.0597 3.01 15.5 0.0500 3.44 -16.3 
Z6413-6.5* 0.0620 2.85 18.7 0.0496 3.56 -20.0 
Z6413-6.6* 0.0633 2.90 20.4 0.0502 3.65 -20.7 
Z6413-7.1* 0.0608 2.85 17.1 0.0501 3.38 -17.5 
Z6413-7.2* 0.0606 2.93 16.8 0.0502 3.42 -17.2 
NYPK-3.2 0.0642 2.82 21.0 0.0527 3.34 -18.0 
NYPK-3.3 0.0626 2.95 19.0 0.0515 3.43 -17.8 
NYPK-4.10 0.0636 2.88 20.3 0.0499 3.61 -21.7 
NYPK-4.11 0.0613 2.89 17.2 0.0499 3.46 -18.6 
NYPK-4.12 0.0578 2.88 12.3 0.0474 3.39 -18.1 
NYPK-4.l 0.0687 2.85 26.2 0.0533 3.57 -22.4 
NYPK-4.2 0.0750 2.81 32.3 0.0568 3.72 -24.2 
NYPK-4.3 0.0674 2.87 24.8 0.0512 3.77 -24.0 
NYPK-4.4 0.0602 2.91 15.8 0.0506 3.28 -15.9 
NYPK-4.5 0.0628 2.93 19.2 0.0511 3.44 -18.7 
NYPK-4.6 0.0644 2.93 21.2 0.0510 3.57 -20.7 
NYPK-4 .7 0.0645 2.85 21.4 0.0497 3.71 -23.0 
NYPK-4 .8 0.0628 2.94 19.2 0.0507 3.48 -19.2 
NYPK-4 .9 0.0679 2.84 25.3 0.0513 3.79 -24.5 
NYPK-5. 1 0.0665 2.88 23.7 0.0528 3.51 -20.5 
NYPK-5.2 0.0631 2.93 19.6 0.0508 3.50 -19.5 
NYPK-5.3 0.0712 2.82 28.8 0.0503 4.24 -29.4 
NYPK-7.1 0.0630 2.87 19.5 0.0509 3.44 -19.2 
NYPK-7.2 0.0679 2.82 25.3 0.0510 3.79 -24.9 
NYPK-7.3 0.0693 2.89 26.8 0.0526 3.80 -24.l 
NYPK-8.1 0.0645 2.83 21.3 0.0509 3.51 -21.1 
NYPK-8.2 0.0596 2.95 14.9 0.0480 3 .52 -19.4 
NYPK-8.3 0.0657 2.82 22.9 0.0510 3.60 -22.5 
NYPK-8.4 0.0678 2.92 25.1 0.0509 3.89 -24.9 
NYPK-8.5 0.0590 2.88 14.0 0.0475 3 .47 -19.5 

o1 percent deviation of the raw ratios from their reference age. 
52 percent deviation of the matrix corrected ratios from their reference age. 
* denotes secondary 208P bt232Th standard. 
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Table 3 .14. SHRIMP U-Pb-Th isotopic data for xenotime analysed in session SIDI-6. Results 
for the secondary standards BS 1 and Z6413 are shown together with the sample treated as the 
unknown, NY/PK 6-80. 

% u,l:REEm.c. 206Pb!21su U,l:REEm.c. 

Spot Th/U Com. 206Pb!21su age 208Pb/232Th 208Pb/232Th age 

name 206pb (± la%) (Ma ± lcr) (± lcr %) (Ma±lcr) 
BSl-2.&* 1.20 0.14 0.079& 3.58 495 1& 0.0250 3.84 499 19 

BSl-2.9* 6.27 0.00 0.0832 2.55 5 15 13 0.0257 2 .97 513 15 

BSl-2.10* 10.08 0.08 0.0865 3.42 535 18 0 .0266 3.39 532 18 

BSl-3.1 * 6.59 0.00 0.0820 3.73 508 19 0.0259 3.21 516 17 

DSl-3.2* 6.92 1.65 0.0835 3.01 517 16 0.0261 3.13 521 16 

BSl-3.3* 6.80 0 .58 0.0&27 2 .49 512 13 0.0257 3.16 512 16 

BSJ-3.4* 6.99 0.00 0.0795 2.66 493 l3 0.0255 2.99 510 15 

BSl-3.5* 6.78 0.14 0.0829 2.51 513 13 0.0251 2.97 501 15 

BSl-4.1 * 6.74 0.10 0.0844 2.54 523 13 0.0263 3.05 525 16 

BSl-4.2* 10.43 0.00 0.08ll 3.57 503 18 0.0253 2.96 504 15 

BSl-4.3* 7.90 0.91 0.0818 3.14 507 16 0.0247 2 .98 493 15 

BSl-4.4* 7.71 0.36 0.0822 2.79 509 14 0.0255 3.13 509 16 

BSl-5.I * 9.78 0.14 0.0805 2.60 499 13 0.0248 3.02 495 15 

BSl-5.2* 8.20 0.62 0.0802 2.96 497 15 0.0249 3.09 497 15 

Z6413-5.I* 10.52 1.07 0.1669 3.32 995 33 0.0476 3.47 939 33 

Z6413-5.2° 0.19 -0.01 0.1688 2.93 1006 29 0.0519 3.34 1022 34 

Z6413-5.3* 0.18 0.00 0.1659 3.24 989 32 0.0507 3.54 999 35 

Z6413-5.4* 0.18 0.01 0.1670 2.98 995 30 0.0509 3.34 1003 34 

Z6413-6.1 * 0.18 0.01 0.1707 2 .92 1016 30 0.0520 3.39 1024 35 

Z6413-6.2* 0 .18 -0.01 0.1697 2.94 1010 30 0.0517 3.33 1020 34 

Z6413-6.3* 0.18 0.00 0.1672 2.85 996 28 0.0508 3.27 1002 33 

Z6413-6.4• 0.18 0.00 0.1653 2.88 986 28 0.0500 3.44 986 34 

Z6413-6.5* 0.18 0.02 0.1630 3.28 974 32 0.0496 3.56 978 35 

Z6413-6.6* 0.19 0.00 0.1642 3.36 980 33 0.0502 3.65 991 36 

Z6413-7.l * 0.19 -0.01 0.1682 3.00 1002 30 0.0501 3.38 989 33 

Z6413-7.2* 0.18 0.01 0.1656 2 .96 988 29 0.0502 3.42 989 34 

NYPK-3.2 0.18 0.00 0.1699 2 .98 1012 30 0.0527 3.34 1037 35 

NYPK-3.3 0.34 0.00 0.1704 2 .93 1014 30 0.0515 3.43 1015 35 

NYPK-4.10 0.34 0.01 0.1627 3.29 972 32 0.0499 3 .61 984 36 

NYPK-4.ll 0.24 0.00 0.1652 3.07 986 30 0.0499 3.46 983 34 

NYPK-4.12 0.30 0.02 0.1617 2 .98 966 29 0.0474 3.39 936 32 

NYPK-4.l 0.32 0.00 0.1749 3.25 1039 34 0.0533 3.57 1050 37 

NYPK-4.2 0.25 0.01 0.1844 3.52 1091 38 0.0568 3.72 1117 42 

NYPK-4.3 0.32 0.00 0.1680 3.57 1001 36 0.0512 3.77 1010 38 

NYPK-4.4 0 .25 0.01 0.1718 2.74 1022 28 0.0506 3 .28 999 33 

NYPK-4.5 0.31 0.00 0.1696 2.98 1010 30 0.0511 3.44 1007 35 

NYPK-4.6 0.26 -0.01 0.1680 3.18 1001 32 0.0510 3.57 1006 36 

NYPK-4.7 0.25 0.01 0.1628 3 .50 972 34 0.0497 3.71 980 36 

NYPK-4.8 0.19 0.01 0.1694 3.04 1009 31 0.0507 3.48 1000 35 

NYPK-4.9 0.25 0.00 0.1671 3.61 996 36 0.0513 3.79 1010 38 

NYPK-5.1 0.25 0.00 0.1704 3.15 1014 32 0.0528 3.51 1040 37 

NYPK-5.2 0.24 0.01 0.1682 3.09 1002 31 0.0508 3.50 1001 35 
NYPK-5.3 0.24 0.01 0.1605 4 .26 960 41 0.0503 4.24 992 42 

NYPK-7.1 0.24 0.01 0.1649 3.06 984 30 0.0509 3.44 1004 34 

NYPK-7.2 0.31 -0.0J 0.1630 3.61 973 35 0.0510 3.79 1005 38 

NYPK-7.3 0.27 0.01 0.1695 3.56 1009 36 0.0526 3.80 1036 39 

NYPK-8.1 0.17 0.00 0.1669 3.20 995 32 0.0509 3.51 1003 35 

NYPK-8.2 0.20 O.ot 0.1557 3.10 933 29 0.0480 3.52 948 33 

NYPK-8.3 0.28 0.00 0.1647 3.33 983 33 0.0510 3 .60 1005 36 

NYPK-8.4 0.24 0.00 0.1674 3.66 998 37 0.0509 3.89 1003 39 

NYPK-8.5 0.19 0.02 0.1547 3.08 927 29 0.0475 3.47 938 33 
~vo· t<.OO * 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

:LREE matrix correction routine using the reference xenotime D43764 as the 

' unknown' sample. MG 1 was used as the primary calibration standard and BSl and 

26413, the secondary standards. U, Th and :LREE contents were measured by WDS 

prior to SHRIMP analysis. Backscattered SEM images and transmitted and reflected 

light photography guided the choice of analytical sites. 

3. 5. 6.1 Electron micro probe 

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 BSl (range - 0.1- 0.4 wt%, average 0.3 wt%). The average :LREE 

concentration of D43764 is -17 wt% which is similar to that determined for BSl 

(Table 3.15). 

3.5.6.2 SHRIMP RG 

The U and :LREE 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 

BS 1 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. l 6a & b ). 
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Table 3.15. Generalised WDS results for session RG-1. (IREE =Nd, Sm, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, Lu). 

±U% 
Label Uwt% err. Th wt% 

average MG1 (1cr) 

(n=10) 0.1006 8.00 0.1083 
ss1-1 .2• 0.0213 81.69 0.1079 
BS1-2.1* 0.0548 32.85 0.4196 
851-2.2* 0 .0573 31 .59 0.4342 
8S1-3.1* 0.0467 38.12 0.2972 
8S1-3.2* 0.0558 32.08 0 .2949 
BS1-4.1* 0 .0405 43.95 0.3721 
BS1-4.2* 0.0372 47.85 0.4127 
Z6413-1 .1• 1.3644 6.61 0.2240 
Z6413-2. 1 * 0.6207 7.27 0.1092 
Z6413-3.1* 1.3750 6 .61 0.2177 
Z6413-3.2* 1.3632 6.62 0.2209 
Z6413-3.3* 1.4225 6.59 0.2246 
Z6413-3.4* 1.4422 6.59 0 .2332 
Z6413-4.1• 1.0806 6.74 0.1917 
Z6413-4.2* 1.0632 6 .74 0 .1763 
043764-2A.1 1.4957 6.59 0.9431 
043764-2A.2 0.8966 6 .87 0.3137 
043764-2A.3 0.9035 6.87 0.3770 
043764-28.1 1.0509 6.77 0.8140 
043764-28.2 1.1416 6.71 0.8353 
043764-3A. 1 2 .1060 6.48 0.6649 
D43764-3A.2 1.6161 6.55 0 .3963 
043764-3A.3 0.6546 7.21 0 .5114 
043764-6A.1 1.2616 6.66 0.7134 
043764-6A.2 0.9234 6.84 0.5638 
043764-6A.3 1.4447 6 .60 0.9183 
043764-68.1 1.4173 6 .60 0.2153 
043764-68.2 1.4134 6.60 0.5186 
043764-68.3 1.6935 6 .54 0.2163 
043764-78.1 1.1486 6 .70 0 .6335 
043764-7C.1 1.1914 6.68 0 .9184 
D43764-7C.2 1.2311 6.67 0.7093 
D43764-8A.1 0.9729 6.81 0 .6006 

L\JQ IL~o · * denotes secondary Pb/ U standard. 
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Fig. 3.29. U-Pb-Th concordia plot for the secondary standards BSl (a) and Z64J 3 (b) for 
session RG-J . Both raw and U-IREE matrix corrected Pb/U-Pbffh ratios are shown. 
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T bl 3 16 T bl h a e a . a es owing t h d e raw an matnx correcte ratios 

Spot raw 206Pb/mu % ol u.~~.c. 20Gpbf23SU % 2C(>Pb/23"U 

name (± lo %) (± lo%) correction 

BS l -1.2° 0.0837 3.3998 1.9 0.0817 3.50 -2.5 
BSl-2.t • 0.0841 2.5058 2.3 0.0818 2.53 -2.7 
BS l -22° 0.0863 2.4652 4.8 0.0838 2.49 -2.9 

BS l-3.1 ° 0.0852 2.4655 3.6 0.0830 2.50 -2.6 
BSl-3.2° 0.0833 2.6112 1.4 0.0810 2.64 -2.8 
BSl-4.1 * 0.0849 2.6670 3.2 0.0824 2.71 -2.9 
BSl-4.2* 0.0850 2.6083 3.4 0.0825 2.66 -3.0 

Z6413-Ll* 0.2057 2.2779 19.0 0.1707 3.13 -17.0 
Z6413-2.l * 0. 1784 2.2665 6.5 0.1635 2.45 -8.4 
Z6413-3.I* 0.2015 2.2586 17.3 0.1667 3.13 -17 .3 
Z6413-3.2° 0.2031 2.2698 17.9 0.1682 3.12 -1 7.2 
Z6413-3.3* 0.2050 2 .2796 18.7 0.1682 3 .20 -17.9 
Z6413-3.4* 0.2020 2.3264 17.5 0.1655 3.25 -18.l 
Z6413-4.1* 0. 1921 2 .2661 13.2 0.1655 2.82 -13.9 
Z6413-4.2* 0.1888 2 .2578 11 .7 0.1630 2.80 -13.7 

D43764-2A. l 0.6086 2.3238 17.4 0.4897 3.32 -19.5 
D43764-2A.2 0.5888 2.2745 14.6 0.5104 2.68 -13 .3 
D43764-2A.3 0.5982 2.3405 16.0 0.5181 2.74 -13.4 
043764-213. I 0.5957 2.2852 15.6 0.5059 2.83 -I 5.1 
D43764-2B.2 0.6092 2.7926 17.5 0.5153 3.32 -15.4 
D43764-3A. I 0.6384 2.4080 2 1.3 0.4659 4.15 -27.0 

D43764-3A.2 0.6065 2.2939 17. l 0.4761 3.45 -21.5 
D43764-3A.3 0.5556 2.2857 9.5 0.5006 2.50 -9.9 
D43764-6A. l 0.5917 2.2612 15.1 0.4910 3 .01 -17.0 
D43764-6A.2 0.5643 2.2754 10.9 0.4920 2.69 -12.8 
D43764-6A.3 0.6190 2 .2569 18.8 0.5015 3.21 -19.0 
043 764-6B. l 0.6196 2.3260 18.9 0.5005 3.24 -19.2 
D43764-6B.2 0.6038 2 .3338 16.8 0.4884 3.24 -19. I 
D43764-6B.3 0.6365 2.4474 21.0 04939 3.65 -22.4 

D43764-7B.l 0.5947 2 .2727 15.5 0.5009 2.90 -15 .8 
D43764-7C.l 0.5802 2.2975 13.4 0.4836 2 .97 -16.7 
D43764-7C.2 0.5916 2.4253 15.0 0.4913 3.11 -17.0 
043764-&A.1 05728 2.4008 12.2 0.4931 2.85 -13.9 

o 1 percent deviation of the raw ratios to their reference ages. 
o2 percent deviation of the matrix corrected ratios to their reference ages. 
* denotes secondary 20<SPbt238U standard. 

116 

f, or session RG-1. 

%02 

-0.6 

-0.4 
1.9 
1.0 

-1.5 
0.3 

0.4 
2.3 
-2.0 
0.0 

0.9 
0.9 
-0.7 

-0.7 
-2.3 

-2.6 

1.5 
3.0 

0.7 
2.5 
-7.9 
-5.6 
-0.4 
-2.4 
-2.2 
-0.2 
-0.4 
-2.9 
-1.8 
-0.3 
-3 .9 
-2.3 

-1.9 



T bl 3 16b T bl h a e a es owmg t h d t . e raw an ma nx correc ra lOS 

Spot raw21Jl!Pbf 3m %0' u, tREEm.c. zosPb/2J2Th % l<111pbf32Th 

name (± l<J %) (± l<J %) correction 
BSl-1.2• 0.0267 2.26 4.6 0.0260 2.40 -.26 
BSl-2.1* 0.0260 1.99 1.9 0.0253 2.03 -2.8 
BSl-2.2* 0.0264 1.96 3.3 0.0256 2.00 -3.0 
BSI-3.I* 0.0264 2.01 3.74 0.0257 2.06 -2.7 
BSl-3.2* 0.0260 l.95 2.0 0.0253 1.99 -2.9 
BSl-4.l* 0.0267 2.01 4.5 0.0259 2.07 -3.1 
BSl-4.2* 0.0262 1.92 2.7 0.0254 1.99 -3.1 

Z6413-l.l * 0.0632 20.2 20.2 0.0525 2.90 -16.9 
Z6413-2.P 0.0528 4.5 4.5 0.0484 2.17 -8.4 
Z6413-3.1* 0.0599 15.8 15.8 0.0496 2.91 -17.2 
Z6413-3.2* 0.0616 18.2 18.2 0.0511 2.86 -17.l 
Z6413-3.3* 0.0620 18.7 18.7 0.0509 2.96 -17.8 
Z6413-3.4"' 0.0620 18.7 18.7 0.0509 2.98 -18.0 
Z6413-4.l * 0.0585 13.9 13.9 0.0505 2.58 -13.8 
Z6413-4.2* 0.0558 9.7 9.7 0.0482 2.55 -13.6 

D43764-2A.1 0.1719 19.3 19.3 0.1384 3.13 -19.5 
D43764-2A.2 0.1628 14.8 14.8 0.1411 2.55 -13.3 
D43764-2A.3 0.1510 8.1 8.1 0.1307 2.39 -13.4 
D43764-2B.l 0.1597 13.l 13.1 0.1356 2.53 -15.1 
043764-28.2 0.1662 16.6 16.6 0.1407 2.94 -15.4 
D43764-3A.1 0.1784 22.3 22.3 0.1305 3.88 -26.9 
D43764-3A.2 0.1699 18.4 18.4 0.1335 3.19 -21.4 
043764-3A.3 0.1531 9.4 9.4 0.1379 2.15 -9.9 
D43764-6A.1 0.1646 15.7 15.7 0.1366 2.77 -17.0 
D43764-6A.2 0.1573 I 1.9 11.9 0.1372 2.40 -12.8 
D43764-6A.3 0.1721 19.4 19.4 0.1395 2.98 -18.9 
D43764-6B. l 0.1756 21.0 21.0 0.1419 2.92 -19.2 
D43764-6B.2 0.1694 18.1 18. l 0.1371 2.97 -19.I 
D43764-6B.3 0.1811 23.4 23.4 0.1406 3.51 -22.3 
043764-73.1 0.1649 15.9 15.9 0.1389 2.67 -15.7 
D43764-7C.I 0.1625 14.6 14.6 0.1354 2.65 -16.6 
D43764-7C.2 0.1644 15.6 15.6 0.1365 2.86 -16.9 
043764-BA.1 0.1611 13.9 13.9 0. 1387 2.56 -13.9 

o1 percent deviation of the raw ratios from their reference age. 
82 percent deviation of the matrix corrected ratios from their reference age. 
* denotes secondary 208Pb!232Th standard. 
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Eighteen crystals were analysed from D43764. Common Pb contents are uniformly 

low (<0.01 % common 206Pb). All 18 analyses have the same radiogenic 207PbJ2°6Pb 

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 206PbP38U and 
208Pbt232Th ages are, on average, elevated by - 16 % compared to the 207Pbi2°6Pb age. 

When plotted on a 208Pb/232Tu-206Pb/238U concordia, the raw ratios are elevated and 

systematically displaced to the high 208Pbi232Th side of concordia (Fig. 3 .30). When 

plotted on a Tera-Wasserberg concordia, the compositions are also significantly 

reversely discordant (Fig. 3.3 la). Once the matrix corrections are applied, the u

IREEmc 206Pbl238U and 208PbP32Th ratios are both well within error of the 207Pbt2°6Pb 
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age for this sample, resulting in concordant, 206Pbi238U, 208Pb/232Th and 207Pb;2°6Pb 

ratios (Figs. 3.30 & 3.3lb, Table 3.16a &b). All 18 U-DU::Emc 206PbJ238U ratios 

combine to form a single population (MSWD = 0.44) equivalent to a mean age of 

2599 ± 36 Ma (95 % conf.). The Th U-~Emc 208PbJ232Th 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. 
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Fig. 3.30. U-Pb-Th concordia plot for D43764, session RG-1 . Both raw and U-IREE matrix 
corrected Pb/U- Pbffh ratios are shown. 
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Fig. 3.31 a & b. Concordia plots of U-Pb analyses for D43764. 3.31 a are the raw 206Pbl238U 
ratios, and 3 .31 b the U-IREE matrix corrected results. 
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Table 3.17. SHRIMP U-Pb-Th isotopic data for xenotime analysed in session RG-1 . Results for the secondary standards 
851 and Z6413 are shown together with the sample treated as the unknown, 043764. 

150 TMJ %Com. U.IREE m.c. 208Pb/mTh iosPbf32Th age U,l:REE me. 206Pbf38u 206pbf3au age io7Pb/06Pb 207Pbt 06Pb age 
name 206Pb (± 1o %) (Ma± l o) (± lo%) (Ma± let) (±lo%) (Ma± l o) 

0S1-l.2* 6.52 1.29 0.0260 2.40 520 12 0.0817 3.50 506 18 0.0471 16.12 SS 385 
651-2.1* 8.03 0.64 0.0253 2.03 504 10 0.0818 2.53 507 13 0.051 9 5.17 282 118 
BS 1-2.2• 8.00 0.72 0.0256 2.00 S10 10 0.0838 2.49 519 13 0.0530 4.78 330 108 
BS1-3.1* 6.80 0.39 0.0257 2.06 512 11 0.0830 2.50 514 13 0.0519 3.95 280 90 
BS 1-3.2* 6.89 0.37 0.0253 1.99 504 10 0.0810 2.64 502 13 0.0S43 3.74 384 84 
BS 1-4.1* 9.56 0.54 0.02S9 2.07 517 11 0.0824 2.71 510 14 0.8181 1.57 4954 22 
BS 1-4.2* 10.02 0.37 0.0254 1.99 507 10 0.0825 2.66 511 14 0.0548 3.84 403 86 

Z6413-1.1" 0.18 0.01 O.OS25 2.90 1034 30 0.1707 3.13 1016 32 0.0738 0.44 1037 9 
Z6413-2.1" 0.19 0.02 0.0484 2.17 954 21 0.1635 2.45 976 24 0.0730 0.42 1015 9 
Z6413-3.1* 0.17 0.01 0.0496 2.91 978 28 0.1667 3.13 994 31 0.0730 0.25 1014 5 
Z6413-3.2• 0.1 7 0.00 0.0511 2.86 1006 29 0. 1682 3.12 1002 31 0.0717 0.25 979 5 
Z6413-3.3* 0.17 0.01 O.OS09 2.96 1004 30 0.1682 3.20 1002 32 0.0727 0.31 1007 6 
Z6413-3.4" 0.17 0.01 0.0509 2.98 1003 30 0.1655 3.25 987 32 0.0714 0.82 970 17 
Z6413-4.1* 0.18 0.01 0.0505 2.58 995 26 0.1655 2.82 987 28 0.0720 0.31 985 6 
Z6413-4.2" 0.18 0.02 0.0482 2.55 952 24 0.1630 2.80 973 27 0.0717 0.34 977 7 

D43764-2A.1 0.68 0.00 0.1384 3.13 2621 82 0.4897 3.32 2569 85 0.1764 0.25 2619 4 
D43764-2A.2 0.32 0.00 0.1411 2.55 2667 68 0.5104 2.68 2658 71 0.1771 0.35 2626 6 
043764-2A.3 0.22 0.01 0.1307 2.39 2483 59 0.5181 2.74 2691 74 0. 1764 0.79 2620 13 
043764-28 .1 0.77 0.00 0.1356 2.53 2570 65 0.5059 2.83 2639 75 0.1771 0.51 2626 8 
043764-2B .2 0.81 0.00 0.1407 2.94 2660 78 0.5153 3.32 2679 89 0.1765 1.26 2620 21 
043764-3A.1 0.33 0.00 0.1305 3.88 2479 96 0.4659 4.15 2466 102 0.1753 0.92 2609 15 
D43764-3A.2 0.25 0.00 0.1335 3.19 2533 81 0.4761 3.45 2510 87 0.1767 0.67 2622 11 
D43764-3A.3 0.83 0.01 0.1379 2.15 2611 56 0.5006 2.50 2617 65 0.1781 0.35 2636 6 
D43764-6A.1 0.57 0.00 0.1366 2.77 2588 72 0.4910 3.01 2575 78 0.1766 0.33 2621 5 
D43764-6A.2 0.66 0.01 0.1372 2.40 2598 62 0.4920 2.69 2579 69 0.1753 0.51 2609 9 
043764-6A.3 0.71 0.00 0.1395 2.98 2640 79 0.5015 3.21 2620 84 0.1783 0.30 2637 s 
043 764-60 .1 0.17 0.00 0.1419 2.92 2682 78 0.5005 3.24 2616 85 0.1738 0.92 2595 1S 
043764-60 .2 0.38 0.00 0.1371 2.97 2597 77 0.4884 3.24 2564 83 0.1767 0.67 2623 11 
043764-60 .3 0.14 0.00 0.1406 3.51 2659 93 0.4939 3.65 2587 94 0.1764 1.01 2619 17 
043764-78 .1 0.61 0.00 0.1389 2.67 2629 70 0.5009 2.90 2618 76 0.1752 0.61 2608 10 
043764-7C.1 0.82 0.00 0.1354 2.65 2567 68 0.4836 2.97 2543 76 0.1774 0.22 2629 4 
043764-7(.2 0.61 0.00 0.1365 2.86 2586 74 0.4913 3.11 2576 80 0.1742 0.95 2599 16 
D43764-8A .1 0.69 0.00 0.1387 2.56 2625 67 0.4931 2.85 2584 74 0.1761 1.28 2617 21 
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3.6 Discussion 

The results of experiments RG-1 and SHII-6 in correcting the Pb/U-Pbffh ME in 

NY/PK 6-80 and D43764 demonstrate that the linear least squares routine used to 

measure and correct for the U and L: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 L: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- Pbffh xenotime matrix 

correction procedure is the calculation of 206Pbt238U and 208Pbi232Th from the raw 
206Pb/270(U02+) and 208Pb/248(Th0) ratios. In contrast, when xenotime 206Pbi238U and 
208Pb/232Th ratios were calculated from the Pb+ IU+ versus UO+ /U+ calibration (or any 

combination of Pb/U[Ox]:U[Ox]IU[Ox] and/or Pbffh[Ox]:Th[Ox] /Th[Ox]), the matrix 

correction routine performed poorly. The better results obtained by the xenotime 

Pb/U-Pb/Th matrix correction procedure when using the raw 206Pb/270(U02 +) and 
208Pbi248(Th0+) ratios is very likely because they are independent of the variations in 

slope that commonly exist between the various combinations of xenotime 

Pb/U[Ox]:U[Ox]/U[Ox) calibrations (see section 3.3.4). 

Although U and L: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 

L: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 BSl 

and the primary calibration standard MG 1, there is seemingly no consistent Th-related 

Pb/U-Pb/Th ME. Additionally, the success of the linear least squares routine using 

U and L: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 SHRJMP xenotime Pb/U-Pb/Th ME. 

The strong inference that a mismatch in xenotime U and IREE 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 BS 1. The low 

concentrations of U in this crystal (-400 ppm) exclude U as a factor causing 
206Pb/238U or 208PbP32Th fractionation. The Pb/U-Pbffh ME in BS 1 is better 

interpreted to be the -4-5 wt°lo contrast in L:REE it has with the primary calibration 

standard MG 1, rather than its - 3 000--4000 ppm contrast in Th. 

Table 3.18. Comparison between the U-Th-IREE and U-IREE based Pb/U-Pb/Th 
xenotime matrix correction. 

Sample Session Variables .tvopb/238 mswd Lu
11Pb/mTh mswd 

u (Ma) 
(Ma) 

D43764 RG-1 U,IREE 2599±36 0.44 2598± 33 0.61 
(Jun-06) 

043764 RG-1 U, Th, 2540±37 0.96 2572±32 0.71 
(Jun-06) YREE 

NY/PK 6-80 SHII-6 U,IREE 993±13 1.31 1001±14 1.40 
(Dec-05) 

NY/PK 6-80 SHII-6 U,Th, 999±13 0.97 1011±14 1.01 
(Dec-05) YREE 

Ref. Age 
(Ma) 

2625 

2625 

1000 

1000 

Excel Solver proved to be an efficient means to calculate the correction factors for a 

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- Pbffh ME were found to be U and IREE. That is: 

Pb/U-Pb/Th ME = (x * 6U) + (y * 6IREE) (eq. 9) 

To determine the correction coefficients for 6U and 6IREE, Excel Solver iteratively 

calculates the values of the correction coefficients that minimise the sum of squares 

between the measured f Pb/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 ~U and ~IREE 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 Z: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 ofMGl and the SHRIMP 254(U0+)/194(Y20} 

ratios. When this approach was used in this study, U contents for the high-U 

xenotimes NY/PK 6-80 and Z64 l3 were over estimated by ~25 %. Two factors 

preclude elemental concentrations being calculated in this way. Firstly, the up to ~10 

wt% difference in Y concentrations between different xenotimes means that Y cannot 

be used as a reference element. More importantly, the ionisation of the 194(Y20) 

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 (Z6413, Z6412, BS 1 and XTC) calibrated against MG 1 

in one SHRI!vfP analytical session. The results from this study suggest that BS 1 and 

Z64 l 3 are adequate secondary standards for measuring xenotime U and Z: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 IREE Pb/U-Pb!Th ME corrections 

determined by Fletcher et al. (2004) have subsequently been used in a number of 

SHRIMP xenotirne application studies, which for the most part report concordant 
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206Pb/238U and 207Pb/2°6Pb 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 1 OO's of ppm rather 

than in weight percent proportions. Therefore the dominant U-related 206Pbi238U ME 

correction is minor, meaning that fluctuations in the real U, Th and :LREE 206Pbl238U 

ME have gone unnoticed. In comparison, the results of this study clearly demonstrate 

that the Pb/U-Pbffh ME caused by U and IREE 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 :LREE 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 pnmary calibration standard should be as much as possible chemically 

homogenous in U and IREE, 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 MG 1 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 BSI being characterised by low U (- 0.3-0.5 wt%) and high IREE (~19 

wt%), rendered this sample a monitor of the IREE- 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 IREE shown in Table 3.11 for nine separate 

SHRJMP sessions, although internally variable, show a consistent pattern. For both 

the 206Pb/238U and 208Pb/232Th results, U is the dominant cause of ME, whereas IREE 
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plays a subordinate role. For both the 206Pb/238U and 208Pbi232Th data, the relative 

correction factors for U and IREE appear to be reasonably consistent across the 

different instruments and operating conditions. For example, the relative correction 

factors for the SHRIMP II session, SHil-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 ion beam during this session failed to reduce the 206Pb/238U ME, or to shift 

the U and IREE 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 IREE correction factors is that xenotime Pb/U

Pb!fh 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 IREE 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 IREE 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 IREE in Table 3.11 will broadly apply between different instruments. However, 

a tenet of this study has been that the U and IREE related xenotime Pb/U-Pb/Th 

ME should be determined and corrected for each analytical session in the same 

manner as the 206Pbi238U calibration is routinely established for each SHRIMP U-Pb 

sess10n. 

A number of lines of evidence suggest that it is the relative ionisation of the Pb+ ion 

between xenotimes with contrasting U and IREE 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 UOx + 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 207Pbi2°6Pb ratios. 

Further evidence suggesting that it is the ionisation of the Pb+ ion that is affected by U 

and IREE concentrations in xenotime is the remarkable respective similarity in the 

uncorrected 206Pbi238U and 208Pb/232Th ages of Z6413, BSl, NY/PK 6-80 and 

D43764. The concordance between independently calculated 206Pb/238U and 
208Pb/232Th is striking. It appears that for each of the above samples, both the 
248(Th0°1and 270(U02 "1 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 206Pb/238U 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, compared to xenotime. 

The role of the REE's in SHRIMP Pb/U- Pb/Th fractionation is less straightforward. 

Monazites typically have IREE concentrations of between - 35 to 55 wt%. 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; Stem & 

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 206pbf238U matrix effects and 

REE concentrations. This study, by Black et al. (2004), suggested that 206Pb/238U 

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 206Pb!238U ratios. However, for xenotime, where the ,LREE 

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 wt% increase in the ,LREE between the calibration standard and unknown results 

in a 206Pb/238U increase of ~0.9 %. 

Although the ,LREE 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 HREE-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 206Pb+J270(UO/) and 208Pb+ J232Th0+ ratios with 190(YbO+)l194(Y20l, 
177(Dy0+)/19\Y20 +) ratios (section 3.4.4). These limitations of the SIMS elemental 

quantification of xenotime supports xenotime elemental 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 IREE 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 

IREE in xenotime for igneous, metamorphic, diagenetic and hydrothermal xenotime 

analysed in this study. The IGdDyErYb concentrations for the xenotime plotted in 

Fig. 3.32 are accurate to within a range of± 3 % of their IREE concentrations and 

hence can serve as an excellent proxy. Therefore, the WDS REE quantification for 

xenotime necessary to carry out SHRIMP 206Pb!238U 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-Ho) (section 3.3.5). 
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Fig. 3.32. Plot showing the excellent correlation (R=0.99) between the xenotime IREE 
concentration (Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and IGd, Dy, Er, Yb, for the 

different types of xenotime analysed in this study. 

3. 7 Conclusions 

The wide range in chemical composition ofxenotime, particularly in Y, :LREE and U, 

results in significant difficulties for SIMS analysis for both the determination of 
206Pb/238U ratios and quantitative elemental analysis. 

For SHRJMP U-Pb xenotime analysis, chemical contrasts in U, and to a lesser 

extent I:REE, between the primary calibration standard and unknown can result in 

Pb/U-Pbffh ME of up to ~25%. It appears that for xenotime, it is the secondary 

emission of the Pb+ ions that causes the PbfU-Pbffh ME. Therefore, the emission 

and transmission of the Pb+ ions during SHRlMP analysis is not only a function of the 

Pb concentration in the target, but also the concentration of U and :LREE. 

Additionally, the ionisation and emission of Y, Yb and Dy also appears to be affected 

by the xenotime matrix. To correct for the SHRIMP 206PbF38U xenotime matrix 

effects, a detailed knowledge of the chemistry of the xenotime standards and 

unknowns at each 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 :LREE 

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 LREE xenotime 

(BS 1) 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 LREE concentration contrasts with the primary calibration standard 

according to the equation: 

f 206Pb/238U ME= (AU*x) + (Al:REE*y) 

Where ~U and ~LREE 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 206Pb/238U processing 

protocols were also determined. During some sessions, significant contrasts in lnPb/U 

: lnUO/U gradients between the different reference xenotimes, forced the calculation 

of the raw 206Pbi238U ratios from the raw 206Pb+f270(UO/ ) ratios, which proved to be a 

robust method for SHRIMP xenotime 206Pbl238U calibration. Similarly, raw 
208Pb+f232Th160 + ratios were used to calibrate independent 208PbP32Th 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 204Pb peak. The 

presence of scattered ions associated with the 204Pb peak renders the 204Fb 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 

(-S-10 µm) xenotime crystals demands SHRIMP spot diameters of between - 5-7 µm, 

which therefore results in significantly reduced primary and secondary ion currents. 

Furthermore, the adoption of an 0- rather than 0 2- primary beam (typically used for 

SHRIMP U-Pb zircon analysis) when analysing xenotime with a small ~5-8µm 

SHRIMP spot, increased the precision of individual analyses. 

The optimal data acquisition sequence for SHRIMP U-Pb-Th analysis should 

comprise is1(HoO+), I9\Y20 +), 204Pb, BG, 206pb+, 201Pb+, 208pb+, 23su+, 248(Th0+), 

25\UO} and 270(U02 +) (BG=background measured at +0.04 mass units away from the 
204Pb peak). The 181(Ho0+) and 270(U02 +) molecules can be used as an alternative to 

WDS analysis for the calculation of U and Th abundances. Furthermore, the addition 

of the 270(U02} molecule can be used as an alternative means to calibrate SHRIMP 
206Pbi238U 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-Pbffh 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 206Pbi238U 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 ~REE, 

this study indicates that the effect Th has on the Pb/U- Pb/Th ME is insignificant and 

that only U and :EREE 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- Pbffh xenotime matrix correction technique 

developed here can be expected to result in 206Pb/238U and 208Pb/232Th 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 206Pbi238U 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, Sao 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 Sao 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 Sao 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; c, Sao 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 Brasrna Fold Belt 

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

Minas Gerais, through Goias to southern Tocantins. It principally consists of (1) a 

thick and extensive Palaeo- to Mesoproterozoic metasedimentary sequence along the 

western margin of the Sao 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 (Goi:is Magmatic Arc); (3) exposed older Archaean greenstones and associated 

granite gneiss complexes as well as Palaeoproterozoic to Mesoproterozic 

metasedimentary units (Goias Massif) and (4) the Neoproterozoic Anapolis-ltaucu 

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, (i) 

Palaeoproterozoic metasedimentary rocks of the Arai Group and associated volcanics 

and granitoids; (ii) ?Palaeo- to ?Mesoproterozoic metasedimentary rocks of the Serra 

da Mesa Group as well as the Mesoproterozoic Cana Brava layered mafic-ultramafic 

complex and its associated 'Palmeir6polis' volcano-sedimentary sequence (Goias 

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

4.2.2 Palaeoproterozoic metasedimentary rocks of the Arai Group 

The Arai Group consists of a thick (1500m) sequence of pelitic and elastic 

metasedimentary rocks that outcrop over large areas of the Tocantins and Goias 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 Parana 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. 199la). 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. 199la). 

4.2.3 Goias Massif 

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

comprises Archaean, Palaeoproterozoic 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 Palmeir6polis 

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 Goias Massif (Pimentel et a1. 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 Bias Fault separating it from 
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· Goias Arc rocks, and to the east of the sample site, it is in faulted contact with the 

Arai Group and the Mesproterozoic Palmeir6polis volcano-sedimentary sequence 

(Fig. 4.2). 

LEGEND 

- Neoproterozoic granite 

D Goias Magmatic Arc, supracrustal rocks 

D Goias Magmatic Arc, orthogneiss 

- Cana Brava layered comple1l 

- Palmeir6polis sequence, felsic volcanics 

D Palmeir6polis sequence, metasedimentary rocks 

- Palaeoproterozoic Basement 

- Serra do Encosto Granite 

m Serra Dourada Granite 

- Serra da Mesa Granite 

c::J Serra da Mesa Group, quartzite 

- Serra da Mesa Group, biotite gneiss 

- Serra da Mesa Group, mica sch.isl 

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 Palmeir6polis 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 Niquelandia 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, Niquelandia 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 ~l.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 

Goias Magmatic arc are separated by Archaean rocks of the Goias Massif into the 

northern Mara Rosa and the southern Aren6polis . 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 Goias 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 Sao Francisco, Parana 

and Amazon cratons led to the development of the Goias 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 Sao 

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 Parana/Sao 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 Aren6polis 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 T DM 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 199la) and Pimentel et al. (199la) 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 LIS-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 IO'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 

µm 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 206Pbt238U standards FC 1 (zircon; 1099 Ma; Paces & Miller 1993 ), 

44069 (monazite; 425 Ma; Aleinikoff et al. 2006), MG 1 (xenotime; 490 Ma; Fletcher 

et al. 2004); BSI (xenotime; 509 Ma; Fletcher et al. 2004) and Z6413 (xenotime; 994 

Ma; Stem & 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 SX 100 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 206Pb/238U 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 

gmwth 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 m 

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 l OOnA with a beam 

diameter of 10 µm. 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. 

4.4.3 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 Claoue- Long et al. (1995). The primary 02· beam 

had an intensity of --4 nA, and was focussed through a 70 µm Kohler aperture which 

resulted in a spot diameter of -lOµm. 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 FCl and used the power law 

relationship between 206Pb +;238lI' and 254Uo+;238u+ (Claoue-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 232Th/238U 

= 
232Tuo+;238U0+*[0.03446(UO+m+)+0.868]. Data reduction was carried out using 

SQUID 1 and ISOPLOT 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 02· 

beam had an intensity of - 3.5 nA, and was focussed through a 120 µm Kohler 

aperture which resulted in a spot diameter of ~30 µm. Energy filtering of the low 

energy primary ions was used to remove an isobaric interference at mass 204 (Ireland 

et al. 1999). The monazite 254UO+ 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 of206Pb+t238U and 238Uo+;238u+ (Claoue-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 (2cr, 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% Ce203, will result in 

commensurate contrasts in the secondary ion intensity of the 14°CeP02 + 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 ff beam ranged between ~.8-1 nA, was focussed 

through a 30 µm Kohler aperture which gave a spot diameter that ranged between ~6 

to ~8 µm. Each analysis represents six scans through the different mass stations. The 

primary calibration standard (MGl) was analysed one in every four analyses, whereas 

the secondary standards (Z6413 and BS 1) one in every eight. Th/U ratios for all 

monazite and xenotime SHRIMP analyses were corrected by a factor determined from 

the correlation between 232Th0+ and 238UO+ and radiogenic 208Pb and 206Pb 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 & Jager 1977). Common Pb corrections for all zircon, 

monazite and xenotime analyses are based on individual measured 204Pb abundances 

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 1 cr 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 romded 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 µm 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 em bayed crystal margins. They range in size from ~40 to - 100 µm 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). 

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. 
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4. 5.1. 3 Xenotime 

Xenotime from LIS-34 occurs as <l to 60 µm 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 µm, 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 µm 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 µm. 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 ofxenotime 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 SHRJMP 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 ofNd, 

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 wt% Nd20 3, whereas the 

rims have a more limited range of between -10 and - 13 wt% Nd203. Similarly, La203 

in the cores ranges from - 6 to ~ 15 wt%, whereas in the rims La concentrations range 

between - 12 and - 14 wt% La203. 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. Th02 and U20J concentrations in the rims are ~2 wt% and 

-0.1 to - 0.68 wt% respectively. For the cores Th02 concentrations are more variable 

than the rims and range from -0.2 to - 3 wt%, whereas the rims range in U203 

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. 

147 



Tnble 4. 1. Electron microprobe (WDS) ana lyses of monazite from LIS-34 

LIS-34 monazite {core) WDS a naly5es I l I ! I I I I i 

Label lm3.1c lms.5. 2 mS.5.3 lm5.3. I b lm5.3.2 m5.3.3 lmS.6.3 m6.1.2 !m6.2.1 lml 2. l c ml 2.3. 1 1m l 3. 2.3 lm13.2.4 im14.2 1m14. 3.2 lm14.4.2 

~ib<!i-~-f--o~o31--o~o9 o.o4 o.o? o. 1 o ·-.. ·-··oml·-·--o~a1 ·-··a.03+---o.oJJ-o:o-s--oml---amf-·--o~~----o.0i+---0~07 
~a_Q_ o.95 0.45 o.n ~ o.89 o.95 1 Q.&O. ___ Q"Z§.L_9..:<1.11L ___ O.c7.~--Q·79 I o.36 o.551 o.52 1 i.42T--o-:66 
p_2 0 5 2 9. 3 2 2 9 . 72 ____ .?-9-:.~§. ___ ) _\l,i.2 __ .1..'!.cl!~ ____ ?9-.,£~L ... ?2"Z8 ----~2"6J_L__ 29~6_o_L_?..~ ,____ 2 9 .3 s I 29. 7 '!:f-.. -·?.J..,.~.~ t ___ ?9-"'.'l!_L_ __ ?.J~}_lj___J1c~l-
Y 203 0.93 _1.01 0.66 0.93 ___ 1.42 _____ 0.81J 0.5~ 0.74i _ 0.56 J 1.15 0 .51 ' 0.83 i 1.42

1
_ 0.7_1J__ _____ O~.S-~f----- 1_,_<\_1_ 

La203 8.59 13.60 9.74 7.73 12.45 5.89 8.49 13.20 1 13.99 1 13.96 6 .91 14.60• 13.53 1 11.47L 7.12 i 10.28 
Ce203 28.79 29.54 29.88 27.69 27.72 25.94 30.93 32.87 1 32.17 i 31.3 1 29.11 1 31.12 29.91 1 29.21 1 28.36 ! 27.79 
Pr203 4.94 3.99 4.77 4.93 3.90 5.10 S.07 _ 4,22~-· ~.08 (_. 3.97 S.27 3.84 3.98 1 4.27 j_ 4.761 4.24 
Nd203 10.12 13.oo 16.82 19.44 n.74 2 1.,58 ) 16.36 _ 12.58 ; _:13.36! 11.85 20.n 12.86 12.62 ! 14.9 5J 1s. 1~k1 1 
Sm203 2.98 2.1 7 2.68 3.62 2.71 4.44 2.82 1.52 ! 1.86i 1.65 3.31 1.90 1.95 1 2.38 1 2.87 , 3.07 
E u203 0.33 0.41 0.36 0.57 0.44 0.71 0.40 0.12 1 0 .17 i 0.26 0.401 0.31 0.23 1 0.341 0.38 i 0,43 
Gd203 1.28 1.62 1.19 1.42 1.37 1.67 0.92 0.81 i 0 .83 1 0.9~ 1.04 1 1.35 1.59 1 1.41 1 0.951 1.65 
Dv203 0 .22 0.31 0.13 0.05 0 .32 0.03 0 .12 0.16 1 0.15 1 0.25 0.04 1 0 .25 0.40 1 0.26 0.071 0.38 
:f.!_l02 0.6~....____!.:.65 1.29 1.15 3 .11 0.66 1 0 .20 0.62 ! 0 .19! 1.61 0.07 1.26 ,_. 1.59 ' 1.961 2.81 ' 1.49 
U203 0.10 0.24 0.10 0. 10 0.36 0.11 <0.02 0.15 1 0.05 1 0.27 <0.02 I 0.1 0 0.33 ' 0.09 0.041 0.24 
Total I 97.45 97.95 96.18 98.01 I 98.58 97.38 98.56 97.64 ! 97.67 i 98.14 1 97.08 98.86 98.29 1 97.39 96.9Ji 97.68 

LIS-34 monazite (rim) WDS analvses I I i I i ! 
Label lm3.lb m5.1b lmS.lc lmS.4 ;m5.4c m5.3.4 m5.3.5 lmS.6.1 lmS.6.2 1m6.1.l m6.2.2 mlO.lb m10.1c mlO.ld iml l.4.1 

-~ 
00 

oxide wt% I I i 1 I I i 
E~ff==-··--·+--o.'9.ZL_Q,_Q2j ___ CL!..."'..!-.... \U ?.j ____ Q:.9.~--·--Q.,Q~ll _ __D.,,.Q,~j__..J?~.Q..L __ .Q,_1~ .- ... -0.. . ._1 .. ~ ___ ... <?.:~ ,__Q.._Q2 .._ ___ Q:-1~ ___ _9".!..3-~. _ _ .<?. .... "'..~. 
Cao . _I .... 0.61 I__ o.61 ! 0.49! o.781 0 .75 o .84_ o.84 1 0.501 o.69__ o.64 0.74 0.69 0.71 o.69 ! _ i.11 
p 205 I 29.80 I. 29.98 ! _ 29.85 I 29.93 ! 29.92 29.90 29.83 i 29.SS - 29.63 29.75 29. 78 29.58 29.74 29.96 i_ _ 29.57 
Y203 I 1.72 1 0.98 1 0 .94 1 1.72 1 1.72 1.74 1.67 i 0.79 \ 1.73 1.74 1.69 1.69 1.75 1.66 1 2.21 

I I i I t I i I I ' 

~:;~~ I ~!:!! t i!:iiJ:=1H.~ j ·= 1!:~~t ~::~~ ~!:;~ ;~:6~ ! = 1~:~H :=l~;~;i ~ ~~::~ ~~ :~~ ;~:~! ~~ :~; --~~:~~! - i~:~: 
Pr203 i 4.03 1 3.98 ! 4 .10 3.68 i 3.81 3.72 3.66 1 3 .63 1 3.97 1 3.99 3.86 3.80 3 .83 3.79 ' -:J:o9 
Nd203 I 12.74 1 12.61l_13.89 l 12.34 12.06 12.3 1 12.12 1 n.02 1 12.57 ! 12.74 12.46 ' 12.23 12.70 12.88 1 10.34 
Sm203 I 2.0S I 2.041 2.13 1 1.94 1.94 2.06 2.141 2.09 1 2.00 ! 2.1 0 2.01 1 1.94 2.07 2.04 1 1.71 
Eu203 0.32J ___ _Q._~Q~l _ 0.361 0.31 0.31 0.36 0.341 0.25 i 0.31 j 0.35 0.291 0.31 0 .31 0.28 ; 0.18 
Gd20 3 i 1.70 1.60 '. 1.7IF 1.1 8 1.29 1.33 , 1.261 1.36! 1.4 1 ! 1.30 1.37 1.43 1.50 1.52 1.65 
Dv203 I 0.52 0.34 i 0.30 0.41 0.43 0.46 0.40 ! 0 .27 i 0.46 1 0.40 o.4610.46 0.46 0.48 0.67 
Th02 I 1.53 1.94! 2.23 1 2.56 2 .31 2.65 2.62 1 2.51 1 2.10 1 2.06 2.24 1.79 2.32 2.201 6.19 
U20 3 I 0.31 0.44! 0.12 1 0 .38 0 .39 0.41 0.38 1 0 .081 0.31 0 .3 1 0.41 0.32 0 .35 0.34 0.66 
Total I 98.52 98.69i 98.61 i 98.38 1 98.22 98.22 98.31 I 98.381 98.27 1 98.05 97.68 97.72 98.41 98.61 j 98.10 

LIS-34 monazite Crimi WDS analvses (cont.) I I I i 
Label lml l.4.2 ,m12 .1b im 12.3.2 lm12.3.3 m1 2.4. 1 m12.4.2 m 13.1b lm13 .1c lm13.2.1 m 13.2.2 m14.1.1 m l4.1.2 m14.1.3 lm14.3. 1 lm 14.4.1 

~~~~-~-j--oAf--Q19i-- o.o9 l--0~101.--0.09-o.ci/·--o.io~·ho5 1 o .o5 o.o7 om 0.01 ~:~~ l -----H~ 
cao 1 .. i.09 1 o.52 i -- o.61 i - o.69 1·-o.n o .76 o.76 1 o.57 ! - 0:S.21--o.46 o.77 o.n o.n 
P205 I 29.57 29.37 1 29.53 [ 29.6 1 ! 29.71 29.50 29.65 1 29.85 1 29.77 29.70 29.44 29.62 29.45 29.41 i 29.37 
Y203 I 2.2 1 __ , ___ 9.:~! __ Q.,~5_. __ 1.64 1 1.66 1.70 l JOi L ]Oi. 1.24 0.95 1.73 1.76 1.73 1.75! 1.65 

~:~6~ -1--1~:~~ ;~:~H-·-i!:·~ci ---1!:~~1·· ~~::!· ---- ;~::; ~~:;; i --- }i:~~-!-- iHi. - -~~:~~ ~~::~ ~~::; ~~:~~ - ~!:;~ , ----~~:~~ 
r---c--::-

f..r~03 I 3 .19 1 3.92-l---3.94 3.77 3.71 3.so 3.58~-f--~2_;__2.87 3.75 3.66 3.74,_-3.:~:2~ 
Nd203 I 10.23 13.08! 12.38 12.45 12.27 12.3 1 10.64' 10.86 1 12.3 51 12.36 12.81 12.43 12.64 12.06 13 .08 

S ~93 _ j___~,ill_--~~!..---J_ .. 92 l--2.:2? ~~0.1 ___ t. ,Q.6··· ·r----~2±!1 1.76 I 1. 79 i--1._.I!._. 1 ---. __ !~~---±"9J.,__~ __ 1..:2.!_. __ 2. ~9~. 
e u203 J__~:ll!.J ___ o.401.--_g~15 0. 19 o .32 ...... o.:3-.4-. _ o.2.~ r __ o.35 l __ o.2~---·o.22 ___ .. Q_,3_3 _ o.37 o. 31 0.21 , __ o,?_S 
Gd203 I 1.6 1 I 1.33 ! 1.441 1.35 1.70 1.69 1.24 , 1.1 9 1 1.44 1 1.36 1.76 1.89 1.86 1.80 , 1.58 
Dv203 I o .7 1 0.2 1 ; 0.4 1 ! 0.44 0.45 0.54 1 0.37 1 0.401 0.38 1 o.34 0.54 0.51 o.57 o.57 1 o.55 
Th02 l 6.23 1 2.8S j 2.34 · 2.08 2 .36 2.33 3.74 i -- 2.7~~t----,1;4.8 2.36 2.31 2.28 -- 2.0] __ _ -1.:?J. 
U203 0.68 / 0.09 ! 0 .36! 0.33 0 .37 0.37 0.43 ; 0.381 0.36 0.30 0.44 0.42 0.40 0.33f 0.40 
Tota l I 98.50 98.03 ! 97.93 ! 97.50 ; 97 .62 97.07 98.821 98.691 98.33 98.16 97.79 ! 97.20 97.57 97.77 . 97.39 
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Fig. 4.6. Plot 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, (Eu203, Gd203, Th03 

and Dy203) concentrations of the inner zones are typically -0.5 wt%, --4.8 wt%, - 1.0 

wt% and ~7.5 wt% 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 (Er203 and Ybi03) 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 wt% and - 3.4 wt% respectively. Average U203 and Th02 

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 microprobe (WDS) analyses ofxenotime from LIS-34 

LIS-34 inner pyramidal xenotlme outQrowth WDS analvses i I 
oxide wt% L34.Sc L34.7c l34.23c 1l34.56c !L34.50c IL34.38c L34.47c •L34.46c L34.1c L34.29c L34.34c IL34.48c •L34.30c l34.66.1 L34.66.2il34.66.3il34.66.4 L34.66.5 L34.64.1!l34.64.2 Mean 95% conf. 
S i02 0.21 0.14 1.20 I 0.11 i 0.11 1 0.13 0.431 0.11 2.20 0.09 0.181 0.11 1 0.11 0.01 0.03 I 0.33 0.01 0.02 0.25 i 0.68 0.32 0.23 

Ho4-= --=:=~~~-i :~Hi1-1~:~-U=- !~:~r 1 ;H~-f - .~t~ii-1*iLii'.1i :==i~:1i -~~1~ ---~·~~il-Rt~~-1}~i :=:::~1~ ~~l'.-i~ =~-~'.ii --}Hi . :~~~~:i~--*-ii---~
0

~1~= =~ 
~5l~.Q:I __ _____ 0.00 O,?_l_L, __ _9.14 1 0.15 O.].~.l-- 0.03 O~Q.1 _ ..... .<J_,.Q_O 0.03 ! O~.Q.L_. __ 0.021 O.lt_'ii ___ _ Q,_!.L_ 0.01 0.:.9..?.t-·-···_.Q,.Q.?. 0.01 _.9~.9..?.l _ __.Q.,~Q~Q.?__ ___ .Q~Q6 0.03 
sm203 0.25 _ .0.43! o.59! o.37 o .. 62 j·- _o._50 0.26 0.44 ___ .o._42

1 
__ o.65 . o.3o l o.33 : 0}4 j o.50 o.57 i o.35 o,n o .68! . o.6oj 0.48 .. o.47_ 0.06 

~-11.~Q} 0.47 O._? l 1 0.25 i 0.22 0.52 0.51 0.33 0.59 0.57 1 0.66 0.52 0.23 : 0.241 0.64 0.671 0.52 0.79 0.801 0.56 0.28 0.48 0.08 
Gd203 4.os 3.25 3.16! 2.73 s.so ; 5.08 4.oo 5.39 5.17 ! 6.44 4.72 2.331 2.2s1 5.70 6.32 4.92 7.91 7.97 5.40! 3.57 4.79 o.n 
Tb203 1.01 0.75 0.88 1 0.72i 0.991 1.1 2 0.96! 1.13 0.691 1.21 1.08 0.61 1 0.63 i 1.18 1.23 1.10! 1.27 1.39 1.11 1 0.74 0.99 0.10 
9.Y..103 1.50 6.58 7.44 1 -~:...3_0 i 6.57 1.1~_ . ___ _?:}_~~?. ___ a_,_q~ 1.n 7.6\--·--15-:!~ : 5.8S i 8.2s 0.30 1.~ s.14 8.23 7&~ 1-- 7.61 7.46 o~}}_ 
Ho203 1.42 1.43 1.46 1 1.41! 1.30· 1.36 1.40· 1.40 1.42 1.29 1.40; 1.43 1 1.34 1.45 1.44 1.44 -··137 1.35 1.42 : 1.43 1.40 0.02 
_E_!?QL __ ..... },_4;1. ___ 3,,.~-U-- 3.72L_._4_.Q7 __ _3,~L- 3.2~ ·---H~ _ J.?J ___ _ 3 .. ~§ .. 3_.go ·--~=~]I ___ 4, !~~ _ 4_.}2 _J.3.~ __ 3}l~---- ~}~ _ .. ~.1..§ _ 3:.1.SJ. .. 3.)3 ·-· ~,42- __ }.JO .• -·· <U .6 __ 
Tm20L_ ·-·--·-.Q_.58 o.67 l--_Q,,~~ I 0.11 o.69 :---· __ Q056 o.56 Q:?...L .... __ 0.57 o.54 ..,_ __ Q~~J 0.12 ; o.~~. ·----o.58 o.59+-__ .<J,?.P _ _Q~ _o.s~+·-·-__ Q.58 0.60 o.~:i_ o.o3 
Yb203 1,91 3.oo; 2.28f 3.29 1 2.J.!L---~·16 1.95 ·--·-1.,f!~. 1.80 1.s_?_._ .. _U~? 3.41 ; 4.Q~.-. ...l:.~~~-J-'83 1.75 L'-~t-·-- 1.82 2.03 ·---.?".?_! o.31 
~Q_c=~o-Y4-0.96T .. --·-o.a2! 1.00! o.92! 0.10 o.1s 0 .10 o.73 i o.68.__0.76 1.00: 1.05

1 
o.75 o.73 : o.n o.73 9.121 o.n 0.15 a.so o.o5 

IhQ.2 o.35 O.,Qll.L _o.87 : 0.06_ Q.,Jl i o.78 1.cg.~.54 o.53 1 op o.30 o.o5j __ o-'o3 0.08 _ _g-'~l 0.211 o.o3 __ o_,_o41 o.47 1 o.69 o.33 0.14 
U203 0.10 0.38f- 0.42! 0.30! 0.27 1 0.14 0.15 ! 0.10 0.11 ! 0.15 0.08 0.271 0.45! 0.03 0.03 1 0.07 0.02 0.02 0.16 i 0.30 0.18 0.06 

T~-o~ta _ _g__
1
E ~~:~~ __ .

9
?._

7
1 ..... 4

0 
.... 

2
?.[I_ 21 .39: 29~2_!!.l,. ..... 2-~"91 I 22.65 ~61..'. .. !-!9._2s_;~- 9

2
6
3 .. 

7
1 __ 

3
2 

9
2
6
2 .. 

9
11

1
J_ __ 9~_33, .. _61_

9
3 22.25 1 2.Q.:?...~j_ __ J_Q.99 l 24.24_. __ J~:2.? I __ 22.61 j 2~:.'!2 .... _?6.68 23.3~t--.. ?.Q.,'.E. 22.10 0.19 

95.101 97.661 97.861 96.08 1 1 95.54 96.761 94.86 ; 95.84 101.81T 96.66 ' 97.07 97.63 97.481 94.84 96.58 0.74 
I I I 

LIS-34 outer xenotime outarowth WDS analyses , I 1 
oxide W1% !L34.2r •l34.3r il34.5r L34.8r L34.21r I L34.20r l34.55r IL34.38r L34.39r ·L34.49r ! L34.13r L34.12r l34.14r !L34.15r iL34.25r 1l34.27r L34.57r IL34.53r IL34.54r L34.32r Mean 95% cont. 
Si02 0.09; 0.13 0.36 0.19! 0.11 0.11 0.10 0.12 0.13 ' 0.15 · 0.13 0.13 0.10 ' 0.171 0.11 0.151 0.17 1 0.12 i 0.12 0.10 0.14 0.03 

~·i~s. ~---1- _3~:~~.:.:-_3~:i~l~:~~i:~; 3~:~~---3~}! ~:t~ :~~ _ 3~:~~r--3~:~{ _3~:~! :3~'.~il-~3~'.~~ =3~'.·ji --3H~l -- 3~:~~ ! .. 3i:%~ :--3~~~ 1 3~:it!~3~~~-~-i 3~:~; 3~:~~ -·3%~9~_ _ ~:~~--
·u9~ __ 11 40.35 -~~_.9~+ 34,~~J!Q~.- --~1.45 40.57 41.96' 39.74 40.~.~----.. '!.!.:.~#- 39.33 ~l:.~..3- ···- 40.45 1 40.o~i---~.~:~..3- - 40.90! 4 1_},5-j_ 40.27 40.32 ~2,.?7 40.13 , o.§.!L_ 
Nd203 0.28• 0.181 0.05 0.131 0.16 0.15 0.13 0.22 0.22 0.15 1 0.20 0.22 0.18 0.281 0.17 0.23 0.181 0.241 0.17 0.17 0.19 0.02 
Sm203 I 0.43 ! 0.34! 1.32 0.37 1 o.351 0.35 0.34 o.38 0.40 0.41 0.34 ! 0.44 0.37 0.371 0.33 0.41 o.37 ! 0.461 0.36 o.35 0.42 0.09 
~20L_L __ o).2i----Q~.1-~ j_ __ 1~Q?. ___ Q.}!i. __ Q}?l_--9:?l ____ Q.JJ. _o:.~6 .. ... !-!J~ __ . 0.24 ___ .o,irl ___ 9.2s. __ Q:?L,_. __ o ... ~4L __ 0.-~6i--Q ... ~s. _ ... - o., !!!1. _9.-~54-_o)~. ··-·-·.9.:...1-8 ._9..:fL _____ p .. o.a __ 

t:i: ~~=~::.~Jk==-Hi =i~I: ::::::tii ·~· -·-=:1n: =--~~~} ----~~I.~ :.::::::~.:~~r ~~~:===tj:~~- =:~~~ ----~~~:~.1:=::J1~.I ~~~:~----~-~~: ::.~:::::~~~f-*-~t::j:~1 ~~~-~:!~ ~~~t:=~ ::~::~~-~=-
Ov203 , 6.19· 5.50 6.54 6.77 6.22 5.70 6.44 6.51 5.09 6.36 5.47 6.54 5.98 . 5.971 5.72 , 5.55 5.28 6.50 ' 6.00 5.88 6.01 0.21 
Ho203 1.39 ' 1.44 1.25 1.39 1.43 1.39 1.431 1.43 1.38 1~ 1.37 1.38 1.35 ! 1.341 1.32 1 0~31 1.29 1.351 1.38 1.37 1.37 0.02 

V~fJ3--·-T 4.08! 4.4_1! ···--..3-.}.9 3.791 4.:.2..Q ··--4..:i~ ___!:!>_tg._ .. '.!:9.-3 4.63 '!.:.1.'!L _ 4.42 3.84 _____ '!:.!~~ 4.031 4:.~. _____ _'!,.?._Q.~:! ___ J&~i~-4.21 4.33 ___ '!.15 0.12 

Ybl03 -----r -·H~~---·~'.!~; -- ~:~~ +~~f-·· ·~:H,- -{}~ --- -~~~-F ·· H~ ---~:~~ ---·~:~~1---+~~~:~~ ...... -H~ ---¥oil---H~ · --H~-~--{~~1- ... n~1--H: ----~'.~i ·-·~:~1--~~~~ 
L.!!.2.9._3 I 0.98J_ _ _1_,2.Q i 0.75 o_,~L- T.07 j 1.11 0.!1-L 1.02 1.2!..,... __ 1.00 1 .1·~L .. _Q._?._~ __ 11i_.Q:.2.~i_[-.. -J .J_3 1.11 1._)2L __ 0.97 1 1.08 1.12_ 1.05 QJ.>.L . 
. I.~2.L_+, ___ Q0Q?...\--... .9.:.9..5 I 0.49 __ Q.,?.l. __ .....Q.:.~.9..3- __ Q0Q~ o.os Q._Q'!\ ____ _Q.08_ ~.;_ __ QJ§. __ 0.05 _Q.,Q:!_~ ____ Q.06 ! o. 1 o .9.:.0..?.J.__Jl~~Q§ ._. __ Q..:.QI _.Q:.!Q__ _____ Q_._O_§. __ _ 
U203 ; 0.271 0.41 1 0.05 0.25 0.221 0.23 0.18 0.34 0.411 0.30 0.39 : 0.29 0.25 0.441 0.20• 0.35 0.501 0.30• 0.25 0.27 0.30 0.04 

~!.~-+--2.Q.~?..~2.~B 1l .... 21,_ll.1_ ___ ?_!,,.?_~.79 l_2.9:~2' __ ?_O_,.?_~L:_?_O_._~.!.LJ0.64 _J_0,~_9 ___ ?J_._~~ -1~#.f--12'.?}_~..:.~4---~Q}JI __ .! 9.f!.~ __..?_!:l?~ ____ JQ,~ _ £0: 64 -~:...82 ___ .Q_,?~-
Tota I ' 95.64 ; 95:26193.89 96.57 , 97.23f 95.59 97.21 1 95.97 95.70 1 97.34 . 93.69 97.69 95.41 1 94.05 , 92.90 ; 96.08f 96.32 96.03 ; 95.16 93.74 95.57 0.59 



T bl 4 3 SHRIMP U P . t . d t ti a e - ISO optc aa or xeno 1me rom LIS 34 -
Spot U (w1%faREE (wt%' Th/U %Comm 206Pb/238U 207Pb/206Pb 201Pbf206Pb 206pbf238U age Discordance 

name (\VOS) (WDS) (SHRIMP) 206pb" (±lcr %) (± lo %) (Ma ± !er) (Ma ± lcr) % 

outer xenotime outgro .... th 

L34.13R 0.3532 17.74 0.28 0.22 0.0891 2.92 0.0597 3.58 593 78 550 16 8 

L34.8R 0.2246 18.78 0.36 0.08 0.0892 2.44 0.0590 1.88 566 41 551 13 3 

L34.12R 0.2647 18.65 0.28 0.11 0.0893 4.75 0.0589 6 .53 564 142 551 26 2 

L34.39R 0.3699 18.21 0.28 0.20 0.0916 2.48 0.0580 3.59 532 79 565 14 -6 

L34.27R 0.3178 17.82 0.34 0.00 0.0921 2.33 0.0593 1.53 579 33 568 13 2 

L34.54R 0.2315 17.98 0.28 0.09 0.0926 2.35 0.0588 1.55 558 34 571 13 -2 

L34.55R 0.1666 17.69 0.21 0 .10 0.0928 2.61 0.0583 2.73 541 60 572 15 -6 
L34.14R 0.2295 17.79 0.17 0.11 0.0931 2.48 0.0577 1.96 520 43 574 14 -9 

L34.57R 0.4542 17.36 0.3 0.08 0.0957 2.56 0.0609 3.11 634 67 589 15 8 

L34.49R 0.2749 18.04 0.2 1 0. 11 0 .0959 3.28 0.0605 2.78 620 60 590 19 5 

L34.32R 0.2427 18.04 0.13 0.15 0.0974 3.51 0.0586 2.64 552 58 599 21 -8 

L34.3R 0.3716 18.20 0.13 0.04 0.0985 2.41 0.0603 2.47 613 53 605 15 I 
inner pyramidal xenotime outgrowth 

L34.38C 0.1248 19.78 3 .25 0.70 0. 1351 2.79 0.0740 3 .79 1042 76 81 7 23 28 
L34.30C 0.4046 18.35 l.92 0.21 0 .1 4 19 3.00 0.0809 3 .69 1219 73 856 26 42 
L34.JC 0.1005 19.88 2.39 0.07 0.1462 2.42 0.0771 1.88 1124 37 879 21 28 

L34.48C 0.242 1 17.97 2 33 0.08 0.1587 2.83 0.0788 1.70 1167 34 949 27 23 
L34.66.2B 0.0312 2 1.80 0.95 0.12 0. 1665 3.52 0.0910 2.95 1447 56 993 35 46 
L34.56C 0.2721 18.34 3.64 -0.03 0.1698 3.05 0.0863 2.24 1344 43 101 1 31 33 
L34.66.1 0.0312 21.l7 2.46 0.78 0.1786 2.84 0.0797 3 .15 1190 62 1059 30 12 
L34.66.5 0 .0204 23.30 2.67 -0.02 0 .1901 2.77 0.0882 2.45 1386 47 1122 31 24 
L34.64. l 0 .1457 20.40 2.32 0.09 0 .1966 2.52 0.0912 1.66 1452 32 1157 29 25 
L34.66.3 0.0648 19.79 2.83 0.03 0.1993 3.19 0.0875 3 .92 1371 76 ll72 37 17 
L34.46C 0.0906 20.! 7 3.46 0.06 0.1 995 2.4 1 0.0826 1.55 1259 30 1173 28 7 
L34.5C 0.0909 18.68 4.31 0.47 0.2008 3.11 0 .0822 4.31 1250 84 1179 37 6 

L34.50C 0.2466 20.89 4.62 0.26 0.2017 2.87 0.0839 2.76 1290 54 1184 34 9 
L34.34C 0.0708 19.43 3.84 010 0.2065 2.76 0.0887 2.19 1397 42 1210 33 15 
L34.7C 0.3434 18.71 5.43 0.13 0.2066 2.70 0.089 1 2.75 1407 53 1211 33 16 

L34.29C 0. 1375 20.72 1.91 0.02 0.2073 2.53 0.0851 l.48 13 18 29 1214 3 1 9 
L34.47C 0.136 18.38 5.05 0.30 0.2123 2.53 0.0911 l.47 1449 28 1241 31 17 
L34.66.4 0.021 23.13 2.51 -0.08 0.2133 3 .06 0.0873 2.64 1366 Si 1247 38 10 
L34.64.2 0.2741 18.32 2.79 O.o? 0.2143 2.51 0.0876 1.24 1375 24 1252 31 10 
L34.66.2 0.0312 2 1.80 3.88 0.08 0.2145 2.44 0.0865 2.04 1349 39 1253 3) 8 
L34.23C 0.3847 18.69 2.49 0.02 0.2342 2.48 0.0918 1.01 1462 19 1356 34 8 

outer xenotime outi:rowth greater than 10% discordant 
L34.38R 0.306 18.84 0.33 0.93 0.0756 2.87 0.0506 7.45 225 172 470 13 -52 
L34.21R 0.1985 18.17 0.40 0.06 0.0792 2.4 1 0.0600 2.28 603 49 491 12 23 
L34.53R 0.271 2 18.59 0.71 0.00 0.0899 2.66 0.0614 2.62 655 56 555 15 18 
L34.l 5R 0.4022 1724 0.24 0.0 1 0.0946 3 .11 0.0574 3.25 507 71 583 18 -13 
L34.25R 0.1838 17 44 0.10 0.11 0 .0987 2.22 0.0582 1.17 536 26 607 13 - 12 
L34.5R 0.0471 22.57 0.67 0.4 1 0.0989 3.06 0.0582 3.38 536 74 608 19 -12 

L34.20R 0.2112 18.00 0. 19 0.22 0.0995 2.86 0.0582 2.22 537 49 6 11 17 -12 
L34.2R 0.2447 18.00 0.48 0.26 0 .1 02 1 4.16 0.0587 4.06 557 88 627 26 -! I 
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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. I 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 206Pb 

contents are mostly below 1 %. One spot (7 .1) which has a relatively high proportion 

of common 206Pb (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 207Pb!2°6Pb 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 207Pbl2°6Pb apparent 

age of 1957 ± 20 Ma (2cr). 
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Fig. 4.8. Concordia plot for SHRIMP RO zircon analyses from LIS-34. 

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

Spot u Th Th/U 1%comm 238U/206pb 207pbf206pb 207Pb!206rb age 
name (ppm) (ppm) 206pbc (± lcr%) (± lcro/o) (Ma ± lcr) 

LI 134 76 0.58 -0.09 0.5087 1.2 0.18517 0.51 2700 8 
2.1 338 174 0.53 -0.oJ 0.3706 1.1 0. 13 185 0.73 2123 13 
4.1 135 57 0.44 -0.11 0.324 1 1.2 0. 13234 0.75 2129 13 
5.1 196 189 1.00 -0. 13 0.384 LI 0.12955 0.71 2092 12 
6.1 495 120 0.25 -0.03 0.3814 I 0.13202 0.36 2125 6 
7. 1 738 140 0.20 1.19 0. 1397 l 0.1 159 0.84 1894 15 
8. 1 250 270 LI 1 -0.12 0.3544 LI 0. 12497 0.7 2028 12 
9.1 368 141 0.40 -0.06 0.3893 l.l 0.13461 0.4 2159 7 
10.1 126 47 0.38 -0.l l 0.4863 1.2 0.16209 0.58 2478 JO 
I I.I 143 75 0.54 -0.22 0.4405 1.2 0.1536 Ll 2386 19 
12.1 205 128 0.64 -0.19 0.3776 1.1 0. 1276 1.4 2066 25 
13.1 263 142 0.56 -0. 13 0.3785 1.1 0.1282 0.87 2074 15 
14. I 192 106 0 .57 -0.17 0.4522 1.1 0.1744 0.73 2600 12 
15.1 256 50 0.20 0.29 0.346 1.1 0.1352 0.9 2167 16 
16. 1 418 55 0. 14 -0.07 0.3923 I 0.13398 0.56 2 151 10 
17.I 111 38 0.35 0.03 0.2672 1.3 0. 1289 0.89 2082 16 
18.1 173 84 0.50 -0.22 0.4017 1.2 0.1341 LI 2 152 20 
19.1 233 180 0.80 -0.07 0.3553 LI 0.12009 0.57 1957 10 
20.1 237 113 I 0.49 -0. 19 0.3598 I.I 0.1275 1.4 2064 24 
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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 µm 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 206Pbi238U ratios that 

is slightly larger than that expected from their analytical uncertainties (MSWD=l.5). 

Omitting the analysis with the highest 206Pbl238U (m 17.2) removes the excess scatter, 

leaving 31 analyses that combine to give a weighted mean 206Pbt238U age of 570 ± 5 

Ma (MSWD = 1.3). 

data-point error ellipses are 68.3% conf. 
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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 (L34.38R and L34.21R) have 

significantly younger 206Pb/238U ratios than other xenotime in tills 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 (L34.66.2B) 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= l.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 (tcr). 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 206Pb/238U age of - 550-630 Ma. 

The 12 analyses that are less than 10% discordant combine to give a weighted mean 
206Pb/238U age of 573 ± 10 Ma (MSWD = 1.3), the same as the monazite rim age 

within analytical uncertainties. 
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T bl 4 5 SHRIMJ.l U P . . d f'i a e - 1sotop1c ata or monaz1te fr LIS 34 om -
Spot u Th/U !.;.Cornn 206Pb/238u 207 Pbf206Pb 207Pb/206pb age 2°1' b/238U age Discordance 
name (ppm) 206Pb 

(±1 %) (±1 %) (Ma ± I ) 
(Ma± l ) 

(%) 

monazite rims 
m12. l 2983 4.96 0.03 0 .0891 2.37 0.0587 1.24 556 28 550 13 1 
ml2.5 2757 7.13 0.105 0.0894 2.11 0.0592 0.81 575 18 552 l1 4 
ml2.2 4170 6.05 0.068 0.0894 2.24 0.0589 0.51 562 11 552 12 2 
ml9.2 3316 5 0.159 0.0895 2.14 0.0582 1.17 536 26 552 11 -3 
m5.7 5675 22.64 0.247 0.0895 2.39 0.0582 l.56 538 35 553 13 -3 
m5.3 12517 7.43 0.114 0.0896 2.16 0.0576 1.56 516 35 553 II -7 
m6.2 7014 12.3 0.204 0.0899 2.21 0.0576 1.68 514 37 555 12 -7 
ml4.3 3231 5.12 -0.028 0.0905 2.29 0.0603 l. ll 613 24 558 12 IO 
ml6.2 2782 6.67 0.069 0 .0908 2.25 0.0590 1.07 568 24 560 12 1 
ml6.3 2187 5.2 0.18 0 .0912 2.20 0.0577 1.26 520 28 562 12 -8 
ml8.I 2082 5.92 0.123 0.0912 2.22 0.0584 1.28 545 28 563 12 -3 
ml6.I 3077 6.1 0.!05 0 .0922 2.11 0.058 1 1.02 534 22 568 II -6 

ml6.5 4401 5.44 0.101 0.0925 2.23 0.0585 0.74 547 16 570 12 -4 
m3.l 6143 5.29 0.163 0 .0926 2.43 0.0587 1.29 557 28 571 13 -2 

ml3.2 2833 10.51 0.087 0.0929 2.1 3 0.0583 0.79 542 18 572 12 -5 
ml7. I 4317 9.2 0.138 0.0929 2.18 0.0588 0.83 560 IB 573 12 -2 
ml2.4 2799 5.6 0.081 0.0929 3.Q9 0.0586 l.13 554 25 573 17 -3 
ml4.2 2832 6.3 0.051 0 .0930 2.32 0.0602 0.90 612 19 573 13 7 
mlO. I 7343 7.75 0.105 0.0930 2.27 0.0595 1.11 584 24 573 12 2 
mll.2 3463 6.46 0.173 0.0932 2.26 0.0583 1.15 541 25 574 12 -6 
ml3.3 2238 11.51 0.057 0.0932 2.28 0.0599 1.04 598 22 575 13 4 
ml6.4 3187 6.7 0.1 1 0.0934 2.30 0.0597 0.85 591 18 576 13 3 
ml9.1 1544 12.97 0.157 0 .0935 2.19 0.0595 1.43 584 3 1 576 12 1 
ml8.2 974 18.79 0.21 0 .0935 2.23 0.0584 l.61 546 35 576 12 -5 
m14. I 1828 12.01 0.17 0.0940 3.18 0.0597 1.68 591 37 579 18 2 
ml3. l 1638 8.59 0.094 0.0945 2.28 0.0581 1.21 533 27 582 13 -8 
m9.2 3253 7.32 0.077 0.0946 3.00 0.0587 1.36 557 30 583 17 -4 
m7.I 3947 9. 11 0.096 0.0963 2.33 00589 1.21 564 26 593 13 -5 

ml0.2 1019 15.42 0.231 0.0965 2.29 0.0596 1.49 589 33 594 l3 -1 
m7.2 2887 6.22 0.105 0.0968 2.1 3 0.0587 1.26 556 28 596 12 -7 
ml3.4 2622 4.41 0.097 0.0980 2.33 0.0592 0.76 576 17 603 l3 -4 
ml7.2 1197 14.94 -0.053 0.0994 2.40 0.0614 1.33 655 29 611 14 7 

monazitc analyses greater than I 0 % d iscordant 
ml 1.1 3047 6.79 0. 123 0.0970 2.22 0.0577 0.95 516 21 597 13 -13 
ml5. 1 3199 10.52 0.148 0.0977 2.51 0.0576 1.37 513 31 601 14 -15 
m6.l 3731 5.61 0.167 0.0994 2.22 0.0583 1.00 540 22 6 11 13 -12 
m9.5 504 25.13 0.381 0.1039 2.70 0.0562 2.47 462 56 637 16 -28 

SHRIMP spot overlap onto monazite cores and rims 
m6.4 2317 13.98 0.107 0 .0976 2.42 0.0580 1.54 528 34 600 14 -12 
m5.2 9918 23.94 0.05 0 .0996 2.59 0.0597 1.94 593 43 6 12 15 -3 
m9.3 17104 6.98 0.129 0.0999 2.30 0.0588 1.22 560 27 6 14 13 -9 

mll.3 1319 7.74 -0.057 0 .1002 2.36 0.0618 1.50 667 33 616 14 8 
m5.1 30241 9.97 0.19 0.1013 2.21 0.0606 1.60 623 35 622 I 13 0 

m9.4 3621 4.22 0.092 0.1025 2.25 0.0576 1.34 514 30 629 13 -18 
m5.5 3989 7.47 0.12 0.1030 2.22 0.0625 1.55 691 34 632 l3 9 
ml2.3 1861 15.55 --0.017 0.1040 2.45 0.0628 1.08 700 23 638 15 10 
m7.3 4373 9.31 0.112 0.1055 2.80 0.0623 l.33 684 29 646 17 6 
m6.3 3599 6.34 0.019 0.1060 2.24 0.0596 0.9 1 589 20 650 14 -9 

m5.6 2641 37.44 0.628 0.1265 2.96 0.0673 2.93 846 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 - 1.4 7 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 206Pb/238U 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 -2.1 5 Ga, and may have 
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been derived from similarly- aged local Palaeoproterozoic 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 meta volcanic units and granite-gneiss bodies of the Goias 

Massif reported by Pimentel et al. (2000). The youngest zircon has a 207Pb/206Pb age 

of 1957 ± 20 Ma (2cr) 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 ~ 1.4 7 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 ~l.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 LIS-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 plutonic rocks in the Mara 

Rosa and Aren6polis 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 Maranhao 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 207Pbt2°6Pb 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 Niquelandia Complex garnet-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 207Pb!2°6Pb 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 206Pb/238U 

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 AlkaUne Complex of 577 ± 26 Ma (Kitajima et al. 2001), 

which probably records the same event. This ~570 Ma age was interpreted by 

Kitajirna 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 206Pb/238U 

ages have been used to accurately determine the crystallisation age of xenotime 

160 



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, 206Pb!238U calibration technique and 206Pb/238U matrix correction 

techniques developed during this PhD project. 
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5. IN SITU SHRIMP U-Pb DA TING 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 207Pb/2°6Pb 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 
207Pbi2°6Pb 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 finner grounding to 

be incorporated into exploration and tectonic models for the genesis of lode-Au 
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deposits in northern 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 Tanarni 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 Kiili 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 (D1-M1) in the Tanarni region. Two further periods of compressional 

deformation (D2 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 (D4), is an interpreted extensional event which resulted in the deposition of the 

sedimentary rocks and eruption of the Mount Charles basalts. D5 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 D6+· 

A generalised time-event diagram for the Tanami region is shown in Fig. 3 of Chapter 

1. 
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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. Memagh & 

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.l 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, D1-M1 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), 

Tanarni 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 (D1- M1), 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 207PbJ2°6Pb age mentioned but not fully reported in Bagas et al. 

(2007). Cross et al. (2005) reported a relatively imprecise SHRIMP xenotime 
207PbJ2°6Pb 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 Ga, associated with the very latest stage of granite generation. The xenotime 
207Pbt206Pb 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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40Ar;39 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, D1-M1 structures has not yet been properly established. However, a 

preliminary 40 Ar/39 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 D1- M1. The significance of this relatively 

young age in relation to the suggested timing of D1 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 D1 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 D6 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 D1 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 

l.82 (D1-M1) 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 µm) 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 D5 auriferous vein. 

Xenotime 

Gold 

A 
/ 

/~ 
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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Fig. 5.3. Backscattered scanning electron microscope images (BSE) of ore-related 
hydrothermal xenotime from the Callie Au deposit (sample: DBD395D3, 899m). Images 
shown are of a - 1- 2 mm wide quartz-chlorite-ilrnenite-apatite-gold-(xenotime) vein. The 

textural setting for each xenotime and SHRIMP spot location is shown for all analyses. Ages 
are calculated from 207Pb!2°6Pb and uncertainties are 1 cr. 
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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 D1 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 0 1 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 µm in diameter (Fig. 5.4). No 

xenotime was observed in the wall rock. 
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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 207Pb/2°6Pb and uncertainties are lo. 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 SHRlMP 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 ff beam was focussed through a 30 µm Kohler aperture which produced a ~ 7 

µm spot. Xenotime from 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 MGl and secondary calibration standards Z6413 and 

BS 1 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. l Electron Probe 

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

DBD395D3 show them to be similar in composition (Table 5.1 a). 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. l, Chapter 2). Relatively high concentrations of Gd, Dy, Er and Yb contribute 

to a IREE203 of - 24 wt°/o, which is approximately I 0 wt% higher than that measured 

in the primary calibration standard MG 1. The nine xenotime grains analysed by WDS 

from the Coyote deposit also have generally similar compositions (Table 5 .1 b ). 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 measured in the 

Callie xenotime (Table 5.2b). Relative to the Callie xenotime, the Coyote crystals 

have lower concentrations of Gd, Dy, Er and Yb, which are the main components of 
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the _LREE203 which is - 19 wt%. This is ~4 wt% higher than that in the primary 

xenotime calibration standard MG 1. 

Table 5.1 a. Electron microprobe (WDS) analyses of hydrothennal xenotime from the Callie 
A d "t u epos1 . 
oxide 
wt% A3.1 A3.2 .1 AA1 .1 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 32.11 32.66 
Y203 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 0.63 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 3.11 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 7.11 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 3.47 4 .36 4 .15 4.54 
Lu203 1.10 1.12 1.38 0 .97 0 .96 1.13 1.13 1.16 
Th02 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 

~REE 24.29 24.69 20.89 22.07 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.lb. Electron microprobe (WDS) analyses ofhydrothennal xenotime from the Coyote 
A d 't u epos1 . 

oxide COY- COY- COY- COY- COY- COY- COY- COY- COY-
wt% 1.1 3.1 4 .1 7.1 10.1 11 .1 2 .1 8.1 9 .1 
Si02 0.91 0.59 0 .52 0.59 0.81 0 .37 0 .28 0.30 0.42 
Cao 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 34.69 33.51 34.45 34.01 34.02 33.64 
Y203 42.94 43.19 42.12 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 2.65 3.01 2 .68 2.53 2 .90 2.75 
Tb203 0.60 0 .51 0 .35 0.55 0.60 0.60 0.59 0.63 0.59 
Dy203 5.63 5.52 5.35 5.59 5.61 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 2 .67 2 .79 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 
Th02 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 

~REE 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 Eu 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 (Z64 I 3 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). 

103 +--H-~~~~~~~~~~~~~~~.....,,......,.,.,....~~~---i 
• Callie 
o Coyote 
o Z64 l3 (igneous) 
~ XTC (igneous) 

Nd Sm Eu G'.:l Tb Dy Ho Er Tm Yb Lu 

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 SHRJMP U-Pb Results 

Eight SHRJMP 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 I 0% discordant and combine to yield a weighted mean 207Pb/2°6Pb 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. 

0.114 

0.110 

0 .106 

.c c.. 
"' 0 
N -.c c.. .... 
0 
N 

Callie Deposit 
ore-stage quartz 

vein xenotime 

207Pb/206Pb age 
Weighted Mean 
1809±13 Ma 

(95%conf.) 
n = 8; MSWD = 0.85 

2.8 3.0 3.2 3.4 3.6 3.8 4 .0 4.2 

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 5.2b.). 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 207Pb!2°6Pb age of 1800 ± 8 Ma (95% confidence, MSWD = 1.2). This 

age measurement is identical within error to the previous 207Pb/2°6Pb age measured for 

this sample of 1791 ± 8 Ma reported in Bagas et al. (2007). 

176 



0.114 

0.110 

0.106 

Coyote Deposit 
ore-stage quartz 
vein xenotime 

207Pbf06Pb age 
Weighted Mean 

1800 ± 8 Ma 
(95%conf.) 

n = 8; MSWD = 1.2 

0.102 L_._..::.~~-L-__._~L__._---l~~~~~~~~ 
2.8 3.0 3.2 3.4 3.6 3.8 4 .0 4 .2 

Fig. 5.7. Concordia plot of SHRIMP RG U- Pb xenotirne 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 (Kositcin et al. 2003; Rasmussen 2005). The chemical properties of the 

Callie xenotime seen in Tables 5.la 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 hydrothem1al in origin. 
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Table 5.2a. SHRIMP U-Pb isotopic data for hydrothermal xenotime from the Callie Au deposit. 
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T~ble 5.2b. SHRIMP U-Pb isotopic data for hydrothennal xenotime from the Coyote Au deposit. 
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The SHRJMP 207Pbi2°6Pb 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 0 5 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 D1- M1 event is yet to be firmly established. The 

Granites deposit is interpreted by Adams et al. (2007) to have formed during D1-M1. 

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 Palaeoproterozoic 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 SHRJMP 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. 

5. 7.2 Generalised Geology of the Pine Creek Orogen 

The central domain of the PCO consists of variably deformed and intruded 

Palaeoproterozoic 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 km2 (Fig. 5.8). Crystallisation ages for granites of the Cullen 

Batholith range from - 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). 

~ Middle Proterozoic 
~ platform caver 

felsic volcanics syn· to , · · geo•ynclinal sediments 
E~rly Proterozoic} o Early Proterozoic 

Gronitoids posr, . 
orogenic t•!•!*3 Archaean basement +•• 

Fig. 5.8. Generalised regional geology map of the Pine Creek Orogen showing the location of 
the Cullen Mineral Field and Alligator Rivers Uranium Field (after Stuart-Smith et al. 1993). 

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 207Pb!206Pb 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 207Pb!206pb 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 SHRJMP 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 207Pb!206Pb 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 207Pbi2°6Pb 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 SHRlMP analyses ofmonazite 

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 SHRlMP 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 

contents between 5 and 9% common 206Pb) form a moderately well defined 

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). 
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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 207Pbi2°6Pb 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 lOCG 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 tectonics 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 207PbJ2°6Pb 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 Shoe bridge event. The SHRIMP 207Pbt2°6Pb 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 

oftheNAC. 
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6. SHRIMP U-Pb XENOTIME AND RE-OS MOLYBDENITE 
DATING OF THE MOL YHIL SKARN, NORTHERN AUSTRALIA. 

6.1 Introduction 

The Eastern Arunta region has a complex, prolonged and polyphase history extending 

from the Palaeoproterozoic to the mid-Palaeozoic (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 (IOCG), skam 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. 

1bis 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 skam 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 magrnatism, metamorphism and deformation from 

the Proterozoic to the Late Devonian (Scrimgeour & Raith 200 I). It is unconformably 

overlain by Neoproterozoic to Palaeozoic 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: Palaeoproterozoic 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 
Scrimgeour & 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 Palaeoproterozoic 

Orogenies. These events consisted of two cycles of burial and exhumation, termed the 

Yambah Event (~l.78-1.77 Ga) and Strangways Event (~l.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 (5-25 

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 Jink:a 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 overlie 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 Y ambah 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-east 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, gamet-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 ~50 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. I 999). 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 skam 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 Huckitta 1:250 000 sheet and is ~l 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% W03 (Freeman 1990). Thor Mining PLC has more 

recently defined a JORC-compliant mineral resource at Molyhil of 2.4 Mt at 0.54% 

W03 and 0.26% MoS2. It is interpreted to have developed from hydrothermal fluids 

associated with the intrusion of the Marshall Granite and contains typical features 

normally associated with skam-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 skam that formed within 

rafts of metasediment in the Marshall Granite (Freeman 1990; Shaw et al. 1984). The 

leucogranite in the pit has two distinct alteration assemblages. Along the southern 

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 endoskam, unmineralised calc-silicate exoskams 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). 
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Fig. 6.3. Geologica l pit map of the Molyhil deposit, adapted from Huston et al. (2006). Map 
grid is AGD66. 

Hornblende from exoskam associated with the Molyhil deposit has an 40Ar/Ar39 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 Granfre (Zhao 

& Bennett 1995) which outcrops about 80 km to the west of the Molyhil skam . 
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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 endoskam 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 skam rock. The 

sample consists of amphibole, magnetite, garnet, quartz, molybdenite and pyrite. The 

garnet is 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.l 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 20030878541 is a sample of intensely altered "green granite". It was sampled 

from diamond drill core of the Molyhil deposit (MDDH8, 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. Ti02 crystals (probably rutile or 

anatase) are up to ~70 µm 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 µm overgrowths on 

euhedral zircon crystals or as single irregular crystals with a diameter of up to - 80 

195 



µm. 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 xenotirne 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 µm 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 (MHI-9.1, MHJ -9.2, Fig. 6.6a) is 

intergrown with variably orientated Ti02 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 µm 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 SHRJMP 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.S(a-h). BSEM images of xenotime overgrowths on zi rcon (a-g) and single xenotime 
crystal (h), with their textural settings. SHRIMP spot locations are shown as well as the 

206Pb/238U ages and 1 cr errors. Some of the brightest regions are caused by residual SHRIMP 
Au coat and is particularly evident in (g). Sample 2003087854L. 
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Fig. 6.6(a-b). BSEM images of single irregularly shaped xenotime crystals MHl-9 ~a) and 
MH3-8 (b) with textural settings. SHRIMP spot locations are shown as well as the 2 Pbt238U 

ages and la errors for MHl-9.1, 9.2 and MH3-8.l, and 207Pb/2°6Pb age and la 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 0- primary beam focussed 

through a 30 µm Kohler aperture which yielded a spot diameter of--6 µm . A polished 

thin section from sample 2003087854L was cut into a number of sections and 
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mounted in epoxy resin within a standard sized 2.5 cm diameter SHRIMP mount. The 

primary calibration standard MG 1 and secondary standards Z6413 and BS 1 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 reflected 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 (200 I; 

2004 ). The 187Re decay constant used was 1.666 x 10·11 yr-1 (Smoliar et al. 1996). 

6.5 Results 

6.5.1 Electron Microprobe (WDS) 

WOS results for the Molyhil xenotime grains show them to have broadly similar 

compositions (Table 6.1). U203 concentrations range from ~700 to 3000 ppm with an 

average of~ 1600 ppm, whereas Th02 levels range between~ 1300 and 9000 ppm and 

have an average of - 4800 ppm. This results in Th/U > l , 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 Tb203. Total REE (oxide) concentrations average - 18.40 wt% which is 

-2.5 wt% higher than that in the primary calibration standard MG 1. 

Chondrite normalised REE profiles for the Molyhil xenotime WDS analysis are 

generally similar and are plotted together with the pattern from igneous xenotime 

Z6413 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 Eu2
+ in plagioclase (Kositcin et al. 2003; Forster 1998). 

200 



N 
0 
........ 
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Table 6.2. SHRIMP U-Pb isotopic data for xenotime from the Molvhil deposit. Sample 2003087854L. i 
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Fig. 6.7. Chondrite normalised REE patterns ofxenotime 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 skam rock gave a 187Re-1870s model age of 

1720.7 ± 5.9 Ma (95 % confidence, Table 6.3). 

Table 6.3. Results ofRe--Os anal sis of mol bdenite. 
Age Age uncertainty 

Model uncertain!} with 0.31% decay 
sam le A e Ma Zs :onstant uncertaint1 

Mol bdenite ore-zone skarn 0.04286 13.45 8.455 245.9 1720.7 5.9 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 (MH3-8.2) has a 207Pbt2°6Pb age of 1714 ± 26 Ma 

(2cr). There are also two significantly younger xenotime groupings with 206Pbt238U 

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). 
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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 exoskam constrain the 

formation of the Molyhil skarn to have occurred at 1720.7 ± 5.9 Ma. This age is 

similar to an 40Ar/M9 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 (2o") (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 

tectonotherrnal 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 207Pb!2°6Pb determinations 

make assessments of U- Pb concordance ambiguous. It is for this reason that the 

interpretation of the SHRIMP xenotime 206Pb/238U ages in this sample is weighted in 

favour of the xenotime age clusters over individual xenotime 206Pbt238U 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 µm 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. l 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 skam 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. 

--...a.a.1 
-&-WGl.2 

Et Tm .,,, Lu 

Fig. 6.9. Chondrite normalised REE patterns ofxenotime MH3-8.l 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 

206 



shaped grain (MHI-9.l & -9.2, Fig. 6.6b) combine to give an age of 737 ± 40 Ma 

(2CJ), indicating that this crystal grew during one event. However, on one xenotime 

overgrowth (MH3-5, Fig 6.5b) two distinct SHRIMP 206Pb/238U ages are recorded at 

767 ± 19 Ma (cr) (MH3-5.1) and 619 ± 21 Ma (cr) (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 Eu 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 

Skam formation at Molyhil was synchronous with the crystallisation of the Marshall 

Granite during the Strangways Orogeny. Younger xenotime 206Pb/238U ages in this 

sample record later N eoproterozoic 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 206Pb/238U 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 

~.8~.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 
40Ar;39 Ar hornblende age of ~l.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 207Pb/2°6Pb age of 1714 ± 26 Ma (2cr). 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 206Pbi238U 

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 ~40 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 207Pbt206Pb 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 ,LREE between the 206Pb/238U calibration standard and unknown sample can 

cause significant 206Pb/238U 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 ~ 1 I .9% difference in the 206PbP 38U ratio 

whereas a IREE contrast of 1 wt% results in a 206pb;238U contrast of on average 

~0.9%. In some experiments matrix effects principally caused by elevated U 

concentrations, resulted in individual SHRIMP 206Pb/238U 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 I REE 

matrix mismatches. Firstly, the independently calculated SHRIMP 206pb!238U and 
208Pb/232Th 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 207Pb/206Pb 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 208Pbi206Pb ratios are likely 

to be equally affected by matrix contrasts (see section 3.36). 

Previous investigations 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 206Pbi238U ME. Therefore, an empirical xenotime 
206Pb/238U 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 206Pbi238U ME. Correction factors for the SHRIMP 206Pbl238U 

xenotime, U and .LREE 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 206Pb!238U zircon calibration is 

routinely determined. 

For the SHRIMP U-Pb xenotime analyses conducted in this study, the most 

effective means to calculate xenotime 206Pbl238U ratios was via raw 206Pb +f270(U02 l 

ratios as described in Chapter 3.3.4.l and as suggested for SHRIMP zircon 206Pb/238U 

calibration by Stem & Amelin (2003). Of particular note also is the finding made 

during this study that for some xenotime, independent SHRIMP 208Pbi232Th ratios can 

be calculated from the raw 208Pb+P48(Th0l ratios with a reproducibility only slightly 

worse than that achieved using 206Pb+P7°(UO/) to calculate 206Pbi238U. 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 MG 1 ( 490 

Ma) is a good standard. It is relatively homogenous and typically yields a 1 cr Pb/U 

reproducibility of between 1 to 2%. A major advantage of using MG 1 as the primary 

xenotime 206Pbl238U 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 206Pbi238U 

xenotime analyses when using MG 1 will be minor. Stocks of MG 1 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 206Pb/238U matrix effects and how to better 

correct for them. 
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Crucial to the SHRIMP 206Pb!238U 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 (RSFcu-Ho)) 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 Claoue-Long et 

al. 1995). Furthermore, a comparison of U concentrations determined in different 

xenotimes using WDS, RSFcu-Ho) and RSF(u-Y) (see Table 3.6) showed that RSFcu-Y) 

can lead to U abundance determinations that are significantly elevated compared to 

WDS and RSF(U-Ho) determinations, indicating that the ionisation of the 19\Y20+) 

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 SHR1MP 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 xenotime from the Callie 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 skarn 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 principal 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 Palaeoproterozoic 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 SHRJMP 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 SHRJMP 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 207Pbt2°6Pb 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 206Pb/238U matrix corrected age of - 570 

Ma which is identical within error to a SHRIMP 206PbJ238U 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 207PbJ2°6Pb ratios and matrix corrected 206PbP38U ratios define a 

Pb-loss trend that has an upper intercept age of - 1.4 7 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 207PbJ2°6Pb 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 SHRlMP U- Pb monazite data for the Goodall Au 

deposit presented in Sener et al. (2005) supports a previously reported SHRlMP 

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. 

215 



Mineralisation at the Molyhil scheelite-molybdenite skam deposit in the north-eastern 

Arunta region was shown to be coincident with nearby ~l.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 40A.If 0AI 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 207Pb/206Pb 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 206Pbi238U matrix correction techniques developed during 

this study. The agreement of three independent isotopic systems is indeed a notable 

result. 

The majority ofxenotime from the Molyhil skam 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 ~ lOOkm 

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. 

Tue 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 thermotectorric 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 ~l.71 Ga and represents a very minor component ohhis 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 skarn, 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 xenotime, 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 µm) has meant that up until recently their 

presence has remained largely unnoticed. Furthermore, xenotime from these 

environments generally has low concentrations of U and therefore, radiogenic Pb. 

Together these factors mean that only large radius SIMS instruments 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 LREE results in significant 206Pbt238U matrix 

effects that have meant that most applications of SHRIMP U-Pb xenotime dating 

have been carried out on rocks older than ~I 000 Ma, where 207Pbt206Pb 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 206Pb/238U analysis. The 

correction procedures developed here enable the accurate determination of SHRIMP 

xenotime 206Pbt238U and 208Pbt233Th ratios from Phanerozoic rocks with an accuracy 

of approximately 2%. 
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Table SI SHRIMP U-Pb isotopic data for zircons from arkose in the Ferdies Member 
12003082647). 

Spot u Th Th/U 
206

Pbc mU/206Pb 207Pbt206Pb 207Pbt206Pb age Discordance 
name (ppm) (ppm) (ppm) (±lcr%) (±lcr %) (Ma± lcr) (%) 

A86.I 41 52 1.31 1.5 2.26 2.69 I 0.1497 9.88 2342 169 -1 
All I.I 36 31 0.89 1.2 2.32 2.56 0.1545 7.99 2396 136 4 
A7.l 53 74 1.43 0.4 2.20 2.18 0.1586 2.24 244 1 38 1 
Al 18.l 49 49 l.03 0.3 2.21 2.19 0.1597 2.41 2452 41 2 
A99.J 145 148 1.05 2.2 2.11 1.89 0.1602 4.98 2458 84 -2 
A21.1 77 128 1.73 l.2 2.14 2.06 0.1604 3.45 2460 58 0 
Al 10.I 191 154 0.83 4.3 2.23 1.74 0.1611 4.18 2467 71 3 
A48.I 168 283 1.74 2.4 2.09 1.76 0.1612 2.98 2468 50 -2 
A3.2 56 60 1.11 1.4 2.15 2.30 0.161 3 6.05 2470 102 0 
A97.l 32 45 l.46 0.2 2.00 2.51 0.1614 2.97 2470 50 I -6 
A52.l 67 30 0.46 1.4 2.20 2.08 0.1626 4.63 2483 78 3 
AI03. I 132 73 0.57 0.2 2.10 1.78 0.1630 0.91 2487 15 I -1 
A20.I 116 88 0.78 1.0 2.17 1.86 0.1631 2.06 2488 35 2 
A37.I 53 83 1.61 0.4 2.11 2.22 0.1633 2.81 2490 47 -1 
A87. I 28 35 1.28 0.2 2.08 2.63 0.1635 3.66 2492 62 -I 
A36.I 89 89 1.04 0.9 2.13 1.94 0.1638 2.33 2495 39 I 
All3.l 97 99 1.06 1.0 2.20 1.89 0.1641 2.51 2499 42 4 
Al 14.1 44 70 1.64 0.2 2.15 2.26 0.1642 1.92 2499 32 l 
Al 15.J 44 70 1.64 0.2 2.15 2.26 0.1642 1.92 2499 32 1 
Al 16.1 44 70 1.64 0.2 2.15 2.26 0.1642 1.92 2499 32 1 
A65.I 145 126 0.90 3.8 2.20 1.84 0.1643 5.24 2500 88 4 
A107. l 196 134 0.70 16.2 1.93 2.23 0.1643 14.26 2501 240 -7 
A17.1 48 85 1.82 3.7 2.14 2.95 0.1644 14.62 2501 246 1 
A45.l 96 139 1.50 1.7 2.13 l.95 0.1645 3.73 2502 63 l 
Al04.l 95 114 1.24 5.4 1.93 2.49 0.1648 12.92 2506 217 -7 
A84.1 140 124 0.91 2.9 2.04 1.85 0.1649 4.32 2506 73 -2 
A78.1 252 261 1.07 0.7 2.11 1.64 0.1650 0.95 2508 16 0 
A44.l 127 74 0.60 1.8 2.09 1.82 0.1650 2.83 2508 48 -1 
A85.1 133 121 0.94 0.7 2.09 1.77 0.1651 1.42 2509 24 0 
AJ05.1 136 132 1.00 0.3 2.10 1.76 0.1652 1.03 2510 17 0 
A34.l 69 65 0.97 1.7 2.17 2.22 0.1653 5.94 2510 100 3 
A59.l 258 230 0.92 2.3 2.32 1.64 0.1654 2.07 2512 35 9 
A60.1 258 230 0.92 2.3 2.32 1.64 0.1654 2.07 2512 35 9 
A120.l 181 190 1.09 0.5 2.09 1.70 0.1655 1.04 2513 17 0 
Al.I 130 86 0.69 0.3 2.17 1.80 0.1656 1.11 2514 19 3 
A39.I 197 150 0.79 0.9 2.17 1.69 0.1656 1.26 2514 21 3 
A29.l 167 166 1.03 1.5 2.16 1.78 0.1656 2.43 2514 41 2 
A3.l 100 119 l.22 0.3 2.13 1.87 0.1659 1.11 2517 19 I 
A56.1 43 46 1.09 2.8 2.26 2.60 0.1659 11 .36 2517 191 7 
Al5.l 414 210 0.53 l.l 2.12 1.58 0. 1660 0.67 2517 11 1 
A4.l 128 123 0.99 0.4 2.09 1.79 0.1660 1.02 2518 17 0 
A24.l 291 376 1.34 1.3 2.12 1.64 0.1662 1.10 2519 18 1 
A35.l 186 138 0.77 1.5 2.28 1.72 0.1662 2.10 2520 35 8 
A79.l 88 162 1.92 0.4 2.08 1.90 0.1663 1.50 2520 25 . -1 

A49.l 180 189 1.08 0.4 2.07 1.70 0.1663 0.78 2520 13 -1 
A96.l 249 100 0.41 0.2 2.04 1.64 0.1663 0.50 2520 8 -2 
A68.l 303 94 0.32 2.6 2.11 1.61 0.1663 1.66 2520 28 1 
A16.l 189 249 1.36 1.3 2. 17 1.72 0.1664 2.19 2522 37 3 
Al 12.1 397 388 1.01 0.3 2.08 1.58 0.1664 0.39 2522 7 -1 
A64.l 298 331 1.15 0.3 2.10 1.61 0.1664 0.47 2522 8 0 
A69. I 116 107 0.95 1.0 2. ll 1.80 0.1666 2.12 2524 36 1 
A13.1 240 150 0.65 0.2 2.16 1.66 0.1667 0.57 2524 JO 3 
A109.I 95 96 1.03 0.2 2.09 1.88 0.1667 1.02 2524 17 0 
A41.1 250 140 0.58 2.0 2.15 1.65 0.1667 1.78 2525 30 3 
A74. l 185 204 1.14 2.1 2.08 1.70 0.1667 2.24 2525 38 0 
A93.l 102 108 1.10 0.2 2.07 1.86 0.1668 1.07 2525 18 - I 
A94.l 102 108 1.10 0.2 2.07 1.86 0.1668 1.07 2525 18 -I 
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Table S 1 SHRIMP U-Pb isotopic data for zircons from arkose in the Ferdies Member 
2003082647) continued. 

Spot u Th Th/U 
206

Pbc 23&Uf206Pb 207Pbt206Pb 207Pb/206pb age Discordance 
name (nnm) fonm) (ppm) (± la%) (± la%) (Ma± Ia) (%) 

A95.l 102 108 l.10 0.2 2.07 1.86 0.1668 1.07 2525 18 -1 
A89.l 402 289 0.74 1.2 2.11 l.58 0.1668 0.71 2526 12 1 
A70.1 160 250 1.61 0.2 2.09 1.70 0.1668 0.81 2526 14 0 
A25. l 456 141 0.32 0.4 2.18 1.58 0.1668 0.45 2526 7 4 
A88.l 317 304 0.99 1.9 2.07 1.61 0.1669 1.34 2527 22 -1 
Al06. l 144 106 0.76 0.8 2.05 1.76 0.1670 1.50 2527 25 -1 
A2.l 171 182 1.10 0.1 2.14 1.71 0.1670 0.64 2527 11 2 
A51.l 173 169 1.01 3.6 2.08 1.74 0.1670 3.57 2528 60 0 
A90.l 127 79 0.64 0.1 2.09 1.77 0.1670 0.75 2528 13 0 
A91.l 127 79 0.64 0.1 2.09 1.77 0.1670 0.75 2528 13 0 
A92.l 127 79 0.64 0.1 2.09 1.77 0.1670 0.75 2528 13 0 
AlO.l 205 182 0.92 2.8 2.15 1.73 0.1671 2.58 2529 43 3 
A77.1 151 77 0.53 0.3 2.08 1.72 0.1672 0.83 2529 14 0 
A30. I 105 139 1.37 0.3 2.14 1.88 0.1672 1.14 2530 19 2 
A47. l 491 148 0.31 2.1 2.09 1.56 0.1672 0.85 2530 14 0 
AlOl.l 93 113 1.26 7.8 2.08 2.33 0.1672 12.80 2530 215 0 
A73.1 189 182 1.00 0.3 2.15 1.67 0.1672 0.71 2530 12 3 
A98.l 260 167 0.67 0.3 2.14 1.64 0.1673 0.63 2531 11 3 
A9.l 144 128 0.92 0.4 2.25 1.77 0.1673 1.05 2531 18 7 
A l 17.l 188 127 0.70 0.5 2.14 1.69 0.1673 1.47 2531 25 3 
A40.l 164 153 0.96 0.2 2.12 1.73 0.1674 0.94 2532 16 2 
A6.l 332 114 0.36 0.4 2.14 1.61 0.1674 0.52 2532 9 2 
A33.l 77 43 0.57 0.2 2.09 1.99 0.1674 1.27 2532 21 I 
A72.1 183 164 0.93 0.7 2.08 1.69 0.1676 1.50 2534 25 0 
A32. I 161 133 0.86 0.5 2.11 l.75 0.1676 0.97 2534 16 1 
A38. l 141 177 1.30 2.6 2.15 1.82 0.1677 3.43 2535 58 3 
A67.l 404 226 0.58 0.2 2.07 1.57 0.1678 0.37 2536 6 0 
A31.l 1017 386 0.39 0.2 2.12 1.52 0.1678 0.24 2536 4 2 
A66.l 170 197 1.20 1.7 2.06 1.72 0.1679 2.31 2537 39 -1 
AS.I 177 196 1.14 1.6 2.21 1.73 0.1680 2.05 2537 34 6 
A43.1 499 310 0.64 0.4 2.11 l.56 0.1682 0.39 2540 7 1 
A57. I 188 164 0.91 1.9 2.03 l.72 0.1683 2.31 2540 39 -2 
A58.1 188 164 0.91 1.9 2.03 1.72 0.1683 2.31 2540 39 -2 
A80.l 104 95 0.94 2.3 2. 11 1.88 0.1683 3.94 2541 66 2 
A81.l 104 95 0.94 2.3 2.11 1.88 0.1683 3.94 2541 66 2 
A82.l 104 95 0.94 2.3 2.11 1.88 0.1683 3.94 2541 66 2 
A76. l 173 107 0.64 2.8 2.02 1.74 0.1683 3.10 2541 52 -2 
A54.l 57 41 0.75 0.2 2.06 2.08 0.1684 1.35 2542 23 0 
AS.I 219 183 0.86 0.2 2.11 l.68 0.1684 0.50 2542 8 2 
A46. I 132 71 0.56 1.5 2.05 1.79 0.1685 2.32 2542 39 -1 
A26.I 151 137 0.93 3.5 2.25 1.83 0.1686 4.40 2544 74 7 
A27.1 213 186 0.91 0.9 2.19 1.69 0.1688 1.06 2546 18 5 
A28.1 125 96 0.79 0.4 2.16 1.82 0.1688 1.13 2546 19 4 
AJ8.l 230 357 1.60 0.2 2.13 1.68 0.1689 0.67 2547 11 3 
Al02.l 150 147 1.02 0.7 2.10 l.74 0.1690 1.26 2548 21 2 
A22.1 291 234 0.83 0.4 2.16 1.64 0.1691 0.74 2549 12 4 
A83. I 191 134 0.73 0.5 2. 15 1.68 0.1694 0.83 2551 14 4 
A50.I 64 70 1.12 0.0 2.12 2.03 0.1694 1.28 2552 21 2 
Al4.l 115 101 0.90 0.7 2.06 1.85 0.1694 1.46 2552 25 0 
A62.1 225 172 0.79 1.0 2.13 1.65 0.1696 1.04 2554 17 3 
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Table SI SHRIMP U-Pb isotopic data for zircons from arkose in the Ferdies Member 
(2003082647) continued. 
~ Sp~t u Th Th/U '.206pbc 23BU/206Pb 201 Pbf206Pb 207Pb/206Pb age Discord~c_i:_ 

name (ppm) (onm) (ppm) (±lcr %) (±lcr %) I fMa ± lcr) (%) 
Al08.1 847 169 0.21 0.3 2.04 1.52 0.1699 0 .25 2557 4 -1 
A.61.1 329 183 0.58 0.7 2.09 1.63 0.1709 0 .60 2567 10 2 
A23.l 88 142 1.67 1.9 2.13 2.00 0.1723 4.28 2580 7 1 4 
A55.l 146 99 0.70 5.5 2.03 1.86 0.1723 5 .85 2580 98 1 0 
All.I 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% 
AIOO.l 195 56 0.30 7.8 2.70 1.91 0.1643 8.64 2501 145 23 
A63.I 308 640 2.15 76.2 2.86 4.46 0.1671 38.72 2529 650 31 
A71.1 188 102 0.56 1.5 2.87 l.70 0.1701 2.16 2558 36 33 
A19.1 163 260 1.65 1.7 3.09 1.80 0.1617 3.63 2474 61 37 
A42.1 28 30 1.10 3.5 2.00 3.94 0.1886 17.95 2730 296 5 
A75.l 143 99 0.71 11.5 2.38 2.82 0.1491 20.65 2335 353 3 -
A53.l 61 32 0.54 5.7 2.09 2.86 0.1605 16.37 2460 277 -2 - -
A119C.l 72 84 1.20 11.7 1.99 3.84 0.1417 32.79 2248 567 -15 
All.I 267 139 0.54 138.9 1.63 8.03 0.1860 52.76 2707 871 -12 

Isotope ratios are corrected for common Pb by reference to the measured abundance of204Pb 
206

Pbc denotes the amount of COIIUllon 206Pb 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 Th/U 
206pbc 238l.JJ206Pb 207Pb/206Pb 207Pb/206Pb age Discordance 

name (ppm) (ppm) (ppb) (±la %) (±la%) (Ma± la) (%) 

B82.l 25 0 0.01 148 3.07 2.84 0.1163 5.19 1900 93 5 
B75.1 209 155 0.77 0 2.80 1.66 0.1308 0.58 2109 10 7 
B40.l 90 273 3.11 0 2.16 1.88 0.1581 1.10 2435 19 -1 
B91.l 547 71 0.13 1043 2.13 l.59 0.1583 0.55 2438 9 -2 
B73.2 232 176 0.78 405 2.16 l.65 0.1588 0.81 2443 14 0 
B63.2 915 590 0.67 1623 2.35 1.53 0.1590 0.50 2445 8 7 
B22. J 378 I 174 0.48 107 2.13 l.58 0.1598 0.38 2454 6 -1 
8 23.1 748 124 0.17 130 2.14 1.53 0.1599 0.26 2454 4 -I 
042.1 194 228 1.21 126 2.ll 1.68 0.1599 0.61 2455 10 -2 
834.1 216 120 0.57 103 2.14 1.66 0.1603 0.53 2459 9 -1 
B49.l 162 87 0.56 158 2.26 1.73 0.1610 0.78 2466 13 5 
B89.l 247 39 0.16 101 2.14 1.64 0.1614 0.50 2470 8 0 
B21.1 270 193 0.74 102 2.05 1.62 0.1648 0.41 2506 7 -2 
869.1 152 112 0.76 93 2.10 1.71 0.1651 0.59 2508 JO 0 
890.1 504 400 0.82 278 2.11 1.56 0.1659 0.35 2517 6 1 
84.l 216 150 0.71 167 2.07 1.66 0.1677 0.56 2535 9 0 
B43.1 126 28 0.23 67 2.17 l.79 0.1699 0.72 2557 12 5 
B48.2 229 99 0.45 378 2.20 1.66 0.1730 0.65 2587 11 7 
B26.1 314 723 2.38 167 1.96 1.61 0.1804 0.40 2657 7 0 
BS.I 44 49 1.17 161 2.03 2.25 0.1811 1.57 2663 26 3 
8102.I JOI 48 0.49 1544 1.79 2.02 0.1812 3.61 2664 60 -7 
Bl 1.1 123 89 0.75 488 2.07 l.81 0.1813 l.37 2665 23 5 
857.1 51 42 0.86 4JO 2.13 2.18 0.1818 2.JO 2669 35 8 
B47.I 129 57 0.45 217 1.95 1.78 0.1821 0.75 2672 12 0 
BJ04.I 67 65 0.99 22 l.92 2.04 0.1828 0.83 2678 14 -1 
830.1 136 JOI 0.77 55 1.99 l.77 0.1832 0.65 2682 11 2 
878.1 47 59 1.31 126 1.93 2.2 1 0.1840 1.30 2690 21 0 
827.1 140 112 0.82 115 2.03 1.75 0.1844 0.86 2693 14 4 
B81.1 237 189 0.82 112 l.97 1.65 0.1851 0.46 2699 8 2 
815.1 61 53 0.91 224 l.91 2.06 0.1858 1.48 2706 24 0 
B70.l JOI 17 0.18 134 2.03 1.82 0.1859 0.78 2706 13 5 
814.2 208 120 0.60 2132 1.93 1.86 0.1883 2.53 2727 42 2 
851.l 108 58 0.56 250 1.92 l.83 0.1892 0.87 2736 14 I 
88.l 32 25 0.81 212 1.85 2.46 0.1898 2.7 1 2740 45 -2 
B38.1 43 40 0.96 133 1.93 2.26 0.1900 1.53 2742 25 2 
837.1 84 57 0.69 204 l.94 1.92 0.1900 l.08 2742 18 2 
874.1 49 67 1.41 81 1.87 2.15 0.1905 1.09 2746 18 -1 
B31.I 44 54 l.27 344 l.89 2.36 0.1906 3.15 2747 52 0 
829.l 77 90 1.21 134 1.88 l.94 0.1908 0.95 2749 16 0 
063.1 225 219 1.01 404 1.97 l.65 0.1913 0.57 2754 9 4 
893. l 124 31 0.26 219 2.05 1.8 I 0.1918 0.77 2757 13 8 
866.1 37 30 0.83 241 1.82 2.35 0.1919 2.30 2759 38 -2 
880.l 83 60 0.74 41 2.02 1.93 0.1921 0.73 2760 12 6 
884.1 85 147 1.80 51 l.82 1.92 0.1928 0.78 2766 13 -2 
896.1 82 74 0.94 74 1.88 1.94 0.1930 0.80 2768 13 l 
BJ03.l 40 39 1.00 60 1.86 2.34 0.1930 1.25 2768 21 0 
B53.2 191 79 0.43 242 1.89 1.68 0.1935 0.63 2772 JO l 
Bl4.l 293 109 0.38 763 1.98 l.61 0.1935 0.62 2772 10 5 
B61.1 154 Ill 0.74 177 1.80 1.73 0.1940 0.62 2776 10 -3 
B20.l 53 48 0.93 24 1.85 2.10 0.1940 1.01 2777 16 0 
89. l 54 56 1.07 83 l.91 2.09 0.1941 1.41 2777 23 2 
B88.l 61 55 0.93 70 1.81 2.06 0.1944 0.84 2780 14 -2 
B l3.1 245 13 0.05 181 l.92 1.64 0.1946 0.45 2781 7 3 
862.1 35 31 0.91 75 1.96 2.40 0.1946 1.53 2782 25 5 
877.J 55 45 0.85 69 1.80 2.14 0.1958 1.43 2791 23 -2 
B33.l 115 77 0.69 102 l.86 1.81 0.1958 0.65 2792 11 l 
!365. l 111 78 I 0.73 0 l.87 1.80 0.1967 0.57 2799 9 I 
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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 Th/U 206Pbc 23~/206Pb 207Pb/206Pb 207Pb/206Pb a_ge Discordance 

name <oom) (nnm) <nnb) <±lcr %) (± lcr %) <Ma ± lcr) (%) 

B85.l 160 159 1.02 158 1.97 1.73 0. 1971 0.58 2802 9 6 
B46.l 47 55 1.21 44 1.91 2.2 1 0. 1979 1.04 2809 17 3 
B49.2 55 79 1.47 123 l.81 2.12 0.2000 1.26 2826 21 0 
B79. l 219 101 0 .48 76 1.69 1.65 0.2250 0 .41 3017 7 I 
B73.l 36 26 0 .74 44 1.71 2.29 0.2291 1.74 3045 28 3 
B32.I 34 22 0 .67 3 1 1.67 2.43 0.2352 1.08 3088 17 2 
B54.I 27 18 0 .69 138 1.62 2.59 0.2383 1.72 3108 27 0 
Bl6.1 79 46 0 .60 168 1.74 1.94 0.2411 1.16 3127 19 7 
B76.1 152 98 0.67 74 1.65 1.71 0.2422 0.45 3134 7 3 

BIO.I 52 35 0 .69 25 1.66 2.11 0.2444 0 .76 3149 12 4 

B6.1 51 43 0.86 116 I.62 2.12 0.2464 0 .86 3162 14 2 
B44.1 95 59 0.64 83 1.56 1.88 0.2469 0 .60 3165 10 -1 
Bl2.l 143 76 0.55 110 1.55 1.73 0.2475 0.45 3169 7 -1 
B24.l 57 47 0.86 102 1.58 2.08 0 .2487 0.81 3177 13 0 

B58.l 81 67 0.85 130 1.57 1.91 0.2490 0.67 3 178 11 0 

Bl9. l 50 43 0.89 32 1.62 2.14 0.2494 0 .80 3181 13 2 

B3.1 38 30 0.81 191 1.59 2.32 0.2497 1.22 3183 19 1 

B52.2 47 28 0.62 143 l.58 2.22 0.2507 0.94 3189 15 I 

B60.1 53 38 0.75 180 l.54 2.12 0.2510 1.16 3191 18 - 1 

895.1 103 69 0.70 104 l.54 l.86 0.2522 0.58 3 199 9 -I 
835.1 236 197 0.86 161 1.56 1.64 0.2522 0 .51 3199 8 0 
864.1 65 39 0.61 62 l.50 2.00 0.2536 0 .65 3207 10 -3 

BlOl.l 50 42 0 .87 82 1.50 2.19 0.2545 1.16 3213 18 -2 
B98.l 111 60 0.55 76 1.48 1.89 0.2552 0.68 3217 11 I -3 

Bl.I 32 23 0.74 89 1.57 2.44 0.2552 1.12 3217 18 1 
B45.2 770 438 0.59 29 1.49 1.53 0.2559 0 .21 3222 3 -2 
B45.1 327 24 1 0.76 108 1.52 1.60 0.2567 0 .30 3227 5 -1 

B97.1 73 41 0.59 0 1.55 1.99 0.2578 0.66 3233 10 1 

BIS.I 35 23 0.67 366 1.52 2.40 0.2581 1.74 3235 27 -1 

B36.l 24 16 0.71 39 1.48 2.70 0.2585 l.39 3238 22 -3 

Overgrowths 
B75.2 1874 1979 1.09 5591 4.03 1.57 0.0972 2.24 1571 42 IO 

B53.1 2134 588 0 .28 2003 4.27 1.50 0.1000 0.67 1624 12 20 

B48.1 1123 352 0.32 3751 4.55 1.53 0.1018 2.18 1657 40 29 

B2.2 1004 193 0.20 382 3.51 1.53 0.1072 0.50 1752 9 8 
B2.3 670 150 0.23 918 3.15 1.54 0 .1092 0.85 1786 15 0 
82.1 648 88 0.14 64 3.17 1.54 0.1102 0.42 1803 8 2 
B52.1 822 116 0.15 436 3 .08 1.53 0 .1109 0.48 1814 9 0 
852.3 557 72 0.13 5165 2.70 1.63 0 .1225 3.21 1993 57 -2 
Greater than 10% discordant 
B50.1 251 203 0.84 63 2.42 1.64 0 .1628 0.60 2485 10 11 
B55.l 73 59 0.83 303 2.13 2.11 0 .1943 2. 11 2779 35 12 

B39. l 66 58 0.91 279 2.17 2.05 0.1916 l.60 2756 26 13 
B7.1 91 61 0.69 1279 2.26 1.95 0.1887 2.97 2731 49 16 

BlOO.l 84 120 1.48 288 2.33 l.94 0.1828 1.53 2679 25 16 
B41.l 170 148 0.90 2151 2.24 1.74 0.1928 2.19 2767 36 16 
B99.l 109 81 0.77 449 1.93 1.84 0.2459 0.84 3158 13 17 

B67.l 38 40 1.09 289 2.26 2.38 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 Th/U 2()6Pbc 238U/206Pb 201Pb/206Pb 201Pb/205Pb age Discordance 
name I (oom) <oom) 1 <oob) (±la%) (±la%) I <Ma± la) (%) 
~er than 10% discordant 
8 68.l 65 

, 
33 0.53 77 2.46 2.02 0.1767 l.19 2622 20 19 

I-

B94.l 85 59 0.71 2147 2.34 2.05 0.1896 4.93 2739 81 20 
B86-1 108 68 0.65 243 2.37 1.84 0.1877 0.97 2722 16 20 
883.1 287 98 0.35 349 2.95 1.63 0.1438 0.97 2273 17 21 
B28.I 154 112 0.75 192 2.58 1.74 0.1780 0.79 2634 13 25 
B87.1 84 86 l.06 39 2.08 l.93 0.2459 0.67 3158 11 25 
B25. l 77 29 0.39 371 2.49 1.97 0.1939 1.51 2775 25 28 
892.I 196 218 1.15 389 2.35 t.70 0.2222 0.66 2997 II 31 
8 59. I 103 111 1.12 1243 2.47 1.94 0.2321 2.25 3066 36 40 
B56.I 781 290 0.38 1877 3.81 1.55 0.1402 1.37 2230 24 48 
B72.I 152 97 0.66 151 3.74 1.74 0.1665 0.96 2523 16 65 

Isotope ratios are corrected for common Pb by reference to the measured abundance of204Pb 
206rbc denotes the amount of common 206Pb measured 
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Table S3 SHRIMP U-Pb isotopic data for zircons from tuff m the Callie Member 
~ 2001082511 . 

Spot u Th Th/U 206Pbc 238UJ2116Pb 201PbJ206Pb 207Pb/206Pb age Discordance 
name (ppm) (ppm) (ppb) (±la%) (±la%) (Ma ± lcr) (%) 

ALI 88 44 0.52 38 3.14 1.80 0.1125 1.16 1841 21 3 
A2.l 132 70 0.55 93 2.97 1.73 0.1127 1.09 1844 20 -I 
A3.l 95 52 0.57 71 2.92 1.80 0. 1118 1.01 1830 18 -4 
A4.l 92 48 0.54 50 2.93 1.83 0.1121 1.13 1834 20 -3 
AS.I 181 109 0.62 57 2.95 1.68 0.1136 0.71 1858 13 -1 
A7.l 103 55 0.55 104 3.08 1.78 0.1113 l.22 1821 22 1 
AS.I 118 81 0.71 63 2.92 1.75 0.1117 1.10 1828 20 -4 
A9.I 175 139 0.82 97 3.05 1.67 0.1126 0.93 1842 17 1 
AlO.l 163 100 0.64 47 3.08 1.70 0.1117 0.83 1827 15 1 
All.1 11 1 60 0.56 64 2.97 1.76 0. 1118 l.10 1829 20 -2 
Al2.l 76 39 0.54 69 3.00 1.84 0.1124 1.18 1838 21 -1 
Al3.I 124 77 0.64 101 3.00 1.73 0.1104 1.05 1806 19 -3 
Al4.1 84 139 1.71 105 2.95 1.88 0.1130 l.23 1849 22 -2 
Al5.I 88 36 0.42 24 2.98 1.81 0.1131 0.98 1851 18 -1 
Al6.l 166 107 0.67 49 2.94 1.68 0.1124 0.74 1839 13 -3 
A17.l 98 37 0.39 50 3.00 1.78 0.1126 1.20 1842 22 -1 
Al9.1 166 141 0.88 91 3.02 1.69 0.1115 0.95 1824 17 -1 
A20.l 141 71 0.52 82 2.96 1.71 0.11 26 0.92 1842 17 -2 
A23.l 91 48 0.55 80 3.00 1.83 0.1105 1.25 1807 23 -3 
A24.l 157 96 0.64 29 3.01 1.69 0.1141 0.88 1866 16 1 
A25.l 109 61 0.58 11 3.03 1.77 0.1129 1.01 1847 18 0 
A26.l 139 70 0.52 67 3.00 1.73 0.1136 0.94 1858 17 0 
A27 204 125 0.63 45 2.97 1.65 0.1124 0.72 1838 13 -2 
A28.l 70 61 0.90 65 3.02 1.89 0.1094 1.21 1789 22 -3 
A30.I 98 48 0.51 35 2.95 1.78 0.1137 0.90 1860 16 -1 
A31.l 170 104 0.63 3 2.97 1.68 0.1132 0.67 1851 12 -1 
A32.l 156 81 0.53 51 2.94 1.70 0.1111 0.72 1817 13 -4 
High mass 204 counts 
A29.1 159 268 1.74 112 3.00 1.73 0.1106 0.90 1810 16 -2 
A21.1 159 179 1.16 115 3.15 1.69 0.1097 0.93 1795 17 1 
A22.l 131 84 0.66 118 3.02 l.73 0.1109 1.04 1814 19 -2 
A18.l 131 71 0.56 .125 3.05 l.75 0.1116 1.09 1826 20 0 
discordant 
A6.1 224 191 0.88 121 3.39 1.65 0.1138 0.81 1861 15 12 

Isotope ratios are corrected for common Pb by reference lo the measured abundance of204Pb 
206Pbc denotes the amount of common 206pb measured 
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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 Th/U 206pbc 2JsuJ206pb 201Pbf206Pb 207PbJ206Pb age Discordance 
name (ppm) (ppm) (ppb) (±lcr %) (±lcr %) (Ma ± lcr) (%) 

025.1 573 277 0.50 138 3.26 1.69 0.1118 0.48 1829 9 6 
D30. I 396 117 0.30 269 3.31 1.33 0.1124 0.51 1838 9 7 
0 12.1 276 93 0.35 32 2.96 1.46 0.1126 0.43 1842 8 -2 
048.1 221 94 0.44 29 3.12 2.58 0.1127 0.44 1843 8 3 
091.1 191 80 0.43 60 3.05 3.96 0.1 128 0.92 1845 17 I 
081.1 230 80 0.36 110 2.80 3.93 0.1 128 0.78 1845 14 -7 
088.1 126 67 0.55 55 2.88 3.98 0.1129 1.04 1846 19 -4 
039.1 2 13 115 0.56 12 3.06 1.38 0.1129 0.49 1847 9 1 
07.1 284 140 0.51 39 3.08 1.34 0.1129 0.45 1847 8 2 
087.1 223 87 0.40 29 2.82 3.93 0.1133 0.72 1853 13 -6 
028. l 159 65 0.43 19 3.07 1.41 0.1133 0.63 1853 11 2 
026.1 438 58 0. 14 68 3.13 1.32 0.1135 0.37 1856 7 4 
052.1 183 143 0.81 113 3.31 2.61 0.1135 0.77 1856 14 8 
037.J 300 130 0.45 42 3.01 1.37 0.1136 0.42 1858 8 1 
09.1 308 110 0.37 25 2.99 1.33 0.1136 0.39 1858 7 0 
046.1 235 98 0.43 31 3.21 2.58 0.1138 0.50 1862 9 6 
080.I 220 141 0.66 0 2.83 3.93 0. 11 39 0.68 1862 12 -5 
032.1 284 122 0.44 41 3.11 1.35 0.1141 0.44 1865 8 4 
069. l 253 112 0.46 28 3.23 2.58 0.1141 0.43 1865 8 7 
050.1 319 96 0.31 40 3.14 2.57 0.1141 0.37 1866 7 4 
094.1 192 96 0.52 147 3.24 3.97 0.1141 1.21 1866 22 7 
027.1 496 162 0.34 13 1 3.24 1.32 0.1141 0.38 1866 7 7 
047.1 133 47 0.37 41 3.04 2.63 0.1142 0.70 1867 13 2 
077.1 288 90 0.32 95 2.80 3.92 0. 11 42 0.76 1867 14 -5 
024.1 188 83 0.46 7 3.13 1.39 0.1142 0.54 1868 10 4 
06.1 250 54 0.22 39 2.90 1.35 0.1143 0.43 1868 8 -2 
0 90.1 277 128 0.48 80 2.70 3.90 0.1144 0.62 1870 II -9 
021.1 209 110 0.54 20 3.16 1.38 0.1146 0.57 1873 10 5 
013.l 234 80 0.36 22 2.98 1.36 0.1146 0.44 1873 8 0 
085.1 180 90 0.52 16 2.96 3.93 0. 11 47 0.75 1875 13 0 
082.1 245 70 0.30 0 3.05 3.99 0.1148 0.79 1876 14 3 
083.1 301 159 . 0.54 131 3.29 3.91 0.1148 0.75 1876 13 9 
Dl7. l 139 152 1.13 26 3.10 1.42 0.1150 0.60 1880 II 4 
053.1 301 82 0.28 23 3.14 2.61 0.1150 0.38 1881 7 5 
051.1 191 86 0.46 151 3.19 2.59 0.1152 0.63 1883 ll 7 
D54.1 292 151 0.54 34 3.15 2.57 0.1152 0.39 1883 7 6 
D36.I 237 139 0.60 0 3.06 1.37 0.1157 0.46 1891 8 3 
092.1 251 78 0.32 41 2.92 3.93 0.1159 0.73 1894 13 0 
033.1 168 124 0.76 31 2.49 l.40 0.1370 0.49 2190 8 1 
055.I 189 69 0.38 0 2.58 2.59 0.1385 0.43 2209 7 4 
D34.I 232 57 0.26 2 2.44 1.39 0.1450 0.40 2287 7 3 
04.1 215 90 0.43 35 2.20 1.36 0.1493 0.41 2338 7 -3 
029. l 232 106 0.47 14 2.35 1.37 0.1534 0.39 2384 7 4 
078.1 94 80 0.87 48 2.18 4.07 0.1555 1.02 2408 17 -1 
076.1 219 78 0.37 53 2.18 3.95 0.1563 0.69 2417 12 -1 
086.I 94 58 0.64 146 2.02 4.03 0.1598 0.75 2453 13 -6 
089.l 41 43 1.09 0 2.34 4.25 0.1620 1.15 2476 19 7 
059.l 225 196 0.90 271 2.40 2.58 0.1622 0.42 2479 7 9 
010.1 187 97 0.53 34 2.17 1.37 0.1636 0.38 2493 6 2 
044.I 171 101 0.61 11 2.26 2.59 0.1637 0.38 2494 6 5 
02.1 98 47 0.50 0 2.34 1.45 0.1638 0.55 2495 9 8 
01.l 130 91 0.72 45 2.07 1.41 0.1640 0.46 2497 8 -2 
022.1 184 108 0.61 39 2.31 1.39 0.1647 0.45 2504 8 8 
0 14.1 231 91 0.41 75 2.14 1.35 0.1659 0.35 25 16 6 2 
0 79.1 399 86 0.22 78 2.02 3.91 0.1663 1.26 2520 21 -3 
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Table S4 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Killi Killi 
Formation (200 l 082021) continued. 

Spot u Th Th/U 206pbc 238u t206pb 207
Pbt206Pb 207Pbt206Pb age Discordance 

name (ppm) <onm) (oob) (±lcr %) (±l cr %) fMa ± Icr) (%) 
023.1 276 99 0.37 49 2.29 1.43 O.I670 0.47 2528 8 8 
08.1 401 178 0.46 II 2.02 1.32 0.1800 0.24 2653 4 2 
057.1 211 166 0.82 31 2.01 2.62 0.1872 0.36 2718 6 4 
Greater than 10% discordant 0 
043.1 249 82 0.34 41 3.37 1.41 0.1133 0.59 1853 11 10 
038.1 228 168 0.76 91 3.25 1.37 0.1174 0.62 1917 II 10 
041.1 137 57 0.43 3 2.31 l.47 0.1734 0.52 2590 9 10 
063.1 300 80 0.28 43 3.38 2.58 0.1152 0.50 1883 9 11 
093.1 73 62 0.88 151 2.71 4.23 0.1453 1.66 2292 29 12 
067.l 317 71 0.23 46 3.43 2.57 0.1151 0.39 1881 7 12 
066.1 287 147 0.53 92 3.44 2.58 0.1150 0.48 1880 9 12 
031.1 234 116 0.51 73 3.12 1.37 0.1265 0.49 2049 9 12 
016.l 340 149 0.45 32 3.53 1.35 0.1128 0.43 1846 8 13 
019.I 585 89 0.16 0 3.52 1.31 0.1131 0.31 1850 6 13 
060.1 324 208 0.66 0 3.46 2.58 0. 1152 0.37 1883 7 13 
DIS.I 399 177 0.46 66 3.55 1.33 0.1126 0.41 1842 7 13 
020.1 192 129 0.70 78 3.43 1.40 0.1162 0.66 1899 12 13 
0 70.1 199 65 0.34 42 3.50 2.60 0.1147 0.59 1876 11 14 
065.1 197 145 0.76 26 3.49 2.60 0.1158 0.57 1893 10 14 
03.1 618 208 0.35 964 3.74 1.36 0.1096 1.29 1792 24 15 
042.1 302 130 0.45 154 3.62 1.41 0.1132 0.69 1851 13 15 
068.I 209 149 0.74 22 3.61 2.64 0.1138 0.48 1861 9 15 
061.l 253 158 0.65 375 3.03 2.79 0.1359 1.17 2175 20 16 
062.1 179 71 0.41 93 2.28 2.60 0.1947 0.40 2782 6 16 
058.1 266 207 0.80 2I4 3.60 2.58 O.I 147 0.65 1875 12 16 
D64.I 95 52 0.57 63 2.56 2.67 0.1690 0.65 2548 11 I7 
Dl5.l 228 I86 0.84 190 1.92 1.35 0.2580 0.29 3235 5 17 
D56.1 308 175 0.59 305 3.79 2.58 0.1139 0.56 1863 10 19 
D71.I 564 332 0 .61 15 2.79 2.56 0.1597 0.32 2453 5 19 
D72.1 258 179 0.72 86 3.90 2.58 0.1123 0.59 1837 11 20 
D84.1 353 160 0.47 47 3.98 3.90 0.1122 0.67 1835 12 21 
075.I 238 141 0.61 59 3.99 2.59 0.1132 0.65 1851 12 22 
074.1 327 163 0.51 35 3.91 2.58 0.1155 0.45 1888 8 22 
045.1 509 133 0.27 222 4.18 2.56 0.1148 0.53 1877 10 26 
040.1 479 377 0.81 489 4.32 1.38 0.1128 0.76 1845 14 27 
0 49.1 391 256 0.67 125 4.56 2.57 0. 1104 0.48 1805 9 29 
D73.I 96 84 0.91 45 3.26 2.66 0.1591 0.79 2446 13 29 
Dll.l 159 104 0.67 68 3.32 1.40 0.16 12 0.53 2468 9 31 
D35.l 386 368 0.98 374 4.74 1.35 0.1121 0.76 1834 14 33 
05.1 679 351 0.53 264 6.44 3.67 0.1215 1.14 1978 20 53 

Isotope ratios are corrected for common Pb by reference to the measured abundance of 204Pb 
206pbc denotes the amount of common 206I>b measured 
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Table SS SHRIMP U-Pb isotopic data for zircons from quartz arenite in the Kiili Kiili 
Fonnation (2001082505). 

Spot u Th Th/U 
206Pbc 23su J206pb 201Pb/206pb 207Pbi206Pb age Discordance 

name (ppm) (ppm) (ppb) (±la %) (±l cr %) (Ma±lcr) (%) 

C22. \ 143 101 0.73 28 3.02 1.44 0.1119 0.62 183 1 11 -1 
C58. l 145 111 0.79 24 3.28 l.41 0.1126 0.70 1842 13 7 
C52. l 128 78 0.63 14 3.15 1.46 0.1127 0.62 1844 11 4 
C16.l 126 66 0.54 24 2.98 1.42 0.1128 0.63 1845 1l .) 

C5l.1 193 114 0.61 37 3.31 1.37 0.1129 0.57 1846 10 8 
C39.I 185 113 0.63 28 3.16 1.39 0.1133 0.50 1852 9 4 
C47.I 145 90 0.64 42 3.19 1.41 0.1133 0.62 1853 11 5 
C60.I 197 131 0.69 12 3.07 1.37 0.1133 0.48 1853 9 2 
C50.I 617 428 0.72 78 3.34 1.34 0.1135 0.47 1855 8 9 
C 18. l 167 98 0.61 0 3.10 1.50 0.1138 0.54 1861 IO 3 
C54. I 308 112 0.38 27 3.21 1.34 0.1139 0.41 1863 7 6 
C I4. l 98 40 0.42 25 2.90 l.46 0.1139 0.73 1863 13 -3 
C35. I 290 120 0.43 13 3.13 1.34 0.1141 0.40 1865 7 4 
C29. I 192 97 0.52 24 3.05 1.38 0.1141 0.47 1866 9 2 
C46. l 111 121 1.12 122 2.87 1.47 0.1141 1.28 1866 23 -3 
C l l.I 214 127 0.61 23 2.93 1.36 0.1141 0.51 1866 9 -1 
C30. I 103 45 0.45 6 2.93 l.47 0.1142 0.92 1867 17 -I 
C23.I 192 119 0.64 0 3.05 1.37 0.1145 0.48 1872 9 2 
C49.I 109 44 0.42 7 3.31 l.48 0.1145 0.71 1872 13 9 
Cl3. I 255 106 0.43 25 2.93 1.35 0.1147 0.42 1874 8 -I 
C8.I 215 108 0.52 16 2.96 1.36 0.1148 0.45 1877 8 0 
C20. t 293 125 0.44 14 2.98 1.34 0.1150 0.39 1880 7 1 
C62. l 29 10 0.36 56 2.67 5.92 0.1152 2 .07 1883 37 -9 
C27. I 184 104 0.58 0 3.00 1.37 0.1154 0.48 1886 9 2 
C5. l 63 66 1.08 44 3.09 1.61 0.1154 1.07 1887 19 4 
C44.1 70 67 0.98 22 3.04 1.55 0.1157 0.85 1891 15 3 
C41.1 211 60 0.29 64 3.05 1.36 0.1188 0.51 1938 9 6 
C4. l 44 22 0.52 0 2.79 2.39 0. 1195 0.97 1949 17 -1 
CI2.1 130 40 0.32 49 2.82 1.42 0. 1196 0.62 1951 II 0 
Cl9. I 187 39 0.2 1 91 2.83 1.38 0. 1198 0.64 1954 11 0 
C l7. I 361 56 0.16 240 2.87 1.33 0.1200 0.56 1956 10 2 
C25.1 234 59 0.26 0 2.79 . 1.35 0.1207 0.42 1966 8 0 
C37. l 107 25 0.25 36 2.84 1.49 0.1213 0.61 I 1975 11 2 
C48.l 297 155 0.54 57 2.98 1.34 0.1213 0.41 1976 7 6 
C43. l 159 48 0.31 20 2.79 1.43 0.1214 0.51 1976 9 0 
C63.I 217 42 0.20 7 2.69 4.35 0.1214 0.82 1977 15 -3 
C57.1 136 42 0 .32 46 2.91 1.42 0.1218 0.63 1982 II 4 
C53. I 142 97 0.71 5 2.92 1.41 0.1223 0.54 1990 JO 5 
Cl.I 273 37 0.14 8 2.74 1.34 0.1225 0.37 1993 7 -1 
C21.I 58 52 0.93 35 2.75 1.58 0.1238 0.98 2011 17 1 
C55.l 129 73 0.58 9 2.90 1.42 0.1261 0.74 2044 13 7 
C7. I 129 40 0.32 40 2.62 1.41 0.1269 0.59 2055 IO -I 
C2.l 144 59 0.42 37 2.68 1.40 0.1269 0.54 2055 9 1 
C34. l 46 65 1.44 113 2.76 1.94 0.1276 1.67 2066 29 3 
C6. I 206 145 0.73 73 2.66 1.38 0.1342 0.50 2 154 9 5 
C59.l 141 68 0.50 17 2 .66 1.54 0.1371 0.52 2 191 9 6 
C3.2 221 91 0.43 0 2.51 1.35 0.1381 0.38 2204 7 2 
C45.l 54 74 1.42 20 2.12 l.58 0.1588 0.70 2443 12 -2 
C42. l 161 238 1.53 26 2.18 1.39 0.1617 0.43 2473 7 2 
C64.l 121 93 0.79 105 1.99 4.04 0.1629 0.96 2486 16 -5 
C40.l 24 32 1.38 16 2.23 1.89 0.1645 1.03 2502 17 4 
C36. l 29 50 1.79 0 2.20 1.81 0. 1660 1.14 2518 19 4 
C24.1 71 55 0.80 0 2.14 1.71 0.1678 0.58 2536 JO 3 
C9.1 136 76 0.57 0 1.56 1.39 0.2383 0.32 3109 5 -3 
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Table SS SHRIMP U-Pb isotopic data for zircons from quartz arenite m the Kiili Killi 
Formation (2001082505) continued. 

Spot u Th Th/U 2116Pbc 238UJ2o6Pb 201PbJ206Pb 207Pb/2°6Pb age Discordance 
- · (%)~ name (oom) (oom) (ppb) (±lcr %) (±la%) (Ma± lcr) 

C56.I 219 121 0.57 23 l.61 1.35 0.2863 0.25 3398 4 8 
Grains greater than 10% discordant 
C28.l 136 60 0.46 59 3.43 1.43 0.1146 0.74 1874 13 12 

-· 
C61.l 45 46 1.06 0 2.87 4.63 0.1381 1.58 2204 27 12 

-- -··-· !--

C33.l 201 75 0.39 I 48 3.17 1.51 0.1252 0.49 2032 9 13 
C38.l 214 212 l.02 0 3.60 1.52 0.1140 0.52 1864 9 15 

C32.1 223 79 0.37 34 3.47 1.36 0.1193 0.52 1945 9 16 

C26.l 295 189 0.66 188 3.79 1.62 0.1110 0.62 1815 11 17 
Cl5.l 291 200 0.71 136 3.76 1.34 0.1137 0.55 1860 IO 18 

ClO.I 441 317 0.74 146 3.42 1.33 0.1250 0.47 2028 8 18 

C31.l 208 184 0.92 76 4.45 1.50 0.1107 0.83 1810 15 28 

-
fsotope ratios are corrected for common Pb by reference to the measured abundance of204Pb 
206

Pbc denotes the amount of common 206Pb measured I 
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Table S6 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Kiili Kiili 
Formation (2001082515). 

Spot u Th Th/U 206pbc 2J8U/206pb 201Pb/206Pb 207Pbt206Pb age Discordance 

name (ppm) (ppm) (ppb) (±l<r %) (± l<r %) (Ma ± la) (%) 

B94.I 22 21 0.98 86 3.16 5.24 0.1040 3.42 1696 63 -4 

B67.I 287 78 0.28 190 2.98 3.97 0.1118 0.97 1830 18 -2 
B39.I 188 86 0.47 14 3.07 1.36 0.1123 0.47 1837 8 I 
Bl4.I 78 70 0.93 23 2.97 1.53 0.1127 0.98 1843 18 -1 
866.1 190 103 0.56 123 3.27 4.06 0.1127 1.16 1843 21 7 
B50.l 195 176 0.93 79 3.21 1.37 0.1128 0.63 1846 11 5 
B3. l 44 59 1.40 40 3.30 1.67 0.1128 1.38 1846 25 7 
B25.1 998 121 0.13 579 3.29 l.29 0.1134 0.27 1855 5 8 
B33.l 184 182 1.02 156 3.24 l.38 0.1135 0.76 1856 14 7 
B46.1 134 43 0.33 28 2.83 1.74 0.1135 0.62 1857 II -5 
Bl8.l 275 171 0.64 13 3.04 1.33 0.1139 0.38 1862 7 2 
813.1 186 52 0.29 29 2.88 1.36 0.1140 0.52 1865 9 -3 
B47. l 203 158 0.80 100 2.87 1.37 0.1141 0.55 1865 10 -3 
B31.l 226 49 0.23 32 2.94 1.36 0.1141 0.49 1865 9 -1 
B76.I 241 171 0.73 249 3.04 3.97 0.1141 1.16 1866 21 2 
B53.l 233 79 0.35 71 3.05 1.35 0.1 142 0.47 1867 8 2 
B74.1 360 169 0.49 385 3.20 3.93 0.1143 1.13 1869 20 6 
B85.I 545 361 0.68 225 2.92 3.90 0.1143 0.63 1870 11 -1 
886.1 194 83 0.44 36 3.06 3.99 0.1144 0.83 1871 15 3 
B56.I 76 63 0.86 8 3.09 l.49 0.1145 0.79 1872 14 3 
Bl2.I 220 110 0.52 410 3.25 2.20 0.1145 4.15 1873 75 8 
B96.I 396 137 0.36 85 2.89 3.94 0.1146 0.67 1873 12 -2 
B44.1 194 66 0.35 23 2.88 l.37 0.1146 0.49 1874 9 -2 
B69.I 194 59 0.31 93 2.83 4.01 0.1149 0.89 1879 16 -4 
B54.1 272 137 0.52 63 3.14 1.33 0.1149 0.43 1879 8 5 
B4l. I 131 43 0.34 20 3.02 1.40 0.1149 0.57 1879 10 2 
B28.1 202 61 0.3 1 10 2.93 1.36 0.1150 0.45 1880 8 -1 
B95.l 155 130 0.87 28 3.04 4.10 0.1153 0.99 1885 18 3 
B65.l 415 66 0.17 97 3.20 l.32 0.1158 0.39 1892 7 7 
B7l.l 222 141 0.65 108 3.07 3.98 0.1161 1.14 1897 20 4 
B89.t 170 92 0.56 0 2.82 4.01 0.1161 0.98 1897 18 -3 
B99.l 433 54 0.13 0 2.91 3.95 0.1167 0.66 1906 12 0 
8108.J 166 65 0.40 0 2.82 3.98 0.1177 0.93 1921 17 -2 
B62.I 449 I 19 0.27 78 3.06 1.31 0.1185 0.37 1934 7 6 
B23.1 860 74 0.09 331 3.00 l.29 0.1192 0.24 1944 4 5 
B35. l 240 58 0.25 0 2.85 1.43 0.1198 0.40 1953 7 I 
B90.I 83 105 l.30 72 2.52 4.21 0.1209 l.87 1970 33 -9 
BIO.I 219 84 0.39 71 2.79 1.35 0.1215 0.47 1978 8 0 
B43. I 239 250 1.08 98 3.04 1.34 0.1233 0.47 2005 8 9 
BI04.I 265 157 0.61 310 2.72 3.99 0.1243 1.15 2018 20 0 
B22.I 157 101 0.66 119 2.82 1.53 0.1274 0.58 2062 10 5 
Bl9.I 62 69 1.15 29 2.61 1.53 0.1278 0.96 2068 17 -I 
Bl07.2 148 29 0.20 31 2.57 4.05 0.1284 0.87 2076 15 -2 
B81 .1 236 129 0.57 212 2.62 3.95 0.1288 0.82 2081 14 0 
B4.1 108 41 0.40 35 2.53 1.43 0.1336 0.59 2146 10 0 
B38.I 76 30 0.41 0 2.55 l.50 0.1345 0.68 2158 12 l 
89.l 176 96 0.56 21 2.58 1.37 0.1359 0.42 2176 7 3 
B5.1 121 75 0.64 25 2.46 1.54 0.1364 0.50 2182 9 -1 
B83. J 77 73 0.98 3 2.43 4.24 0.1391 1.19 2216 21 0 
B68.I 93 105 1.16 9 2.35 4.20 0.1495 1.12 2341 19 2 
B45.I 81 97 l.24 35 2.23 1.46 0.1564 0.61 2417 10 1 
B109.I 127 2 1 0.17 47 2.02 4.02 0.1578 0.75 2433 13 -7 
840.1 85 61 0.75 15 2.20 l.45 0.1591 0.53 2446 9 1 
332.l 145 148 1.06 53 2.33 l.38 0.1592 0.44 2447 7 6 
B17.l 116 121 1.07 52 2.24 l.41 0.1599 0.48 2455 8 3 
888.l 79 33 0.42 81 2.04 4.17 0.1620 1.11 2477 19 -4 
B93.l 254 138 0.56 471 2.29 4.01 0.1624 0.81 2480 14 6 
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Table S6 SHRIMP U-Pb isotopic data for zircons from quartz wacke m the Killi Killi 
Formation (2001082515) continued. 

Spot u Th Th/U 
206pbc 2l8U/206pb 207pbf206pb zo1Pb/206pb age Discordance 

name fnnm) (nom) fnob) (±la%) (±lcr %) <Ma± la) (%) 

B24.1 108 139 1.33 97 2.24 1.41 0.1629 0.56 2486 9 4 
B77. l 196 153 0.81 0 2.18 4.10 0.1633 0.60 2490 10 2 
B72.l 130 167 1.32 109 2.03 4.15 0.1636 1.10 2493 19 -3 
B34.1 71 56 0.81 31 2.22 1.50 0.1643 0.61 2500 10 4 
B49.1 133 161 1.25 50 2.21 1.39 0.1647 0.45 2505 8 4 
B48.1 111 140 1.30 18 2.03 1.42 0.1649 0.45 2507 8 -3 
B30.l 81 72 0.93 21 2.13 1.46 0.1656 0.55 2513 9 I 
B70.l 58 39 0.69 122 2.05 4.34 0.1684 1.55 2542 26 -1 
82.1 125 55 0.45 36 2.10 1.40 0.1699 0.45 2557 8 2 
BIOS. I 49 64 1.35 3 1.81 4.49 0.1763 1.24 2619 21 -8 
B84. l 159 138 0.90 17 1.91 4.06 0.1774 0.69 2629 12 -3 
B97.l 152 125 0.85 239 1.28 4.07 0.3108 0.61 3525 9 -6 
Grains greater than 10% discordant 
B73.l 252 404 1.66 509 3.41 3.97 0.1133 1.76 1852 32 )) 

B79.l 323 179 0.57 1466 2.81 3.93 0.1377 1.40 2198 24 11 
B82.1 45 21 0.48 0 2.21 4.45 0.1847 1.45 2696 24 11 
Bl06. l 109 127 1.20 88 2.38 4.16 0.1680 1.21 2538 20 11 
Bll0.1 221 272 1.27 396 2.46 3.97 0.1623 0.86 2480 15 11 
B60.l 255 166 0.67 321 2.68 1.37 0.1464 0.52 2304 9 11 
B7.l 238 234 1.02 315 3.43 1.35 0.1141 0.70 1866 13 12 
B59.l 149 240 1.67 202 2.50 1.44 0.1642 0.66 2500 11 13 
826.1 195 153 0.81 151 3.49 1.38 0.1 158 0.63 1892 11 14 
BS.I 164 234 1.47 164 3.54 1.37 0.1147 0.75 1875 14 14 
Bil.I 114 273 2.48 139 2.60 1.55 0.1633 0.61 2490 IO 16 
BU 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 0.94 1901 17 18 
B27. I 251 124 0.51 497 3.70 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.l 19 33 1.82 473 2.53 2.12 0.1885 3.64 2729 60 21 
B36.l 206 613 3.08 269 2.83 1.36 0.1646 0.49 2504 8 22 
B107. l 55 66 1.24 258 3.83 4.38 0.1205 4.67 1964 83 24 
B63.l 361 457 1.31 1609 4.12 1.55 0.1158 1.63 1892 29 26 
B9l.l 305 270 0.91 618 3.26 3.94 0.1490 0.96 2335 16 26 
Bl6.l 195 216 1.15 376 2.93 1.39 0.1719 0.56 2576 9 26 
B80. l 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 O.ll 71 0.83 1913 15 28 
B37.l 221 172 0.80 599 4.42 1.43 0.1124 1.26 1838 23 29 
BIS.I 836 1177 1.45 5627 4.64 1.37 O.ll32 0.85 1852 15 32 
B64.l 303 859 2.93 869 4.98 1.35 0.1148 1.23 1877 22 37 
B61.l 22 59 2.75 37 4.34 2.60 0.1367 2.41 2186 42 39 
8 103.1 347 452 1.35 1310 4.19 4.41 0.1616 1.44 2472 24 44 
B87.1 313 357 1.18 1166 4.98 3.96 0.1379 2.11 2202 37 46 
B29.1 372 852 2 .37 1658 6.24 1.34 0.1118 1.67 1828 30 48 
B55.1 235 300 1.32 464 4.60 1.37 0.1592 0.73 2447 12 48 
B20.l 376 448 1.23 1663 6.25 1.53 0.1145 1.40 1871 25 49 
BI00.1 832 1717 2.13 10325 5.46 4.62 0.1357 3.83 2173 67 50 
851.l 327 854 2.70 1602 4.99 1.35 0.1579 0.86 2434 15 52 
B57.l 311 753 2.50 1314 5.52 1.35 0.1472 1.17 2314 20 54 
B6.l 353 995 2.91 1372 6.26 1.35 0.1500 1.01 2346 17 59 
B92.l 977 1114 1.18 9909 12.60 4.04 0.1195 4.41 1948 79 75 
B52.l 893 1341 1.55 5690 13.51 l.35 0.1144 2.96 1871 53 75 
BIOI.l 77 79 1.07 239 1.70 4.32 0.1590 1.44 2445 24 -22 
B102.l 100 110 1.13 400 2.24 4.28 0.1216 3.05 1980 54 -20 
B98.l 160 185 l.19 220 2.67 4.12 0.1116 2.06 1826 37 -12 

Isotope ratios are corrected for common Pb by reference to the measured abundance of 2°'1>b 

206Pbc denotes the amount of common 206Pb measured 
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Table S7 SHRIMP U-Pb isotopic data for zircons from quartz wacke in the Kiili Killi 
Fonnation (2001082036). 

Spot u Th Th/U 
2Mpbc 238Uf06Pb 207PbJ206Pb 207Pbf06Pb age Discordance 

name (ppm) (ppm) (ppb) (±lcr%) (±lcr %) (Ma± l cr) (%) 

C69. I 128 88 0.71 91 2.85 2.45 0.1117 0.87 1828 16 -6 
C26.l 54 36 0.68 44 3.3 I 2.60 0.1118 2.10 1829 38 7 
C77.1 133 57 0.45 64 2.96 2.47 0.1121 0.74 1834 13 -2 
C51 .I 126 64 0.52 23 2.80 2.53 0.1126 1.02 1842 19 -7 
Cl0.1 159 77 0.50 53 2.99 2.18 0.1131 1.01 1850 18 -1 
C64.1 114 76 0.69 1 3.04 2.53 0.1133 0.88 1853 16 l 
C35. l 245 I 120 0.51 48 2.84 2.25 0.1133 0.75 1854 14 -5 
C46.1 205 84 0.42 8 2.91 2.38 0.1134 0.48 1854 9 -3 
C8.1 136 69 0.52 86 2.97 2.24 0.1135 1.06 1856 19 -1 
C7.l 237 132 0.57 109 3.11 2.05 0.1136 0.76 1857 14 3 
C67.1 133 100 0.78 28 2.88 2.53 0.1137 0.84 1859 15 -3 
C45.1 166 77 0.48 0 3.13 2.40 0.1140 0.50 1864 9 4 
C65.1 183 82 0.46 28 2.92 2.42 O. l 142 0.77 1867 14 -2 
C60.l 136 61 0.47 24 2.96 2.48 0.1142 0.86 1868 16 0 
C78.1 167 89 0.55 22 2.81 2.46 0.1144 0.71 1870 13 -5 
C42.l 148 82 0.57 18 3.05 2.40 0.1145 0.76 1872 14 2 
C3 l .1 164 11 2 0.71 0 2.90 2.32 0.1147 0.81 1874 15 -2 
C30.l 371 53 0.15 167 3.16 1.97 0.1147 0.73 1876 13 5 
C6. l 242 109 0.47 0 2.91 2.22 0.1151 0.69 1882 13 -1 
Cl.I 152 68 0.46 130 2.91 2.23 0.1152 1.66 1882 30 -1 
Cl9.I 247 202 0.84 116 3.13 2.75 0.1154 0.92 1885 17 5 
C75.I 285 102 0.37 203 3.21 2.38 0.1156 0.75 1889 14 7 
C38.l 114 52 0.47 21 2.69 3.01 0.1157 0.73 1891 13 -8 
C43.l 179 89 0.52 0 3.04 2.39 0.1158 0.49 1892 9 3 
C l6.1 146 74 0.52 0 2.92 2.16 0.1159 1.19 1894 21 0 
C62.1 217 120 0.57 0 2.87 2.52 0.1167 0.91 1906 16 -I 
C24.1 143 104 0.75 0 3.21 2.12 0.1167 0.90 1907 16 8 
C49.l 312 316 1.05 143 3.13 2.36 0.1174 0.56 1917 10 7 
C73.I 48 38 0.82 0 2.78 2.72 0.1183 1.08 1930 19 -3 
C3. I 250 42 0.17 122 2.84 2.05 0.1190 0.91 1941 16 0 
C57.1 554 202 0.38 59 2.93 2.36 0.1194 0.39 1948 7 3 
C56.l 133 77 0.60 62 3.10 2.49 0.1196 1.04 1950 19 8 
C72.1 138 48 0.36 0 2.84 2.43 0.1202 0.71 1959 13 I 
C70.l 101 37 0.38 0 2.71 2.48 0.1206 1.03 1965 18 -3 
C37. I 285 75 0.27 64 2.61 2.18 0.1209 1.38 1970 25 -6 
C20.1 9 1 42 0.48 62 2.89 2.26 0.121 I 1.14 1972 20 3 
C4. l 316 130 0.43 150 2.68 2.50 0.1212 1.28 1974 23 -4 
C22.1 216 50 0.24 0 2.78 2.05 0.1214 0.77 1977 14 0 
C l I.I 264 104 0.41 86 2.90 2.02 0.1225 0.68 1992 12 4 
C l5. l 51 67 1.37 29 2.71 2.63 0.1226 1.47 1994 26 -1 
C66.1 184 87 0.49 0 2.62 2.47 0.1230 0.57 2000 JO -4 
C76. I 103 38 0.38 43 2.54 2.51 0.1251 1.00 2030 18 -6 
C32.I 180 70 0.40 0 2.58 2.08 0.1271 0.80 2058 14 -3 
C79.1 89 69 0.81 33 2.51 2.59 0.1281 0.98 2072 17 -4 
C61.l 93 47 0.53 68 2.55 2.84 0.1361 0.94 2178 16 2 
C55.l 56 43 0.79 0 2.53 2.75 0.1367 0.98 2186 17 2 
C68. I 11 I 101 0.94 100 2.48 2.47 0.1379 0.89 2201 16 1 
C29.l 133 69 0.54 0 2.33 2.14 0.1386 0.77 2210 13 -4 
C54.l 9 4 0.45 90 2.49 4.49 0.1458 4.14 2298 71 5 
C74.l 157 111 0.73 55 2.38 2.48 0.1639 0.55 2496 9 9 
C5.1 150 107 0.74 57 2.14 2.13 0.1666 0.71 2524 12 2 
C52. I 142 65 0.47 125 2.0 1 2.48 0.1669 0.72 2526 12 -3 
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Table S7 SHRIMP U-Pb isotopic data for zircons from quartz wacke m the Kiili Kiili 
Formation (2001082036) continued. 

Spot u Th Th/U 
2U6pbc 238ut206pb 207Pbf206pb 201Pb/206pb age Discordance 

name loom) (oom) loob) (±lu %) (±lu %) (Ma± lo) (%) 
C27.t 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 2.07 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.I 21 8 0.39 24 1.53 2.74 0.2352 0.79 3088 13 -5 
Grains greater than 10% discordant 
C36.I 827 49 0.06 2232 3.28 1.95 0.1160 0.71 1896 13 10 
C53.1 176 104 0.61 21 3.36 2.45 0.1143 1.00 1869 18 I 10 
C71.1 146 145 1.03 11 3.41 2.80 0.1129 0.98 1847 18 10 
C48.t 15 14 1.00 6 2.81 2.96 0.1371 1.73 2191 30 10 
C39.l 112 53 0.49 171 2.45 2.52 0.1628 0.74 2484 13 11 
C58.l 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 2.04 0.1120 1.37 1833 25 15 
C23.1 184 52 0.29 0 3.20 2.15 0.1280 5.48 2070 97 15 
C9.l 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 
Cl8.1 509 233 0.47 1739 4.15 2.02 0.1178 1.75 1923 31 28 
C59.1 266 214 0.83 121 3.65 2.63 0.1601 0.95 2457 16 37 
C47.l 67 73 1.13 130 4.91 2.77 0.1240 2.01 2015 36 41 
C50.l 166 212 1.32 205 5.39 2.43 0.1183 1.42 1931 25 43 
C40. l 419 253 0.62 2007 5.32 2.37 0.1205 1.25 1963 22 43 
Cl2.l 371 141 0.39 989 6.54 2.14 0.1146 2.08 1873 37 51 
Cl3.l 4ll 83 0.21 126 6.14 2.02 0.1227 0.95 1995 17 51 
Cl4.I 833 498 0.62 3104 16.27 2.06 0. I 128 4.11 1845 74 79 
C25.l 117 36 0.32 47533 1.04 2.76 0.1758 14.33 2613 239 -66 
C17.1 181 91 0.52 67 2.23 2.61 0.1127 0.90 1844 16 -29 
C63.1 234 364 1.60 372 2.27 2.52 0.1242 7.01 2017 124 -17 
C21.1 179 28 0.16 92 2.54 2.30 0.1189 0.95 1940 17 -10 
C28.l 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 204Pb 
206Pbc denotes the amount of common 206Pb measured 
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Table S8 SHRIMP U-Pb isotopic data for zircons from lithic arenite in the Century Formation 
I 200 l 0825 ) 9). 

Spot u Th Th/U 206Pbc 238U/2o6Pb 207PbJ206Pb 201Pbf206Pb age Discordance 
name (ppm) (ppm) (ppb) (±10' %) (±10' %) (Ma± la) (%) 

889.1 103 62 0.62 106 3.32 2.01 0.1092 1.1 0 1786 20 5 
B74. l 104 42 0.41 48 3.04 2.00 O.llOO 0.78 1799 14 -2 
Bl 1.1 202 140 0.72 11 3.09 3.15 0.1100 0.63 1800 It 0 
888.1 70 40 0.59 2 3.05 2.05 0.1101 0.76 1801 14 -1 
893.1 213 73 0.36 39 3.13 1.95 0.1106 0.67 1809 12 l 
B40.l 174 75 0.44 57 3.09 3.04 0.1106 1.35 1809 25 0 
B22.1 116 58 0.52 32 3.28 3.04 0.1106 0.91 1810 16 5 
819.1 162 74 0.47 10 2.93 3.01 0.1107 0.67 1811 12 -4 
B85. I 126 47 0.38 14 3.13 1.98 0.1 109 0.59 1814 11 2 
B81.l 126 65 0.54 40 3.13 2.01 0.1109 0.67 1814 12 2 
886.l 146 92 0.65 29 3.24 1.98 0.1109 0.68 1814 12 5 
8 14.l 144 41 0.30 33 2.93 3.03 0.1111 0.51 1817 9 -4 
B63.l 114 42 0.38 5 3.04 l.99 0.1111 0.58 1818 11 -1 
B77.l 182 42 0.24 0 3.06 1.96 0.1112 0.48 1819 9 0 
B95.1 199 51 0.27 15 3.08 l.95 0.1113 0.45 1820 8 0 
849.l ll2 53 0.49 0 3.18 3.05 0.1114 1.01 1822 18 3 
B61.1 94 53 0.58 13 3.08 2.02 0.1114 0.70 1822 13 0 
855.l 147 59 0.42 34 3.07 1.98 0.1115 0.61 1824 11 0 
837.l 148 47 0.33 24 2.88 3.03 0.1115 0.75 1825 14 -5 
B66.l 207 76 0.38 35 3. 11 1.96 0.1116 0.56 1825 10 2 
B9. l 243 57 0.24 32 2.73 3.34 0.1116 0.43 1825 8 -9 
B2.1 209 49 0.24 16 3.08 3.00 0.1116 0.52 1826 9 I 
Bl8.1 233 66 0.29 27 2.87 3.00 0.1117 0.42 1828 8 -5 
857.1 133 60 0.47 12 3.00 2.01 0.1118 0.59 1828 11 -1 
B7. l 134 63 0.48 4 2.80 3.31 0.1118 0.53 1828 10 -7 
882.l 49 32 0.68 0 3.01 2.11 0.11 18 0.86 1829 16 -1 
B78.1 136 51 0.39 0 3.03 2.00 0.1119 0.57 183 1 10 0 
B23.l 282 180 0.66 23 3.19 3.00 0.1120 0.51 1832 9 4 
B94.1 91 105 l.19 14 3.06 2.02 0.1121 0.68 1834 12 1 
B73.1 119 44 . 0.38 0 3.03 1.99 0.1122 0.57 1835 10 0 
B60.I 116 46 0.41 5 3.06 2.00 0.1122 0.69 1835 13 1 
854.1 170 52 0.32 25 2.84 3.30 0.1122 0.74 1836 13 -5 
B92. l 42 46 . 1.14 16 3.10 2.16 0.1124 1.19 1838 22 2 
B65.l 121 64 0.55 21 2.93 2.02 0.1125 0.61 1840 11 -3 
B43.I 86 95 1.14 25 2.77 3.08 0.1128 1.02 1845 18 -7 
846.1 229 65 0.29 52 3.22 3.02 0.1129 0.70 1847 13 6 
866.2 58 36 0.64 35 3.13 2.09 0.1134 1.05 1854 19 4 
852.1 192 105 0.56 68 2.76 3.02 0.1134 0.71 1855 13 -7 
8 44.I 153 57 0.39 6 2.78 3.05 0.1139 0.93 1862 17 -6 
879.1 101 68 0.70 0 2.96 2.12 0.1139 0.62 1862 11 -I 
B83.1 109 47 0.44 5 2.97 1.99 0.1139 0.87 1862 16 -I 
851.1 103 34 0.34 48 2.84 3.06 0.1140 1.27 1865 23 -4 
864.l 135 52 0.40 0 2.95 1.98 0.1151 0.54 1881 10 0 
B29.1 178 155 0.90 35 2.81 3.03 0.1152 0.69 1882 12 -4 
856.1 47 26 0.57 0 2.98 2.13 0.1152 0.97 1883 17 l 
867.1 185 132 0.74 7 3.07 1.95 0.1153 0.47 1884 8 4 
B IO. I 11 6 66 0.59 12 3.07 3.17 0.1157 0.60 1890 11 4 
D50.l 107 79 0.76 7 2.87 3.52 0.1163 1.01 1900 18 -1 
B38. J 122 56 0.47 0 2.84 3.07 0.1168 0.84 1908 15 -2 
815.1 69 35 0.52 0 2.99 3.08 0.1175 0.74 1918 13 3 
B72.l 78 9 0.11 8 2.78 2.09 0.1197 0.75 1951 13 -2 
827. 1 93 38 0.42 0 3.03 3.08 0.1208 0.95 1968 17 7 
870.I 121 108 0.92 36 2.74 1.98 0.1228 0.57 1997 10 -1 

B6. l 92 140 1.58 25 2.85 3.06 0.1254 0.67 2034 12 5 
B35. l 229 105 0.47 28 2.53 3.01 0.1304 0.52 2103 9 -2 
B36.l 145 60 0.43 6 2.58 3.03 0.1304 0.63 2104 II 0 
B97. l 64 55 0.89 0 2.49 2.70 0.1332 0.71 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 Th/U 
206Pbc 238Ut2

06
Pb 201 Pb/206Pb 207

Pbi2
06

Pb age Discordance 
name (vvm) fonm) (opb) (±lcr %) (± lcr %) <Ma ± lcr) (%) 

B80.l 14 13 0.9S 18 2.63 3.08 0.1368 1.92 2187 33 s 
B2S.1 47 23 0.50 32 2.42 3.13 0.1402 1.12 2230 19 0 
858.1 7S 48 0.67 0 2.23 2.04 0.1534 0.55 2384 9 0 
8S9.I 72 44 0.62 16 2.22 2.04 0.1612 0.S6 2468 9 3 
868.l S6 27 0.49 s 2.14 2.12 0.1631 0.63 2488 I I 1 
B90.l 33 28 0.88 26 2.07 2.20 0.1642 0.81 2499 14 -2 
820.1 90 48 o.ss 6 2.19 3.08 0.1642 0.66 2499 11 3 
824.1 16S 243 1.52 11 2.11 3.01 0.1648 0.47 2S06 8 0 
891.l 122 80 0.68 3 2.10 2.lS 0.16S7 0.41 2SlS 7 0 
B99.l 89 7S 0.87 46 2.11 2.01 0.1659 0.S2 2517 9 1 
875.1 92 S4 0.60 0 2.12 2.01 0.1663 0.49 2S21 8 1 
884.1 5S so 0.94 0 2.0S 2.09 0.1664 0.61 2521 10 -1 
B45.1 130 79 0.63 29 2.14 3.04 0.1666 1.04 2S24 17 2 
842.1 118 89 0.78 27 1.97 3.16 0.1670 0.S8 2S27 10 -S 
871.1 141 185 1.35 6 2.11 1.99 0.1680 0.45 2538 7 1 
896.1 84 73 0.90 19 2.04 2.22 0.1691 1.18 2S49 20 -1 
B76.l 79 71 0.93 2 2.02 2.03 0. 1713 0.53 2S70 9 -1 
B62.1 41 28 0.72 26 1.88 2.15 0. 1832 0.69 2682 1l -3 
869.1 111 34 0.32 8 1.52 1.98 0.2678 0.88 3293 14 1 
833.l 70 28 0.42 12 1.58 3.07 0.2739 1.45 3328 23 5 

841.1 71 63 0.91 20 l.S2 3.12 0.280S O.S3 3365 8 3 
B98.l 118 69 0.60 10 1.43 1.98 0.2846 0.39 3388 6 -1 
B8.1 88 49 0.S7 0 1.28 3.36 0.2887 0.36 3411 6 -8 
B87. l 48 27 0.60 2 1.42 2.11 0.2891 0.49 3413 8 -1 
830.l 9S 163 1.77 0 1.35 3.06 0.2943 0.81 3441 13 -4 
Analyses greater than I 0% discordant 
Bl.I 201 87 0.4S 35 3.27 3.00 0.1158 0.48 1892 9 10 
B34.l 104 34 0.34 15 3.49 3.36 0.1110 0.95 1816 17 12 
Bl6.l 127 78 0.64 0 3.51 3.05 0.1133 0.62 1854 11 15 
Bl2.l 155 61 0.41 18 3.35 3.05 0.1191 0.80 1942 14 15 
BS.I 102 84 0.8S 24 1.72 3.07 0.2876 0.42 340S 7 15 
B28.1 62 88 J.4S 0 3.26 3.15 0. 1240 1.30 2014 23 17 
848.1 33 20 0.63 14 2.S4 3.30 0.1643 1.54 2SOO 26 17 
Bl7.1 90 48 0.56 17 3.S9 3.07 0.1130 l.IS 1849 21 17 
B26.1 287 162 0.58 228 3.60 3.00 0.1131 0.80 1849 15 17 
B4.I 141 96 0.70 0 2.97 3.04 0.1389 0.50 2214 9 18 
83.1 98 106 1.12 39 2.61 3.14 0.1625 0.70 2482 12 19 
B21.1 136 87 0.66 0 3.63 3.07 0.1146 I.OS 1874 19 19 
831.1 67 48 0.74 S9 1.78 3.13 0.2956 0.61 3448 10 20 
847. l 160 144 0.93 0 3.80 3.06 0.1148 0.85 1876 15 24 
B39.l 133 45 0.35 63 3.89 3.07 0.1129 1.27 1847 23 2S 
813.1 96 56 0.61 10 3.89 3.08 0.1184 0.90 1932 16 31 
832.l 146 120 0.85 5S 4.40 3.08 0.1107 1.41 1811 26 37 

Isotope ratios are corrected for common Pb by reference to the measured abundance of 204Pb 
206Pbc denotes the amount of common 206Pb measured 
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Table S9 SHRIMP U-Pb isotopic data for zircons from graywacke in the Wilson Formation 
(2001082527). 

Spot u Th Th/U 
206Pbc 23sU/206Pb w1Pbf206Pb 207PbJ2°6Pb age Discordance 

name (ppm) (ppm) (ppb) (± lcr %) (± lcr %) (Ma ± lcr) (%) 

B l 2.I 188 133 0.73 3 17 3.33 3.S4 0.1079 2.68 1764 49 4 
897.2 166 183 1.14 377 3.39 4.19 0.1082 2.05 1769 37 6 
B48.2 12S 78 0.6S 100 3.15 4.08 0.1087 1.46 1777 27 0 
B63.2 106 71 0.69 2S2 2.99 3.98 0.1095 l.80 1791 33 -4 
B97.1 116 104 0.92 45 3.08 2.22 0.1099 1.80 1798 33 -1 
B69.l 137 72 0.54 37 3.10 2.16 0.1 lOO l.28 1799 23 0 
BSO.I 12S 69 O.S7 62 3.03 3.10 0.1101 l.Sl 1800 27 -2 
888.I 72 70 1.00 92 3.04 2.S2 0.1103 2.13 1804 39 -2 
B87.2 150 216 1.48 202 3.21 4.27 0.1103 l.40 l80S 25 3 
B38. l 137 69 O.S2 6S 3.22 3.3S 0.1108 1.21 1812 22 4 
B87. l 138 102 0.76 71 3.18 2.lS 0.1108 1.17 1813 2 1 3 
B69.2 147 87 0.61 6S 2.88 3.79 0.1109 0.75 181S 14 -6 
8S0.2 134 9S 0.73 66 3.16 3.81 0.1110 1.02 1816 18 2 
B21.I 179 217 1.2S 169 2.91 3.3 l 0.1112 l.04 1819 19 -S 
B83.2 128 147 1.18 68 3.22 3.89 0.1113 1.1 3 1821 21 4 
846.2 162 88 O.S6 91 3.09 3.77 0.1114 0.72 1823 13 l 
B63. I 106 74 0.71 0 2.98 2.23 O.ll 16 1.68 1826 30 -2 
879. l 22S 242 1.11 196 3.31 2.06 0.1116 l.08 1826 20 7 
896.l 120 47 0.41 76 3.11 2.44 0. 1117 1.36 1827 25 2 
815.2 150 108 0.75 139 3.01 3.82 0.1118 1.18 1829 21 -1 
841.2 2 II 132 0.65 73 3.11 3.7S 0.1119 0.67 1830 12 2 
883.1 149 90 0.62 lOS 2.96 2.16 0.1119 1.16 1830 2 1 -3 
B96.2 188 7S 0.41 S3 2.84 3.77 0. l 120 0.83 1833 IS -6 
B41.1 ISS 47 0.31 29 3.33 3.74 0.1123 1.31 1836 24 8 
B46.l 188 101 0.56 31 3.27 3.3S 0.1123 1.17 1838 21 6 
B38.2 135 70 0.53 16 3.19 3.79 0.1124 0.90 1838 16 4 
B48.I 11S 62 0.S6 102 3.12 2.23 0.1129 l.S l 1847 27 3 
839.I 1S8 94 0.62 70 3.01 3.32 0.1130 0.88 1849 16 0 
87S.2 119 8S 0.74 0 3.02 3.83 0.1131 0.8S 1849 15 0 
B7S. l 101 8S 0.87 27 3.16 2.27 0.1132 1.87 1851 34 4 
839.2 164 90 0.57 107 3.06 3.80 0.1132 0.82 l8S2 lS 1 
86.1 173 181 1.08 304 3.18 3.29 0.1134 1.26 185S 23 s 
B IS.I 103 43 0.43 0 3.03 3.3S 0. 1137 0.96 1859 17 I 
871.1 131 75 0.59 45 2.86 2.16 0.1138 0.92 1860 17 -4 
B67.I 123 75 0.63 79 2.99 2.48 0.1141 1.23 1866 22 0 
B27. I 80 70 0.90 0 3.16 3.34 0.1142 1.32 1867 24 5 
861.l 181 143 0.81 23 2 .96 2.09 0.1146 0.91 1873 16 0 
B IOO. I 244 6S6 2.78 740 3.26 2.28 0.1147 2.20 1875 40 8 
B82. I 136 53 0.40 46 3.02 2.23 0.1148 1.02 1876 18 2 
Bl3. l 127 82 0.67 10 3.02 3.32 0.1148 0.91 1876 16 2 
B26.I 282 654 2.39 404 3.22 3.27 0.1148 I.IQ 1876 20 7 
B24.l 180 443 2.5S 173 3.06 3.35 0.1148 1.29 1877 23 3 
BS.I 176 110 0.6S 0 3.20 3.33 0. 1149 0.66 1878 12 7 
871.2 158 145 0.95 5 2.76 3.80 0.1150 0.9S 1880 17 -6 
B36. l 150 83 O.S7 22 3.04 3.26 0.1150 0.6S 1880 12 2 
B30.I 119 85 0.74 28 3.04 3.29 0.1151 0.94 1882 17 3 
888.2 126 189 1.55 167 3.09 3.95 0.1151 1.21 1882 22 4 
B54.l 181 173 0.98 99 3.26 2.09 0.1153 l.20 1885 22 9 
833.1 85 48 0.58 0 2.89 3.32 0. 1157 0.97 1891 17 -1 
886.1 152 85 O.S8 0 2.96 2.19 0.11S9 0.86 1893 IS 1 
B22.1 231 S56 2.48 328 3.20 3.28 0.1159 1.06 1894 19 7 
Bl7.l 182 217 1.23 53 2.82 3.59 0.1176 0.93 1921 17 -2 

B9 l.l 6S 2S 0.40 32 2.S8 2.53 0.1224 1.43 1991 25 -6 
B98.I 170 68 0.41 31 2.74 2.S9 0.1224 0.91 1992 16 -1 
B68.l 146 73 O.S2 0 2.94 2.IS 0.1226 1.19 199S 21 s 
851.1 126 49 0.40 7S 2.42 2.80 0.139S 0.87 2221 15 0 
899.1 143 68 0.49 S4 2.25 2.15 0.1506 0.84 23S2 14 - I 
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Table S9 SHRIMP U-Pb isotopic data for zircons from graywacke in the Wilson Formation 
(2001082527) continued. 

Spot u Th Th/U 
206pbc 23su/206pb 201Pb/206pb 207 Pbt206pb age Discordance 

name fonm) {ppm) <oob) (± tu%) (±lu %) fMa± lu) (%) 
885.l 97 41 0.44 74 2.07 2.27 0.1579 0.84 2433 14 -4 
852.1 60 90 l.56 53 2.33 2.44 0.1587 l.44 2442 24 6 
8 78.l 153 96 0.65 54 2.09 2.19 0.1635 0.66 2492 11 -l 
B76.1 84 68 0.84 40 2.17 2.27 0.1643 1.11 2500 19 2 
B81.1 120 170 l.46 93 2.05 2.23 0.1646 0.94 2503 16 -2 
B74.l 70 56 0.83 13 2.18 2.37 0.1657 1.09 25 15 18 3 
Bl0.1 154 111 0.74 0 2.14 3.30 0.1693 0.61 2550 10 3 
B43.l 29 19 0.67 0 2.16 4.16 0.1766 3.69 2622 61 6 
B58.I 118 61 0.54 22 1.88 2.18 0.1875 0.72 2721 12 -1 

Ambiguous analses with High U and/or high 204Pb 
B27.2 2664 7325 2.84 6267 25.64 3.74 0.0946 3.37 1520 64 84 
B42.l 176 518 3.04 859 3.41 3.55 0.1039 4.37 1695 81 2 
B40.l 1055 5576 5.46 2627 18.69 3.26 0.1054 3.D9 1721 57 80 
Discordant analyses 
B23.I 268 626 2.41 55 3.30 3.37 0.1182 0.71 1929 13 12 
B79.2 249 297 1.23 81 3.42 3.74 0.1147 0.74 1876 13 12 
B44.l 159 233 1.51 141 3.56 3.39 0.1109 1.41 1815 26 12 
B47.1 161 396 2.55 l 15 2.54 2.16 0.1593 0.98 2448 17 13 
B89.l 209 325 1.61 504 3.66 2.07 0.1112 1.56 1818 28 14 
Bl4.1 226 197 0.90 338 3.32 3.34 0.1220 3.01 1986 53 14 
B66.l 151 435 2.97 239 3.68 2.16 0.1117 1.85 1827 34 15 
B45. I 210 281 1.38 124 3.63 3.38 0.1134 1.41 1854 25 15 
B6l.2 209 522 2.57 301 3.63 3.79 0.1138 l.23 1862 22 16 
B9.1 185 246 1.38 138 3.63 3.28 0.1159 1.13 1893 20 17 
B94.I 213 193 0.94 413 3.89 2.08 0.1105 l.78 1808 32 18 
Bil.I 287 1529 5.50 253 2.69 3.27 0.1651 0.62 2509 10 19 
B57.1 277 372 1.39 228 3.81 2.04 0.1146 1.36 1873 24 20 
892.1 186 355 1.97 379 4.05 2.17 0.1091 1.77 1785 32 20 
877.1 228 302 1.37 337 3.94 2.07 0.1 129 1.43 1847 26 21 
B53.l 70 237 3.52 333 3.77 2.50 0.1188 3.84 1938 69 22 
Bl9.1 217 447 2.13 41 3.99 3.26 0.1133 0.74 1853 13 22 
B65.l 187 1063 5.88 428 4.11 2. 13 0.1115 2.35 1824 43 23 
B90.1 258 758 3.03 256 4.09 2.05 0.1125 1.49 1840 27 23 
B34. l 289 694 2.48 680 4.20 3.26 0.1110 1.40 1816 25 24 
B84. I 225 718 3.30 649 4.37 2.14 0.1077 2.40 1761 44 25 
B35.l 234 231 1.02 302 4.19 3.31 0.1134 0.99 1855 18 26 
BI00.2 246 570 2.40 141 4.22 4.56 0.1145 1.21 1872 22 27 

256 



Table S9 SHRIMP U-Pb isotopic data for zircons from graywacke in the Wilson Formation 
(200108252 7 continued. 

Spot u Th I Th/U 206pbc 238U/206Pb w1PbJ206Pb 207Pb/206Pb age I Discordance 
name (ppm) (ppm) I I fnnb) (±la%) (±la%) <Ma± la) (%) 

Discordant anal vses cont. I 
1--- ---

1225'3".90 ~ 547 Bl6.l 324 4.32 3.29 0.Il28 1.39 1844 25 27 
860.l 221 ~~++~380 4.44 2.83 0.1110 1.91 1816 35 28 -

212 
- - - -

B95.l 301 I.47 466 4.51 2.19 0.1095 3.01 1791 55 I 28 -
Bl8.l 284 581 I 2.12 451 4.33 3.36 0.1196 1.12 1950 20 31 
B72.l 259 1063 I 4.24 536 4.76 2.06 0.1126 2.00 I 1842 36 33 
B73.l 243 551 I 2.34 298 4.95 2.93 0.1107 1.56 1812 28 35 
r--

800 I 
-

B59.l 280 2.95 702 4.89 2.10 0.1171 l.85 1912 33 37 
B2.l 279 112 I 2.86 624 3.88 3.69 0.1548 1.12 2399 19 38 
B55.1 423 929 I 2.27 631 5.67 2.00 0.1147 1.51 1875 27 44 
B28.l 374 851 2.35 527 6.00 3.25 0.1179 I.1 7 1925 21 48 
B49.I 409 122& I 3.10 638 6.01 2.06 0.1193 1.70 1946 30 49 
B6.2 475 747 I 1.62 3248 6.16 3.75 0.1203 2.10 1961 37 51 
B64. I I 544 1344 I 2.56 1172 6.50 2.00 0.1172 l.76 1914 32 52 
B80.I 458 1573 I 3.55 523 7.17 2.04 0.1113 1.98 1821 36 54 
B25. l I 383 1223 I 3.30 501 7.51 3.24 0.1157 1.42 1890 I 26 57 
B37.l 423 846 ; 2.07 1303 7.55 3.23 0.1156 1.69 1890 30 58 
856.1 472 1166 I 2.55 758 7.84 2.00 0.1155 2.02 1887 36 59 
B32.l 468 1088 I 2.40 1180 8.82 3.23 0.1168 1.80 1908 32 64 
820.1 577 855 I 1.53 1515 8.65 3.30 0.1241 1.45 2016 26 65 
B62.l 664 I 2020 1 3.14 2939 10.41 2.02 0.1270 2.57 2057 45 71 
f--

329 w, __!_72__ 
-

893.1 389 8.80 2.02 0.1568 1.25 2421 21 71 
f--

2.0l 0.1176-8 70.1 645 1859 I 2.98 1911 ll.41 2.85 1920 51 72 
829.I 384 138~~ 403 11.15 3.25 0.1311 1.44 2112 25 74 

>--
2795 0.139l u o BJ.I 771 2633 3.53 12.39 3.26 2216 30 77 

B7.I 1000 6681 I 6.90 2808 13.15 3.24 0.1340 1.59 2151 28 78 
BIOl.l 831 I 3075 I 3.82 I 2091 16.26 _1:!±._ 0.1119 3.15 1831 57 79 - -
l!_!.l 488 1015 I 2.15 1236 21.37 3.30 0.1167 3.13 1907 56 85 

- --- - -
B4.l 1555 3325 2.21 4163 25.04 I 11.66 I 0.1537 I 42.80 2387 729 89 

I I 

- -
1sotope ratios are corrected for common Pb by reference to the mea.~ured abundance of204Pb 
206 206p I Pbc denotes the amount of common b measured 1 I 
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Table SJO SHRIMP U-Pb isotopic data for zircons from arkose m the Mount Charles 
Formation (2003082644). 

Soot u Th Th/U 
206pbc 23sU/206Pb 201Pbf206Pb 207Pbt206Pb age Discordance 

name (ppm) (ppm) (ppb) (± le;%) (±l e;%) (Ma± lcr) (%) 

B I04. J 23 24 1.06 70 2.86 2.06 0.1128 3.47 1845 63 -4 
B27.2 123 98 0.83 97 2.87 2.43 0.1159 0.88 1893 16 -2 
B3.l 113 196 1.79 47 2.98 2.48 0.1160 0.79 1895 14 2 
B26.l 137 225 1.70 60 3.03 2.41 0. 11 62 0.73 1898 13 3 
B93. l 106 16 1 1.56 67 2.90 1.37 0.1171 1.01 1913 18 0 
8107.1 72 42 0.59 24 2.82 1.47 0.1174 1.14 1916 20 -2 
B27.I 64 35 0.56 21 2.92 2.52 0.1191 1.08 1943 19 2 
B6. l 116 187 1.66 45 2.95 2.48 0.1192 0.93 1945 17 3 
B76.1 26 29 l.12 2 3.02 1.93 0.1196 1.41 1950 25 6 
Bl08.1 22 20 0.93 80 2.21 2.29 0.1493 2.24 2337 38 -3 
B4.l 151 58 0.39 0 2.30 2.42 0.1547 0.47 2399 8 3 
B84. l 126 64 0.52 53 2.27 1.33 0.1575 0.62 2429 11 3 
B68.1 56 27 0.50 111 2.16 1.57 0.1591 1.06 2446 18 0 
B74.l 50 36 0.76 99 2.08 2.01 0.1609 1.15 2465 19 -3 
B42.l 73 34 0.48 69 2.19 2.55 0.1612 0.90 2469 15 2 
B16.1 98 40 0.42 46 2.16 2.45 0.1615 0.57 2472 10 l 
B9.1 49 40 0.84 69 2. 10 2.65 0.1622 1.29 2478 22 -1 
B39. l 78 30 0.40 28 2.16 2.51 0.1623 0.80 2480 14 I 
B l03.I 46 20 0.45 92 2. 14 1.63 0.1624 1.19 2481 20 0 
Bl.l 62 31 0.51 62 2.11 2.54 0.1624 0.87 2481 15 -I 
B91.l 74 42 0.59 65 2.08 1.50 0.1624 0.82 2481 14 -2 
B21.l 40 68 1.74 78 2.19 2.68 0.1627 1.22 2484 21 3 
B29.I 136 54 0.41 51 2.33 2.49 0.1627 0.52 2484 9 8 
B71.1 46 72 1.62 59 2.ll 1.67 0.163 1 1.07 2488 18 0 
B73.1 107 43 0.42 104 2.16 l.35 0.1632 0.66 2489 11 I 
B43. l 53 56 1.10 90 2.05 2.56 0.1635 1.05 2492 18 -3 
B67. l 233 64 0.28 150 2. 15 1.26 0.1635 0.45 2492 8 1 
B30. I 62 26 0.42 63 2.17 2.52 0.1635 1.17 2492 20 2 
B73.l 58 51 0.91 0 2.36 1.58 0.1635 0.86 2492 14 9 
B94.I 140 71 0.52 40 2.12 1.31 0.1635 0.49 2492 8 0 
B90.l 25 35 1.44 69 2.08 2.02 0.1636 1.71 2493 29 -2 
B25.I 94 43 0.47 95 2.23 2.44 0.1636 0.69 2494 12 4 
882.1 70 29 0.43 112 2. 11 1.58 0.1636 0.97 2494 16 0 
B98.1 155 71 0.47 87 2. 11 1.28 0.1637 0.58 2494 10 0 
B40.I 56 58 1.08 84 2.19 2.57 0.1638 0.90 2495 15 3 
B83.1 152 78 0.53 68 2.12 1.33 0.1638 0.48 2496 8 0 
BI00.1 266 108 0.42 65 2.07 1.21 0. 1640 0.39 2497 7 -2 
B24.l 96 49 0.52 102 2.04 2.48 0.1640 0.66 2497 11 -3 
B37.1 122 55 0.47 77 2.19 2.43 0.1640 0.66 2498 II 3 
B78.I 114 55 0.50 106 2.16 1.35 0.1640 0.64 2498 II 2 
B31 .l 18 26 1.54 21 2.34 2.95 0.1641 2.19 2498 37 9 
B5l.1 170 77 0.47 54 2.13 2.53 0.1642 0.48 2500 8 I 
B45. l 76 51 0.69 48 2.30 2.51 0.1643 0.63 2500 11 7 
B88. l 47 34 0.74 127 2.04 1.63 0.1643 1.24 2500 2 1 -3 
B95. l 108 53 0.51 66 2.12 1.36 0.1643 0.61 2501 10 1 
B87.I 172 73 0.44 54 2.11 1.26 0.1644 0.42 2501 7 0 
B80. l 133 104 0.81 15 2.09 1.32 0.1644 0.48 2502 8 -I 
034.1 20 1 149 0.77 6 2.10 2.39 0.1646 0.36 2504 6 0 
B49.1 27 34 1.30 I 16 2.17 2.82 0.1646 1.82 2504 31 2 
B20. l 64 33 0.52 6 2.23 3.21 0.1647 0.75 2505 13 5 
B35.I 135 84 0.64 94 2.07 2.53 0.1647 0.58 2505 10 -1 
B92.l 185 72 0.40 80 2.14 1.36 0.1648 0.43 2505 7 1 
B46.l 207 101 0.50 72 2.25 2.38 0.1648 0.42 2506 7 6 
B32.l 94 68 0.75 79 2.13 2.63 0.1650 0.69 2507 12 I 
B89.l 123 61 0.51 85 2.13 1.35 0.1650 0.65 2508 II 1 
B97.l 67 183 2.80 35 2.07 1.49 0.1650 0.87 2508 15 -1 
B99.l 97 45 0.48 46 2.08 1.38 0.1651 0.66 2508 11 -1 
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Table SlO SHRIMP U-Pb isotopic data for zircons from arkose m the Mount Charles 
Formation (2003082644) continued. 

Spot u Th Th/U 206pbc 2Jsu J206pb 207Pb/206Pb 207Pb/206Pb age Discordance 

name (ppm) <nnm) (ppb) (± lcr %) (± lcr %) fMa± Jcr) (%) 

B72.l 241 74 0.32 58 2.11 1.24 0.1651 0.38 2509 6 0 
BlOl.1 203 85 0.44 70 2.26 1.24 0.1652 0.42 2509 7 6 
B50. l 104 97 0.96 170 2.10 2.53 0.1653 0.70 2510 12 0 
B2.l 63 32 0.52 32 2.24 2.52 0.1653 0.81 2511 14 5 
B36.1 89 44 0.51 69 2.09 2.46 0.1654 0.63 2511 11 0 
B14.l 213 100 0.49 51 2.14 2.40 0.1657 0.48 2515 8 2 
Bl 1.1 107 55 0.54 0 2.26 2.48 0.1658 0.54 2515 9 7 
B8.l 34 42 1.25 7 2.19 2.67 0.1658 0.89 2516 lS 4 
096. l 172 129 0.78 76 2.13 1.27 0.16S9 0.47 2Sl6 8 1 
B22.l 71 44 0.6S 0 2.02 2.SO 0.1659 0.63 2517 11 -3 
B47. I 68 34 0.52 72 2.13 2.50 0.1660 0.92 2Sl7 lS l 
B3l.2 181 78 0.4S 40 2.14 2.40 0.1661 0.42 2Sl8 7 2 
BIO.I 222 84 0.39 90 2.31 2.49 0.1661 0.46 2519 8 8 
B70.l 80 33 0.42 78 2.11 1.44 0.1661 0.83 2519 14 J 
885.l 20 3S 1.83 S7 2.27 4.71 0.1662 1.90 2520 32 7 
Bl06.1 IS9 368 2.39 41 2.10 l.32 0.1662 0.43 2S20 7 0 
B72.2 4S 3S 0.80 10 2.22 2.80 0.1662 0.92 2520 lS 5 
BIOS.I 97 85 0.91 53 2.07 l.S7 0.1664 0.69 2S22 12 -1 
886.l 8S S7 0.69 7S 2.09 1.42 0.1667 0.68 2S2S 11 0 
B38.l 24 58 2.S2 78 2.30 2.78 0.1667 1.72 252S 29 9 
BllO.l 109 89 0.84 55 2.07 l.3S 0.1676 0.57 2534 IO 0 
B77.I 126 93 0.76 43 2. 19 1.32 0.1677 O.SS 2S34 9 s 
B33.I 7S 48 0.66 34 2.07 2.96 0.1677 0.63 2S3S 11 0 
B79.l 49 39 0.82 so 2.10 1.60 0.1678 0.91 2S36 lS 1 
BS.I 140 86 0.63 0 2.06 2.42 0.1684 0.43 2542 7 0 
87.1 184 136 0.76 2 I 2.21 2.S4 0.1694 0.38 25S2 6 6 
Bl02.l 27 37 1.43 31 2.26 1.92 0.1704 1.55 2562 26 9 
B41.l 199 90 0.47 71 1.56 2.38 0.2723 0.29 3319 5 4 
B44.l 198 58 0.30 54 1.42 2.59 0.2725 0.26 3320 4 -3 
B81 . I 78 95 l.2S 78 1.44 1.77 0.2895 0.44 341S 7 0 
B7S.l 69 S6 0.84 38 1.Sl 1.56 0.2899 0.60 3417 9 4 
848.2 136 18 0.14 102 1.44 2.43 0.2911 0.30 3424 s 0 
848.1 51 48 0.96 52 1.41 2.54 0.2919 0.50 3428 8 -1 
Bl09.l 99 58 0.61 37 1.43 l.36 0.3058 0.73 3500 11 2 
Analyses greater than 10% discordant 
Bl3.l 193 76 0.41 72 2.31 2.39 0.1680 0.48 2538 8 10 
BIS.I 132 102 0.80 37 2.41 2.44 0.1662 O.S9 2S20 10 13 
1317. I 246 69 0.29 66 2.S2 2.38 0.1620 0.50 2477 8 15 
B23. l 60 29 0.51 58 2.53 2.52 0.1626 1.00 2483 17 16 
819. 1 86 60 0.72 91 2.53 2.71 0.163S 0.78 2492 13 16 
Bl8.l 186 162 0.90 27 2.S8 2.39 0.1647 0.78 2505 13 19 
B28.l 108 59 0.57 61 2.62 2.44 0.16S7 0.77 2Sl4 13 20 
Bl2.1 87 132 l.S6 2 2.S9 2.64 0.1683 0.64 2S41 II 21 
B69.1 237 487 2.12 767 3.19 1.25 0.1681 1.11 2S39 19 44 
B7S.2 257 196 0.79 323 3.01 1.23 0.2742 0.43 3330 7 80 
824.2 390 223 0.59 840 5.46 2.42 0.1427 1.39 2260 24 108 

Isotope ratios are corrected for common Pb by reference to the measured abundance of2°'1>b 
206Pbc denotes the amount of common 206pb measured 
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Table Sl 1 SHRIMP U-Pb isotopic data for zircons from arkose in the Mount Charles 
Formation (2001082507). 

Spot u Th Th/U 
2
°6rbc 23sU1206rb 201Pb/206rb 207Pb/2°6rb age Discordance 

name (ppm) (ppm) (ppb) (±lcr %) (± lcr %) (Ma ± lcr) (%) 

B40.l 82 65 0.81 54 2.87 1.45 0.1136 1.02 1858 18 -4 
B40.2 88 85 0.99 15 1 3.13 2.85 0.1146 1.77 1874 32 4 
B58.l 139 105 0.78 47 2.82 1.30 0.1156 0.63 1889 11 -4 
B40.3 82 57 0.72 52 3.10 2.88 0.1157 1.63 1891 29 5 
B51.l 113 142 1.30 99 2.36 1.42 0.1162 0.96 1899 17 -20 
B35.l 182 200 1.13 26 2.91 1.31 0.1164 0.53 1902 10 0 
B59.l 122 112 0.94 75 2.96 1.30 0.1170 0.82 1911 15 2 
B32.I 106 72 0.70 0 2.85 1.97 0.1171 0.68 1912 12 -1 
B57.l 151 71 0.49 11 3.03 1.27 0.117 1 0.52 1913 9 4 
B52. l 145 105 0.75 8 2.87 1.29 0.11 73 0.49 1915 9 -1 
B33.l 109 ll5 l.09 91 2.73 1.48 0.1205 1.81 1964 32 -3 
B25.l 48 55 1.18 0 2.06 3.11 0.1632 0.73 2489 12 -2 
B43.1 91 45 0.51 12 1.90 3.78 0.1669 0.74 2527 12 -8 
B38.l 143 155 l.12 31 2.25 1.31 0.1671 0.45 2529 8 6 
B61.l 36 56 1.59 27 1.81 1.81 0.1694 1.02 2552 17 -11 
B39.l 105 91 0.90 0 1.72 1.55 0.2284 0.38 3041 6 3 
B44.l 161 87 0.55 51 1.65 1.28 0.2284 0.32 3041 5 - 1 
B47.l 120 86 0.74 2 1.60 1.31 0.2462 0.33 3160 5 1 
B53.1 61 78 1.32 0 1.56 1.43 0.2568 0.47 3227 7 1 
B26.l 133 163 l.26 107 1.54 2.96 0.2581 0.51 3235 8 0 
B50.l 98 79 0.84 177 1.67 l.38 0.2651 0.46 3277 7 8 
B41.l 86 65 0.77 0 1.51 1.39 0.2717 0.41 3316 6 1 
B56.l 80 1 0.01 7 1.47 1.38 0.2846 0.36 3389 6 l 
B37. I 89 61 0.71 0 1.44 1.48 0.2894 0.38 3414 6 0 
B45.l 90 66 0.75 15 1.41 1.38 0.2896 0.52 3415 8 -I 
B48.l 119 123 1.07 30 1.45 1.32 0.2897 0.31 3416 5 1 
B46. I 93 64 0.71 16 1.38 1.38 0.2902 0.34 3418 5 -3 
B29.l 135 124 0.95 0 1.38 2.94 0.2903 0.31 3419 5 -3 
B42.l 1 I 1 139 1.30 29 1.32 1.49 0.2903 0.38 3419 6 -6 
B60.l 165 147 0.92 24 1.40 1.25 0.2904 0.24 3420 4 -1 
B36.l 125 125 I.03 0 1.34 1.36 0.2919 0.32 3428 5 -5 
B54.I 87 62 0.74 13 l.46 1.35 0.3134 0.33 3538 5 5 
Analyses greater than I 0% discordant 
B55. 1 110 130 l.22 44 1.64 1.31 0.2869 0.40 3401 6 10 
B30.l 145 105 0.75 144 l.67 2.95 0.2839 0.38 3385 6 11 
B l6.l 478 226 0.49 274 l.90 2.66 0.2296 0.24 3050 4 11 
Bl7.l 230 126 0.57 0 l.71 2.63 0.2786 0.32 3355 5 11 
B34.l 804 351 0.45 928 2.56 1.17 0.2201 0.23 2981 4 29 
B5.l 155 396 2.63 147 2.25 2.69 0.2956 0.58 3447 9 31 
827.l 248 691 2.88 329 2.79 2.91 0.2070 0.47 2882 8 32 
818.l 213 500 2.43 104 2.78 2.66 0.2146 0.45 2941 7 33 
815.1 279 327 1.21 510 2.51 2.63 0.2614 0.41 3255 6 34 
849.1 307 1248 4.20 310 2.99 1.22 0.2253 0.34 3019 6 38 
87.l 475 462 1.01 807 4.23 2.62 0.2011 0.52 2835 8 52 
82.1 373 661 1.83 894 3.79 2.69 0.2431 0.60 3141 10 52 
B28.1 1321 1315 1.03 6045 7.51 2.87 0.1279 0.91 2070 16 61 
814.l 1040 824 0.82 5673 6.12 2.61 0.1745 0.71 2601 12 62 
Bil.I 1888 2065 1.13 2792 10.07 2.60 0.1336 0.67 2146 12 72 
B22.l 650 2499 3.97 956 8.08 2.61 0.1843 0.68 2692 11 72 
89.1 1724 1181 0.71 3244 9.63 2.61 0.1654 0.64 2511 11 75 
BIO.I 554 1434 2.67 674 7.68 2.62 0.2607 0.50 3251 8 76 
B19.l 1085 1407 1.34 2110 9.61 2.61 I 0.1999 0.66 2826 II 77 
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Table SI I SHRIMP U-Pb isotopic data for zircons from arkose m the Mount Charles 
Formation (2001082507) continued. 

Spot u Th ThlU 206Pbc 238UJ206pb 
-

207Pb/206pb 207Pbt206Pb age I Discordance 
name (ppm) (ppm) (nob) (± lcr %) (±lcr %) <Ma± lcr) (%) 

B21.1 860 1146 1.38 1468 10.08 2.63 0.1940 0.86 2777 14 78 - - -
B20.l 1203 1677 1.44 2422 11.35 2.65 0.1905 0.70 2747 12 80 .. 

2079- - -
Bl3. l 1535 1-40 1275 18.70 2.62 0.1686 0.99 2544 17 87 
f-- -
Bl2.I 1484 603 0.42 935 20-38 2.61 0.1675 0.92 2533 15 88 
BJ.I 1558 1385 0.92 1363 24.58 2.64 0.1806 . l.16 2658 19 90 
B4.I 2281 4042 1.83 1861 26.68 2.62 0.1627 l.19 2484 20 90 
B6J 787 1222 1.60 548 26.66 3.01 0.2583 5.62 3236 89 93 
Bl.I 1991 1448 0.75 710 34.70 2.78 0.1797 1.11 2650 18 93 
B8.l 2184 1741 0.82 1389 34.97 2.61 i 0.1805 1.02 2658 17 93 

I 

Isotope ratios are corrected for common Pb by reference to the measured abWldance of204Pb I 

206Pbc denotes the amoWlt of common 206pb measured 
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Table S12 SHRIMP U-Pb isotopic data for zircon from quartz arenite in the Pargee Sandstone 
(2001082517). 

Spot u Th Th/U 
206

Pbc 23SU/206Pb 207
P b/2

06
Pb 

207
Pb/

206
Pb age I Discordance 

name (ppm) (ppm) (ppb) (± lcr %) (±lcr %) (Ma± lcr) (%) 

AIOO.l 163 67 0.42 120 3.22 2.99 0.1062 1.06 1734 19 0 
Al00.3 168 70 0.43 49 3.37 3.03 0.1062 0.89 1735 16 3 
Al.3 136 126 0.96 48 3.45 2.96 0.1072 1.18 1752 22 6 
A22.2 171 84 0.51 41 3.16 2.67 0.1076 0.81 1759 15 -1 
Al.I 108 83 0.80 0 3.23 1.65 0.1080 0.74 1766 14 2 
A70.2 200 80 0.41 12 3.39 2.71 0.1082 0.56 1769 IO 6 
Al.2 132 121 0.94 27 3.22 2.71 0.1083 0.90 1770 16 I 
A22.3 165 80 0.50 25 3.17 2.71 0.1084 0.93 1773 17 0 
A44.2 106 54 0.52 69 3.16 2.76 0.1085 3.93 1774 72 0 
A88.1 38 31 0.83 32 3.17 2.93 0.1098 2.40 1795 44 1 
Al00.2 167 72 0.44 17 3.22 2.97 0.1098 0.81 1796 15 3 
A55.2 188 86 0.47 77 2.80 2.68 0.1111 1.05 1817 19 -8 
A27.2 186 64 0.36 6 3.02 2.66 0.1112 0.56 1819 10 -1 
AIOl.l 223 80 0.37 26 3.19 2.95 0.1113 0.69 1820 12 3 
A96.l 136 103 0.78 25 3.23 2.67 0.1114 0.72 1823 13 5 
All6.l 163 89 0.57 42 3.28 1.34 0.1115 0.63 1824 11 6 
A38.l 325 310 0.98 472 3.10 1.41 0.1117 1.04 1828 19 1 
A48.l 241 149 0.64 95 3.33 1.49 0.1121 0.73 1833 13 8 
A117.l 240 72 0.31 0 3.34 1.28 0.1126 0.65 1842 12 8 
All 1.1 240 184 0.79 43 3.22 1.37 0.1128 0.60 1844 11 5 
A28.2 67 45 0.70 51 2.85 2.77 0.1130 1.48 .1848 27 -5 
Al23.l 104 67 0.66 18 2.99 1.41 0.1136 0.94 1858 17 0 
A4.l 172 230 1.38 52 3.07 1.49 0.1137 0.76 1859 14 2 
Al8.l 209 64 0.32 40 2.84 1.39 0.1140 0.95 1864 17 -4 
A54.2 277 146 0.55 61 3.19 2.88 0.1141 0.48 1866 9 6 
Al06.I 122 89 0.75 0 3.08 1.56 0.1160 0.82 1895 15 4 
A109.l 105 40 0.40 0 3.10 1.51 0.1161 1.02 1897 18 5 
A13.l 102 66 0.67 0 2.81 1.61 0.1186 0.75 1936 13 -1 
A108.l 168 93 0.57 0 3.08 1.40 0.1188 1.06 1938 19 7 
Al 18.1 150 94 0.65 I 0 2.83 1.56 0.1209 0.68 1969 12 1 
A26.2 198 57 0.30 76 2.82 2.66 0.1216 0.63 1980 11 1 
A67.2 189 89 0.49 52 2.84 2.66 0.1303 0.56 2102 10 8 
A59.2 207 139 0.69 6 2.39 2.64 0.1356 0.38 2171 7 -4 
Al24.l 212 98 0.48 0 2.52 1.27 0.1366 0.41 2185 7 1 
A57.l 190 150 0.82 100 2.47 1.53 0.1390 1.06 2215 18 1 
A72.2 141 40 0.29 0 2.66 2.66 0.1393 0.49 2218 8 7 
Al22.I 89 49 0.56 11 2.45 1.45 0.1396 0.62 2223 11 1 
Al15.l 60 30 0.52 26 2.30 1.70 0.1446 1.07 2283 18 -2 
Al19.l 182 43 0.25 61 2.29 1.30 0.1491 0.47 2335 8 0 
Al4.l 176 163 0.96 21 2.26 1.40 0.1511 0.45 2359 8 0 
A24.1 292 172 0.61 29 2.19 1.32 0.1551 0.52 2403 9 -I 
A24.2 256 145 0.59 0 2.21 2.64 0.1561 0.35 2413 6 0 
A91.1 45 37 0.85 18 2.13 3.29 0.1583 0.97 2438 16 -2 
Al04.I 74 66 0.92 40 2.37 1.57 0.1588 l.l8 2443 20 7 
A94.1 27 24 0.92 16 2.06 2.98 0.1620 1.09 2477 18 -3 
AllO.l 140 165 1.22 0 2.22 1.41 0.1627 0.53 2483 9 3 
A2.I 302 87 0.30 47 2.19 1.34 0.1637 0.71 2494 12 3 
A29.l 123 137 1.15 283 2.10 1.72 0.1646 1.26 2504 21 0 
A49.1 66 61 0.96 69 2.31 2.05 0.1653 1.11 2511 19 8 
Al20.l 61 31 0.52 35 2.11 1.64 0.1659 0.75 2517 13 1 
A19.2 113 82 0.75 21 2.34 2.70 0.1663 0.61 2521 10 9 
A99.I 207 155 0.78 0 2.25 2.96 0.1669 0.49 2526 8 6 
A107.l 145 138 0.98 28 2.13 1.47 0.1673 0.56 2531 9 2 
A98.l 110 73 0.68 32 2.22 3.14 0.1677 0.68 2535 11 5 
A36.l 141 87 0.64 42 2.28 l.43 0.1681 0.50 2538 8 8 
Al 12.1 151 59 0.40 12 2.07 l.39 0.1715 0.50 2572 8 1 
A42.2 101 47 0.48 10 1.93 2.72 0.1717 0.52 2574 9 -4 
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Table 812 SHRIMP U-Pb isotopic data for zircon from quartz arenite in the Pargee Sandstone 
~ 2001082517) continued. 

Spot u Th Th/U 
206pbc 23BU/206Pb 201PbJ206Pb 207Pbf206Pb age Discordance 

name (ppm) (nnm) (ppb) (±lcr %) (±lcr %) fMa± lcr) (%) 

Al03. l 170 147 0.89 0 1.94 1.37 0.1822 0.42 2673 7 0 
A6.I 167 79 0.49 35 2.08 1.42 0.1848 0.64 2697 11 6 
AS.I 29 17 0.60 25 1.99 2.15 0.1850 1.22 2698 20 3 
Al21.l 153 78 0.52 39 1.88 1.33 0.1862 0.44 2709 7 -2 
A97.1 96 42 0.45 116 1.99 3.11 0.1876 0.79 2722 13 4 
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 1.72 1.56 0.2114 0.65 2917 11 -2 
A31.1 87 130 l.54 0 1.64 1.56 0.2176 0.47 2963 8 -4 
Al05.l 116 81 0.72 5 1.47 1.44 02816 0.45 3372 7 1 
Greater than 10% discordant 
AIO.l 200 78 0.40 239 3.54 1.44 0.1144 1.30 1870 24 14 
A3.3 285 103 0.38 132 3.65 2.64 0.1131 0.68 1850 12 16 
A62.2 116 93 0.83 65 2.66 2.69 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 2.78 0.1093 2.07 1788 38 19 
A43.l 125 42 0.35 36 2.30 1.47 0.2169 0.46 2958 7 21 
A90.l 218 162 0.77 47 2.82 2.69 0.1657 0.46 2515 8 22 
A101.2 311 50 0.17 29 3.72 2.92 0.1218 0.71 1983 13 23 
A5l.1 329 94 0.29 75 3.93 1.44 0.1160 0.82 1895 15 23 
A32.l 301 157 0.54 78 3.98 1.37 0.1153 0.56 1885 IO 23 
A113.l 331 129 0.40 185 4.46 1.27 0.1140 0.69 1865 12 30 
A22.l 282 169 0.62 342 4.88 1.45 0.1058 1.03 1728 19 30 
A3.l 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 1.39 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 Q.41 509 4.58 1.34 0.1150 1.03 1879 19 32 
Al02.l 370 99 0.28 277 4.31 2.90 0.1243 0.77 2019 14 33 
A50.l 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 0.1264 1.24 2048 22 42 
A25.2 594 57 0.10 706 5.70 2.62 0.1133 0.71 1854 13 44 
AS.I 384 341 0.92 332 5.20 1.33 0.1265 0.78 2050 14 45 
A46.l 376 226 0.62 531 5.84 1.33 0.1132 0.95 1851 17 45 
A3.2 431 128 0.31 465 6.08 2.71 0.1,148 1.03 1876 19 48 
A40.2 308 136 0.46 325 6.55 2.64 0.1138 1.19 1861 21 51 
A15.l 649 221 0.35 1426 8.20 1.30 0.1186 1.50 1936 27 62 
A2l.1 817 96 0.12 1135 8.57 1.28 0.1142 0.86 1867 16 62 
All.2 662 3 13 0.49 559 8.92 2.76 0.1129 1.00 1847 18 63 
A87.1 817 242 0.31 1278 9.60 2.62 0.1086 1.14 1776 21 64 
A12.2 568 350 0.64 697 8.85 2.64 0.1183 1.07 1931 19 64 
A93.l 738 183 0.26 970 9.89 2.62 0.1088 1.16 1779 21 65 
A47.l 718 263 0.38 718 9.07 1.39 0.1215 1.83 1978 33 66 
A34.1 962 674 0.72 1739 10.75 1.32 0.1157 2.45 1891 44 70 
A45.I 831 249 0.31 822 11.54 1.33 0.1160 1.50 1896 27 72 
A92.I 799 1219 1.58 1671 11.65 2.62 0.1259 1.22 2041 22 74 
Al7.l 868 285 0.34 1224 8.91 1.27 0.1863 0.57 2710 9 75 
A35. l 1229 456 0.38 2360 12.11 1.30 0.1248 1.85 2025 33 75 
A37.l 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 14.68 2.61 0.1104 1.37 1805 25 76 
A39.2 1177 219 0.19 926 15.04 2.62 0.1104 1.13 1806 21 77 
A41.2 1179 239 0.21 1578 17.57 2.62 0.1150 1.45 1880 26 81 
A7.l 1833 1558 0.88 4819 27.06 1.32 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 56.48 1.34 0.1303 2.61 2102 46 95 
A56.l 162 82 0.52 46 2.96 1.60 0.1001 1.58 1625 29 -16 

Isotope ratios are corrected for common Pb by reference to the measured abundance of204pb 
206pbc denotes the amount of common 206Pb measured 
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Table Sl3 SHRIMP U-Pb isotopic data for zircons from sublitharenite in the Gardiner 
Sandstone (2003082642). 

Spot u Th Th/U 
206pbc 2J8U/206Pb zo1Pbf206Pb 207Pbt206Pb ::rne Discordance 

name (ppm) (ppm) (ppb) (±lcr %) (±lcr %) (Ma ± lcr) (%) 

C60.l 80 78 1.01 0 3.42 2.61 0.1066 1.39 1742 25 5 
C53.l 149 140 0.97 8 3.08 2.53 0.1076 0.97 1760 18 -3 
C7. I 150 73 0.50 74 3.34 1.39 0.1076 1.43 1760 26 4 

C42. l 63 56 0.92 32 3.05 1.76 0.1081 1.85 1767 34 -3 

C75.l 150 90 0.62 44 3.37 2.52 0.1083 0.89 1772 16 6 
C90.1 57 30 0.54 24 3.34 2.75 0.1084 2.46 1772 45 5 

C26.l 60 22 0.39 165 2.91 1.84 0.1087 3.36 1777 61 -7 
C31.l 88 102 1.20 72 3.17 1.58 0.1096 1.81 1794 33 2 
C84.l 153 61 0.41 9 2.96 2.53 0.1098 0.76 1796 14 -4 

C59. l 134 65 0.50 92 3.05 2.52 0.1101 1.11 1801 20 -1 
C93.1 213 79 0.38 63 3.25 2.49 0.1102 0.83 1803 15 4 
C24.l 172 114 0.69 6 3.05 1.37 0.1106 1.05 1810 19 -1 

C80.1 160 75 0.48 67 3.32 2.57 0.1107 0.93 1810 17 7 
C52.1 160 58 0.38 48 3.19 2.51 0.1108 1.00 1812 18 3 
C65.l 103 76 0.76 0 3.07 2.58 0.1109 0.83 1813 15 0 
C50.1 129 54 0.43 35 3.12 2.53 0.1109 0.88 1814 16 I 

C92.l 250 37 0.15 13 3.09 2.50 0.1ll1 0.57 1818 10 0 
C34.1 174 84 0.50 0 3.07 1.34 0.1111 0.86 1818 16 0 
C91.l 129 76 0.61 45 3.09 2.54 0. I 112 0.97 1819 18 1 

C33.1 75 33 0.45 57 2.92 1.67 0.1113 2.66 1820 48 -4 
Cl8.1 178 94 0.54 74 3.15 1.32 0.1113 1.07 1821 19 3 
C41.I 57 20 0.37 88 2.91 1.85 0.1113 2.56 1822 46 -4 

C2.l 165 44 0.27 34 3.13 1.35 0.1114 1.09 1822 20 2 
C15.1 128 77 0.62 I 118 3.00 1.45 0.1114 1.46 1822 27 -2 

C25.1 146 92 0.65 78 2.98 1.40 0.1114 1.20 1822 22 -2 
C45.l 105 94 0.92 58 3.04 2.59 0.1114 1.35 1822 25 -1 
C l2. I 49 19 0.41 51 I 2.99 1.98 0.1114 2.13 1823 39 -2 

C23.l 84 38 0.47 52 2.92 1.61 0.1117 1.15 1827 21 -4 
C44.1 131 55 0.44 74 2.95 1.49 0.1120 1.58 1832 29 I -3 

C36.1 130 81 0.64 108 3.04 1.47 0.1122 1.57 1836 28 0 
C56.1 193 52 0.28 79 2.98 2.48 0.1123 0.74 1836 13 -2 

Cl7.l 107 155 l.49 0 3.17 l.53 0.1123 1.82 1837 33 4 
C74. l 137 76 0.58 1 2.93 2.54 0.1125 0.79 1839 14 -3 
C68. l 179 101 0.58 46 3.33 2.53 0.1126 1.29 1842 23 9 
C37.l 143 66 0.48 24 2.97 1.4 1 0.1131 l.25 1849 23 -1 
CS. I 138 112 0.84 110 3.24 1.41 0.1133 2.05 1852 37 7 
C83.l 159 72 0.47 0 3.18 2.52 0.1134 0.86 1855 16 5 
C32.1 126 62 0.51 53 2.94 1.48 0.1134 1.26 1855 23 -2 

C28.1 266 114 0.44 1 3.04 1.26 0.1135 0.81 1856 15 1 
C4.l 271 237 0.90 34 3.11 1.24 0.1135 0.67 1857 12 3 
C77.1 161 64 0.41 21 3.12 2.52 0.1136 0.68 1859 12 4 
C72.1 69 34 0.51 7 3.07 2.71 0.1137 1.02 1859 18 2 
C29.1 193 75 0.40 0 3.05 1.33 0.1137 0.91 1860 16 2 

C47.1 33 19 0.59 12 3.09 2.93 0.1138 1.59 1860 29 3 
C27.1 143 57 0.41 0 2.97 1.42 0.1 141 0.83 1865 15 0 
C6.l 174 80 0.47 0 3.14 1.35 0.1142 1.10 1867 20 5 

C51.1 214 83 0.40 17 3.29 2.48 0.1144 0.72 1871 13 9 

C67.l 114 43 0.39 0 3.04 2.57 0.1144 1.05 1871 19 2 
Cl 1.1 160 125 0.81 0 2.93 1.37 0.1146 0.78 1874 14 -1 

C59.2 95 44 0.48 0 3.04 2.59 0.1151 1.06 1882 19 3 
Cl.I 94 40 0.44 0 3.01 1.56 0.1155 1.26 1888 23 2 

C79.I 111 39 0.36 0 3.10 2.57 0.1158 1.02 1893 18 5 

C46.1 48 7 0.15 23 2.93 3.26 0.1167 1.39 1906 25 l 
C57.I 148 132 0.92 13 3.01 2.55 0.1179 0.69 1925 12 4 

C21.1 163 79 0.50 0 3.01 1.38 0. 1184 0.79 1931 14 4 
C30.1 16 20 1.28 0 2.91 2.96 0.1211 2.56 1972 46 4 

C38.l 146 42 0.30 25 2.74 1.40 0.1224 1.30 1992 23 -I 
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Table S 13 SHRIMP U-Pb isotopic data for zircons from sublitharenite in the Gardiner 
Sandstone (2003082642) continued. 

Spot u Th ThfU 
206pbc 2JsU/206Pb 207Pb/206Pb 207Pb/206Pb age Discordance 

name (oom) <oom) (oob) (± ]er %) f± ler %) fMa± ler) (%) 
C40.l 129 81 0.65 80 2.62 l.46 0.1268 l.22 2055 22 -I 
C20.l 31 23 0.79 47 2.58 2.31 0.1279 3.86 2069 68 -2 
Cl6.l 210 85 0.42 0 2.55 1.38 0.1333 1.78 2142 31 1 
CB.I 128 84 0.68 33 2.48 1.44 0.1345 1.10 2158 19 -1 
C89.1 93 50 0.56 47 2.45 2.60 0.1352 0.83 2166 15 -2 
C62. l 40 38 0.99 0 2.37 2.88 0.1524 l.56 2373 27 5 
C49.l 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 2.49 0.1591 0.45 2446 8 -2 
C14.l 105 104 l.02 3 2.27 1.53 0.1591 0.83 2446 14 4 
C70.I 68 52 0.79 10 2.21 2.62 0.1632 0.88 2489 15 3 
C9.l 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. l 69 66 0.99 95 2.28 2.68 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.l 173 25 0.15 91 1.95 2.54 0.1917 0.48 2757 8 4 
C6l.l 98 31 0.33 27 1.61 2.62 0.2606 0.97 3250 15 5 
Greater than I 0% discordant 
C78. I 601 568 0.98 642 10.21 2.47 0.1045 2.25 1705 4 1 183 
C64. I 205 178 0.90 111 4.71 2.49 0.1073 1.30 1755 24 41 
C8.1 139 226 1.68 125 3.68 l.41 0.1097 1.77 1795 32 16 
C86.l 49 21 0.46 27 3.56 2.82 0.1108 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 2.49 0.1123 0.84 1837 15 IO 
C3.J 259 186 0.74 0 3.69 1.27 0.1127 0.69 1843 12 19 
C85.1 391 332 0.88 271 7.02 2.48 0.1128 1.28 1845 23 115 
C88. I 104 51 0.51 74 3.67 2.63 0.1130 1.33 1848 24 19 
C69.I 71 96 1.39 17 3.49 2.63 0.1188 1.65 1938 29 19 
C66.l 189 90 0.49 0 3.31 3.02 0.1198 1.04 1953 19 15 
C81.l 57 61 1.10 0 2.99 2.70 0.1372 0.98 2192 17 18 
C82.l 55 38 0.72 43 2.49 2.74 0.1549 1.42 2401 24 10 
C35.l 225 191 0.88 0 2.57 1.27 0.1652 0.64 2509 11 18 
C55.1 110 109 l.03 106 2.47 2.56 0.1667 0.86 2525 14 15 
Cl0.1 167 110 0.68 0 2.33 1.35 0.1682 0.63 2540 . 11 10 
C48.l 244 222 0.94 125 2.90 2.47 0.1697 0.56 2555 9 34 --
Cl9.l 234 246 l.09 0 2.36 1.26 0.1722 0.47 2580 8 13 
C71.l 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 of204Pb 
206Pbc denotes the amount of common 206Pb measured 

265 



266 



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 •inglo xenotimo crys1al fragment& from NYIPK6-80. 

Analysis Fraction Weight u Pb Th/U Pb tot Pl>Com 206/204 2071204 206/238 2 Sig 207/235 2 $19 207/206 2 Sig 206/238 2 Sig 2071235 2Sig 2071206 2 Sig %Disc Corr 
No. (mg) (ppm) (ppm) {pg) (pg) Age(Ma) Age(Ma) Age (Ma) Coe ff 

sk17p90 1 not abraded 0.0020 21355 351B 0.24 7037 10.7 43025 3141 016732 000070 1.8763 0.0072 0.072663 0.000094 997.3 39 999.6 2.7 1004.6 2.6 0 .8 0.954 
sk17p120 2 not abraded 0.0036 6942 114B 0.23 4131 6.8 39854 2912 0.16829 0.00044 1.6870 0.0043 0 072707 0.000068 1002.7 2.4 1003.6 1.6 1005.8 1.9 0.3 0.934 
sk17p121 3 not abraded 0.0022 5469 902 0.24 1984 32 40769 2966 0. 16748 0.00061 1.6717 0.0063 0.072392 0,000102 998.2 34 997.6 2A 997.0 2.9 -0.1 0.928 
sk17p116 4 abraded 0.0050 4293 714 0.27 3571 2.7 85254 6207 0 16744 000039 1.6769 0.0041 0.072636 0.000096 9QBO 22 999.B 1.6 1003.B 2.7 0.6 0.!149 
sk17p118 5 not abraded 0.0058 4269 722 0.29 4 188 3.4 80425 5867 0.16886 0.00038 1.6942 0.0043 0.072760 0.000068 1005.9 2.1 1006.4 1.6 1007.3 1.9 0.1 0.930 
sk17p 119 6 not abraded 00044 7575 1248 0.22 5492 3.6 99866 1277 0.16819 0 00041 1.6863 0 0045 0.072716 0.000072 1002.1 2.2 100~.4 1.7 1008.0 2.0 0.4 0.930 
sk17p117 7 abraded 0.0022 555B 908 0.19 1997 3.2 41~13 3025 0.16815 0.00042 1.6854 0.0047 0.072600 0.000066 1001.9 2. 3 1003.0 1.B 1005.5 1.B 0.4 0.947 
sk17p166 B abraded• 0.0100 1B734 2742 024 27417 9.1 197021 1437~ 010046 0 00072 1.6727 0.0076 0.072679 0.000068 992.6 4. 0 998.2 2 .9 1010.6 1.9 1.9 0.978 

N sk17p167 9 abraded' 0.0040 11142 1840 0.26 7361 ~ .B 100141 7274 0.16692 0.00037 1.6683 0.0043 0.072485 0.000058 995.1 2.1 996.5 1.6 999.6 1.6 0.5 0,956 

O'\ sk17p168 10 abraded• O.OOOJ 7883 1260 0 .30 5120 8.9 36986 2664 0.16243 0.00035 1.6042 0.0039 0.071626 0.000076 9703 19 971.8 1.5 975.3 2.2 0.6 0.894 
00 sk17p169 11 alltaded· 0.0040 12695 2113 0.24 6452 5.7 97235 7099 0.15897 0.00046 1.6974 0.0051 0.072860 0.000062 10116.4 25 1007.6 1 .9 1010.1 1.7 0.4 0.960 

sk17p170 12 abraded• 0.0040 7899 1285 0.17 5139 9.1 37421 2735 0 15839 0 00037 1.6860 0.0043 0.072703 0.000064 1003.2 2.0 1004.0 1.6 1005.7 1.8 0.3 0.941 
sk17p171 13 abraded' 00040 8000 1327 0.27 5308 6.8 50124 3650 0.16693 0.00042 1.6691 0.0045 0.072517 0 000082 995.2 2.3 900.8 1.7 1000 5 2.3 0.6 0.909 

Not"": 
not abraded;large fragments were broken apan and small internal fragments were •elected !or analysis 
abraded• -<!xtensive!y abraded (significant volume reduction) 
Pbtot - Total amount of Pb In excess of blank 
PbCom - Common Pb, assuming all l'tas blank isotopic composition 
Th/U calculated from radiogenic 208Pb/206Pb ratio and 207Pb/206Pb age 
PblU correaod lor ap1ko. fractionation, blank; 206/204 and 207Pb/204Pb corrected lor spike and fractionation. 
%Disc - per cent discordance for the given 207Pb/206Pb age 
Uranium decay constants are from Jaffey et al (1971) 
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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 sxl 00 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 207Pb/206Pb 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 Uffh/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 Pb.M13, ThMa, U.MP 
and YLa. Counting times for Pb, Th and U were 200 sand 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 (2cr) is 150 ppm, 215 ppm and 130 ppm for 
Pb, Th and U respectively. Singl~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 
207Pb!206Pb age of 2625 ± 5 Ma for this sample, and support it being used as reference 
age for D43764 xenotime. 
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Fig. 1. Diagram showing EPMA chemical U- Th-Pb ages for xenotime standard D42764. 

T bl 1 EPMA h . 1 U Th Pb a e c em1ca - - ages an d lt £ D43764 resu s or 

Spot Th Pb u Tb/U Chemical age 
name (ppm) (ppm) (ppm) (±2a %) 

111. 3788 8003 14796 0.26 2623 124 
211. 4407 7151 12921 0.34 2630 130 
311. 3699 7939 14714 0.25 2621 124 
411. 6047 8934 16205 0.37 2610 119 
511. 7202 5800 9719 0.74 2610 155 
611. 5528 10323 19158 0.29 2603 117 
7 I 1. 3923 8196 15102 0.26 2628 123 
8 I l. 3919 8974 16530 0.24 2638 122 
9/1. 2190 6576 12104 0.18 2663 145 
1011 . 3234 8216 15226 0.21 2637 124 
1II1. 4413 9181 16709 0.26 2649 122 
1211 . 4320 11051 20675 0.21 2622 118 
13 11 . 3191 9859 18610 0.17 2621 120 
14 11 . 2930 9722 18282 0.16 2633 122 
1511. 2664 9204 17240 0.15 2643 123 
16 11 . 3749 5506 9765 0.38 2647 170 
17 I I . 3274 8521 15543 0.21 2667 125 
1811. 2352 7737 14151 0.17 2681 129 
19 11 . 3319 8639 15646 0.21 2680 126 
2011. 3729 9173 17101 0.22 2624 121 
2111. 3180 8882 16532 0.19 2638 123 
2211. 3426 8421 15592 0.22 2636 124 
2311. 2756 7577 13834 0.20 2670 130 
24 11. 3277 8418 15395 0.21 2662 125 
2511 . 2785 7716 14110 0.20 2668 128 
2611. 3185 8585 15937 0.20 2640 124 
27 11 . 3087 8107 15208 0.20 2619 124 
2811. 2571 7067 13157 0.20 2636 133 
29 I l. 3624 8977 16491 0.22 2650 123 
30 I I. 3237 8959 16720 0.19 2633 123 
3111 . 4842 10969 20600 0.24 2604 ll7 
32 11. 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 1 cr. 
HV:25kV 
Current: 1 OOnA 
Beam focus: focussed 5 µm 
Cameca SXlOO:Research School of Earth Sciences, ANU 

Det. O/o 

Time Lim. relative 
Element Line Standard Crvstal Position BJ?;l Be2 (s) (nnm) error 

Si Ka Quartz TAP 27741 -1000 1500 150 33 l.7 

p Ka YPs014 PET 70526 -400 400 10 430 2.4 

Ca Ka CaAl20 4 PET 38375 -521 400 20 77 13.9 
y La YP50 14 PET 73913 -1600 1500 10 528 5.5 

Nd La NdPs0 14 PET 27084 290 880 30 230 14 

Sm La SmP50 14 PET 25140 315 738 30 262 9 

Eu La EuPs015 PET 24243 -505 -190 30 342 9.4 

Gd La GdP50 14 PET 23398 -385 400 30 552 7.2 

Th La ThP50 14 PET 22593 -365 430 30 610 10.9 

Dy La DyPs014 LLIF 47391 -885 826 30 200 2.3 

Ho Lb HoPs014 LLIF 40895 -2495 5610 30 407 4.6 

Er La ErPs014 LLIF 44318 -5918 2200 30 203 2.7 

Tm La TmPs014 LLIF 42868 -4468 3637 30 184 4.1 

Yb La YbP50 14 LLIF 41502 -3102 4950 30 209 1.6 

Lu Lb LuP50 14 LLIF 35336 -2008 3064 30 399 5.4 

u Mb U02 LPET 42463 -1060 550 60 210 7-60 

Th Ma Th02 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 SHII-1 M,B,Z,N 50% 02" 6.5 70 No 
Mar-05 SHII-2 M,B,Z 50% 02" l.8 70 No 
Mar-05 SHII-3 M,B,Z No 02" 1.8 120 No 
Apr-05 SHII-4 M,B,Z,D No 02" 3.1 70 No 
Sept-05 SHII-5 M,B,Z 50% 02" 3 120 No 
Dec-05 SHII-6 M,B,Z,N 90% 02" 2 120 yes 
Jun-06 RG-1 M,B,Z,D No 0- 1.3 30 yes 
Sep-06 RG-2 M,B,Z,N No 0- 0.9 30 yes 
Nov-06 RG-3 M,B,Z,N No o· 1.2 30 yes 
Oct-06 RG-4 M,B,Z,L No 0- 1.4 30 yes 
Oct-06 RG-5 M, B,Z,L No 0- 0.9 30 yes 
Nov-06 RG-6 M, B,Z,L No 0- 1 30 yes 
Feb-07 RG-7 M,B,Z,C No o· 0.8 30 yes 
Apr-07 RG-8 M,B,Z, No 0- 1 30 yes 

MH 
M=MG 1, B=BS 1, Z=Z6413, N=NY /PK 6-80, D=D43764, L=LIS-34, MH=Molyhil, 
C=Callie. 
SHH = SHRIMP II 
RG = SHRIMP RG 
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APPENDIX 3.5- Comparison of SHRIMP xenotime Pb/UxfUxUx ratio 
pairs for xenotime standards MGl, BSl and Z6413 (session SHII-1) 
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lnPb/UxfUxUxplots for xenotime standards MGI, BSI and Z6413. 
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lnPb/UxfUxUx plots for xenotime standards MG I, BS I and Z6413. 
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APPENDIX 3.6- Worked example of the SHRIMP xenotime 
206Pb/238U 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 206PbJ238U 
Matrix effect (ME). 

The procedure described here requires that raw 206Pb/238U ratios have been calculated 
for the secondary standards and unknowns with reference to a primary 206Pb/238U 
calibration standard. The calibration method used to calculate the SHRIMP 206Pb/238U 
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 I:REE concentrations, EPMA (WDS) is recommended. For 
U concentrations, either EPMA (WDS) or SHRIMP-based relative sensitivity factors 
(RSF)u-Ho as described in Chapter 3 are reconunended. 

• The SHRIMP xenotime fractional 206Pb/238U ME is modelled by the following 
equation: 

f 206Pbl238U ME= (AU*x) + (Al:REE*y) (eq. 1) 

Where: 

• x and y are the unknown parameters or correction coefficients that are 
determined by Solver. 

• ~U is the wt% difference in elemental U between the averaged concentration 
in the primary calibration standard and secondary calibration standards and/or 
unknown samples. 

• ~I:REE is the wt% difference in elemental I:REE between the averaged 
concentration in the primary calibration standard and secondary calibration 
standards and/or unknown samples. 

• From equation 1, the correction factor for U (fUcF) for example, is simply: 

fUcF = (AU*x) (eq. 2) 

Therefore, fUcF is the fractional proportion of the 206Pb/238U 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 206PbP38U 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 MG 1 was used as the primary calibration standard 
• MGl electron probe WDS determined elemental U and ~REE are 0.0991 wt% 

and 13.43 wt% respectively. lcr 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 B~~ E {B .G J.HL !JI K ILi _!:! 1N. 0 I.IP, g ~.R·, 
Ii . 

1 
! i ,

1 

r .. , ... "'"":, f 
S )!I 

' 
u I V 

i,' . . I I I I i rncak. 
1 11a1oe · rilw Pb'U · rnf. Pb111 ! i AU wt~ .. 1 6I.REE w1". 1 Ph U ME ,..' "'" ........ _ 
2 BS1-2.B 0.003117 0.002100 -0.0761 •.5270 0. 115 

2._jBS1-2.9 o.006723 o.re2100 -0.00!3 • .•974 o.0526 
• BS1-2.10 O.cel83l 0.Cl!2160 -0.CB!2 • .El9 0.~ 
5 BS1-3.1 0.~6.2 0.002100 -O.CE29 • .«16 O.Cll'li 
6 BS1-3.2 0.006997 0.002100 -O.!li19 U337 
~BS1-3.3 O 006469 0.002160 -0.0473 • .5913 0.0498 
B BS1-3.4 0 082617 0.002160 -0.0476 • .0914 0.0055 
9 BS1-3.5 0.0061n 0.Cll2100 -0.0426 • .0356 O.O&i 

~
BS1~.1 0.000082 0.002100 -0.0498 5.2001 0.0756 0 
BS1~.2 0.004951 O.Cl!2160 -0.0'.Bl • . SQl3 O.ll329 0 
BS1~.3 0.005656 0.0021!1J -0.Dm 0395 0.00I 0 

13 BS1~.4 0 !Bi274 0.002160 -O.!li15 5 .0576 0.0477 0 
1~BS1-6.1 0.004433 0.002100 -0.0387 U435 0.0269 O O 
~BS1-6.2 0.004284 O.Cl!2160 -0.CEll 5.1793 0.0252 0 0 
16 26413-5.1 0.204183 0.166717 1.2165 2.7fB7 0.1835 0 0 
1f 26413-5.2 O.:a:l4357 0.166717 1.1«5 2.8267 0.18'12 0 0 
18 '21i413-6.3 O.D!848 0.166717 1 .~ 2.7572 0.2017 0 0 
~26413-6.4 0.203332 0.166717 1.1929 2.7324 0.1801 0 0 
20 26413-6.1 0.2!li751 0.166717 1.1420 2.0042 0.1936 0 0 
2i .IE413-6.2 O.:l05761 0.166717 1.1461 2.!1632 0.1898 0 0 
]fj26413-6.3 0.20:Xl25 0.166717 1.CBJ1 2.9299 0.1665 0 0 
23 126413.6.4 0.199333 0.166717 1.1125 2.lllll5 0.1636 0 0 
24 26413-6.5 0 207372 0.166717 1.4«0 3.Cli59 01960 0 0 
25 26'13-6.6 0.211118 0.166717 1.5189 2.95&l 0.2103 0 0 

26'26413-7.1 0.2!li370 0166717 1.2219 2.9543 0.1921 0 0 
RJZ5413-7.2 0.202113 0.166717 1.1624 3.02QI 0.1751 0 0 
28 I r I ! ~ l ! I 1 

Fig. 1. Example worksheet before running Excel Solver. 

' ... 

COit. 

: Coefficient solution 
I x 0 

. 0 
! ! 

C2"(1-M2J 
=C3"(1-M3) • 
=c4·c1-M4J .! __ __ . 
=C5"(1-M5J 
o1c. 

It· 
'; 

=($V$2'G2)-+{M3"12) 
'=($V$2'G3)-+{M3"13) 
•(SVS2"G-4)-+{SV$3"14) 
=(SVS2"G5)-+{$VS3"5) 
etc. 

'i 
' =(C2-E2)1C2 

=(C3-E3)/C3 
' =(C-4-E4)/C4 

=(C5-E5)1C5 
etc. 

; ...... - I . 

i ; - ----} . 

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 ITJ(g) 
stt Target Cel: II ik.1J 
Equal To: C- {!tax Ci' MiQ C- ~alue of: lo 
-e,y Chaf'lOOQ eels:--------------

j$V$2:$V$3 

f-sybject to the Constrai"ts:-----------~ 

8.ck:I 

Qelete 

Fig. 2 . Solver Parameters dialog box. 

Solve I 
dose I 

&eset All 

l:felp 

• 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 ITJL8] 
Cell B.eference: ~onstralnt: 

j$M$2:$M$27 :id I- iJ l-$K$2:$K$27 :iJ 

OK Cancel I Add ~ 

Fig3. Add Constraint dialog box. 

The Solver Parameters dialog box should now look like Fig. 4. 

Solver Parameters ITJ~ 

5§1: Target eel: II £ 
Equal To: r Max r. Min r ~atue of: lo 
rDY Chanc;no eels: - _

1 
l$Y$2:$V$3 :iJ !ioess 

'-S!Jbject to the Constrairts:------------

Close 

$M$2:$M$27 - $K$2:$K$27 

Qelete 

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. 

OK J Cancel 

Fig. 5. Solver results dialog box. 

S.ave Scenario ... 

B.eports 

Answer 
Sensitivity 
Limit s 

Click on the OK button to keep the solution. The spreadsheet should now look like 
Fig. 6. 

Nimollox B c .oL__e _ G H L fl4 0 iPI a s T v v ~ . ' 

llU wt•, I I e<t n.ll ion Ii ! I (1ec.'1I. 1ec.1k. COii . 

11.1 11 U1J '. / r.iw Pl1 U · tef. Pb ll ; 6IREE wt'. '/Pb·U ME /Pb•ll ME) 206Ph . .tSIU ' <;oefffde 111ts,>l11tlo11 
0.CB31 O.tl!2160 -0 0761 4.5270 0.0115 0.0031 Ocm!l 01297 
0.!1!67 O.tl!2160 -0001'.l U974 0.0526 0.Wi1 0.!1363 _; 0.11129 
O.C898 O.tl!2160 -O.tBl2 OBJ9 O.IJl5.I 0.0022 O.Ql96 --1- 'I 
O.CB56 O.tl!2160 -0 Cii2e UA16 O.OB 0.iXJ.16 O.Cli51 . .j. ; I 0.0!l70 0.082160 -O.tii19 U337 0 O!i66 00047 0.CW!66 ; 
O.C&i5 O.tl!211iO -O().j73 4.5913 O.Q.496 0.0070 0.0859 -+ I ' 

0.0826 O.tl!2160 -OQ.476 4.00U OCI!'i6 0.CI!'i6 O.!ll22 
i ~ 

i 
0.!1!62 0.082160 -0.().j26 4.0356 0.0466 O!Xlill 0.0367 I T r 
0,!1!89 0.082160 -OQ.498 5.21ll1 0.0756 o.ocas 0.!811 -r 

··t i O.lll50 0.lltl160 -0,1J31[) 4.~ 0.0329 0 IIllA 0.Ql.42 i 0.0057 O.re:2160 -0.0200 4.3395 O.O«II O.IXl98 0.C848 ' 4 ' 
O.Clll63 0.tl!21ii0 -0.~15 5.0576 O.DAn O.Wi6 0.0057 ; ' t 

O.Ql.4A 0.!1!2160 -0.0367 A.7435 0.039 O.Clll6 O.!m37 -; t I 
O.fl!.43 0.082160 -0.~1 5.1793 0.0252 0.0066 0.0!37 + t ! 
0.2042 0.166717 1.2166 2.7TH7 0.11'135 0.16511 0.1703 t ' 
0.20AA 0.166717 1.14'5 2.8267 0.1842 01566 0.1724 4 . I ·1: 
0.2008 0.1Ei;717 1.AO&I 2.7572 0.2017 0.1902 0.1691 I ; 

0.2033 0.166717 1.1929 2.7324 0.1!1l1 0.1625 0.1703 ii 
0.21ll8 0.166717 1.14:!] 2.9J42 0.1936 0.156A 0.174' 

~ . l l 0.21li8 0.1Ei;717 1.1'61 2.9;32 0.1898 0.1571 0.173' I 
O.:!Dl 0.166717 1 CJi01 2.9299 0.1665 0.1459 0.17(Jl I I 

01993 0.166717 1.1125 2.11985 016'.E 0.1526 01689 i : t 
0.2074 0.166717 1''40 3.c.>59 0 1960 0.1960 0.1667 i 
0.2111 0. 1Ei;717 151!19 2.96&1 0 2103 0.20&4 0.1677 
0.2!1>4 0.166717 1.2219 2.9&43 01921 01669 0.1719 
0.2021 0.166717 11824 3.02!ll 0.1751 0.1620 0.1694 ' 

' ' ' 1 I • 11 ' ! I! 

! ~ .. ·t t 
I ' r. 1 i I rt 

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 206Pbl238U ME for each analysis "equation 
(recalc. j2°6Pb!238U ME)" (column M) and the umEEMatrix corrected 206Pbl238U ratio 
for each analysis "recalc 206Pb/238U" (column 0) is also shown. 

The above example has used Excel Solver to find a solution to the simultaneous 
equations that describe the f 206Pbl238U ME for the secondary standards BS 1 and 
Z64 13, shown in equation I. 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 minimise the sum of squares between the measured f 206Pb/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 206Pbl238U" (column O; Fig. 6). 

In columns Q and S, type in the headings, residual and res. square, respectively. The 
r esidual is the difference between the measured f2°6Pb/238U ME (Column K) and the 
linear function used to model the 206Pbt238U ME in step 1 (Column 0, 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. 

1--1 n.,me 
2 BS1·28 

11=~:~·~0 8Sl-3.1 
BS1-3.2 
8S1-3.3 
8S1·3.4 

9 851-3.5 

1~851-'.1 
11 BS1-'.2 
12 BS1·4.3 
13 BS1-4.4 
14 851-51 
~851·52 
16 25413-5. 1 

171~25413-5.2 
1B 25413-5.3 
19 25413-5.4 

20~21i413-6. 1 
21 2&113-6.2 
22 25413-6.3 
23 25413-6.4 
24 2&113-6 5 
25 2&113-6 6 
26 21i413-7.1 
27 13-7.2 
28 .... 

1 r.1wPl1 U 
0.Cll31 
0.0867 
0!1198 
Oal56 
0 Oll70 
0.1&;6 
0.11126 
0 .0862 
oam 
0.CBSO 
011157 
0.111!63 
0 (1144 
0.!&13 
0 :21142 
0 :!044 
0 2Clll 
0 21133 
Ollill 
O:lll!ill 
0.2000 
0.1993 
0.2074 
02111 
O'.lll64 
om1 

Q_ .H 

i ' 
Hf. PIJ U 1 : 6U wr, 
0 082160 -0.0761 
0 082160 -0.06llJ 
0 082160 -O.Oll02 
0 ml2160 -0.0628 
0.ml21Ei0 -0.0619 
0 082160 -0.0473 
00821li0 -0.()A76 
01112160 -0.0426 
0.1112160 -0.049!1 
0.1112160 -0.0Jlll 
o 082160 -0 om 
O.Oll2160 -0.0615 
01112160 -0 113117 
0 082150 -0.0631 
0 1&6717 1.2166 
0 166717 1 144§ 
0.166717 1.4054 
0.166717 1.1929 
0 166717 1.1420 
0 166717 1.1461 
0166717 1.0601 
0 166717 1.1125 
0 166717 1 444() 
0.166717 1 51111 
0 166717 1.2219 
0.166717 1.1824 

11.rREE wt', 
4.5270 
4.4974 
4.3839 
4.4416 
4.4337 
45913 
4.0914 
4 03Sli 
5.2t'81 
4.6538 
4.3395 
5.0579 
4.7435 
51793 
2.7ll!11 
2.8267 
27572 
2.7324 
2.9042 
2.9632 
2.9299 
2.8995 
3.0659 
2.95&1 
2.95'3 
3.0208 

K L __ M N 0 a s T ~ V 
equ~ltirm 

1 ; \l • Wll. l recitlc 1. I ; con . 
/Pb U ME

1 
r JPll U ft1El1 20tpb2 MU • ;i.! t!il!lll.OI..._,,...~,,...... =•-,1 Coeffldanr S">lution 

0.0115 0.0031 . OIHl!I • 01297 
0.0526 0.0051 0.111163 0.0029 
O.t854 0 0022 0 !9l6 
0.0386 0 IJJ46 0.11151 
0.0556 0 .0047 0.(8!6 
O.()A98 O.IXl70 0.0ll!'i9 
0.0056 0.0056 0 0822 
o.oe; 0 !DD 0 11157 
0 07$ 0.00!5 O.Ollll1 
0.0329 0.IDl4 0.11142 
0.0Q 0 OO!I! 0 lllM8 
0.04n O.IXS 0 11157 
0 0269 0.0Cll6 0.0ll37 
0.0252 0.lllfl6 O.Cll37 
0. 111315 0 161iB 0 171D 
0.1842 0.1565 0 1724 
0.2017 0 1lm 0 1691 
0.1601 0 .1625 0 1703 
0. 1936 0 .1564 0 17 .... 
0.1898 0 .1571 0.1734 
01665 0 .141i9 01708 
0.1636 0 .1£16 01611!1 
0 1960 0 .1960 0 1667 
0.21113 0 2054 0 1677 
0. 1921 0.1669 0 . 1719 
0.1751 0.1620 0 1694 

Fig 7. Example worksheet showing the formulas used for each cell. 

A B 

llJ llll 

c.-~!O._I ~E~~IF'-'-i_G=-. +IH,_I --'-----'l""J!_K""__lhL M I ~ equ.1tlo1 
free,,!. ' 

1aw Pb U 
00831 
0.l&l7 
0.0!98 
0.0855 
O.CETO 
00865 
0.0026 
00862 
0.0889 
0.0050 
011157 
0.0363 
O.QB.44 
008'3 
O:<U42 
0 :21144 
0.2!111 
0.2033 
0.21:&1 
0.2)58 
0.2COI 
01993 
02074 
02111 
0.2064 
02021 

111. Ph U 6 U wt'. 11.fREE wt•, j Ph.U ME / Ph U ME I 
0.082160 -011761 4.5ml O.lll15 0.0031 
0.082160 -O.lli03 4 4974 0.0526 0.0051 
O.llll2160 -0.0ll02 4 3839 0.0054 0.0022 
0_082160 -0.0628 4 ..... 16 0 ll3ll6 0.0046 
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O.Oll2160 -0 0473 4.5813 0.114911 0.0070 
0.082150 -0 0476 4.ll914 0 0055 0.0056 
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0 166717 1 1461 2.9632 0 1898 0.1571 
0.11i6717 1 0601 2.9299 0.1665 0.1459 
0166717 11125 28985 01636 015l6 
0166717 1444() 30659 0.1960 0 .1960 
0 166717 1.5189 2.9!i64 0.2103 0 2054 
011i6717 1.2219 29543 01921 0.1869 
0166717 1 1824 )!DJ! 01751 0 1620 
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i 
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00672 
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Fig 8. Example worksheet before running Excel Solver (step2). 

!RI 5 iT u I v 
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0.0023 Iv 00029 
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00012 
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0.0016 
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'II 

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 [7](8] 
s.o1ve I 
dose I 

Qptlons 

B.eset All 

!jelp 

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 
ur:REEmatrix corrected 206Pbi238U ratio for each of the secondary standards (Column 
0). The final results for the SHRIMP xenotime 206Pbi238U matrix correction 
~rocedure used in this example are shown in Fig. 11. The urREEmatrix corrected 

06Pbi238U ratios for the unknowns can now be calculated. 

H LJ - K N "!. -1M Q_ ~ JT1 u 
i i ! 

1
. j : tH1~1.1lio11 l ! 

1 
. I ! j I ; ! 1 ~ , treei'll. . : rec.ale • '. i 1 

1 
1 cl)n . I 

b.U wt"~ · ll.IREE wt' • ' 
1
JPh1U f<AE JPb.1J ME)1 I = ~Pb 2nu ! i1eshltu1I ! .re s. s(1u.ire 1 C<1 efficient solution 

-0.0761 4.5270 0_0115 0.0394 0.07ll8 -O.CX279 O.llDI x 0.1251 

f----'-A"----fB C 

I 
Ii ! 

n1'lme · 1.1w Ph U ! r&f. Ph"lJ I 
i...;,-..,,;..,..,.......,; 0.0031 O.Cll2160 

o 0067 0.002160 -O,lli03 4.4974 Q,()g; 0.0411 0.!1132 0,0115 0.00'.ll 0 01()3 
O.ill913 O.ll!2160 -0.am 4.3639 o.~ o 037 4 o.lll65 o.IJ.llll o.0023 1 
0.0055 O.tm160 -0.<me 4.4416 0.0306 0,0402 0.0020 -0.0015 0.0000 

-0.0619 u337 o.0556 o.om o.0035 0.0154 o.am ' ' 
-0.0473 4.5913 0.0496 0.0437 0.111:27 0.0061 0.0000 lta1•1et te ll 0.0077, 
-0.0476 4.0914 0.0055 0.CJ:Jl3 0.0795 -0.!Il28 0.0011 1 l • - ' 
-0.0426 ~ 0356 0.0466 0.0333 0 <E!9 0.fDD O.CID1 T 

0.ll870 0.002160 
O.Cll66 O.Cl!2160 
O.ll826 O.!Jl2160 
0.Cll62 O.Cll2160 
O.CllfB O.Cll2160 -0.0498 5 211!1 0.07!16 0.0501 0.11144 0.0255 0.0007 I 
O.CllSO O.ll82160 -0.0300 4.65313 o.0329 o.0456 o.C1111 -0.0121 o.am 
0 lll57 O.tm1BO -0 0200 4 3395 0.lJ4(]j O.ClU4 0.Cll1B -0.0036 0.0000 
0.0063 0.082160 -0.0615 5.0576 0.0477 0.0470 0.Cl!22 0.0007 0.0000 
O.OB« O.lll2160 -0.0387 U 435 0.();!)9 0.0465 O.Olll!i -0.0195 0.0004 
0.0643 0.002160 -0.06J1 5.1793 O.D252 0.0481 0.!Bl2 -0.0229 0.tm5 I 

0.20-«2 0.166717 1.2166 VfB7 0.1835 0.1824 O. llal 0.0011 0.0000 I 
0 2044 0.166717 1.1446 2.8267 0.1842 0.1738 016111 0.0104 0.00'.ll ' 

1.4054 2.70/2 0 2017 0.2ll57 0.1669 -0.0040 0.0000 
1.1929 2.7324 0.1601 0.179a 0.1670 0.0012 0.0000 

0.218! 0.166717 
0.21l33 0.11i6717 - i 
0.2008 0.lf.6717 1.1420 2.9042 0.1936 0.1743 0.1l'07 0.0193 0.0004 
0.206ll 0.166717 11461 2.9632 o 1098 0.1155 0.1697 0.0143 o.am 
0.2CXD 0.166717 1.!li01 2.9299 0. 1666 0. 1644 0.1672 0.0022 0.0COJ 
0.1993 0.166717 1.1126 2.8985 0.1636 o.1ro; 0.1663 -0.CDiS 0.0000 
0.2074 0.166717 1.4440 3.0659 0.19li0 0.2139 0.163l -0.0178 O.llIJ3 
0.2111 0.166717 1.511l9 2.9554 0.2103 0.2Z10 0,1642 -0.0117 O.lm1 
0 .2064 0.166717 1.2219 2.9543 0.1921 0.1849 0.1Ql2 0.0073 0.0001 
0.2021 0.166717 1.1824 3.0211! 0.1751 0.1!U> 0.1656 -0.0055 0.0000 
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A 8 c D E F G H J I KI LI M I 

ref. U,IR EErvl C l I 
2osp1>;2asu raw 2osPb/2asu 2osp1>r23su age I I 

1 name age (M,1} nge (M.1) ± 1 (o) ~~ 1)1 (Ma}± 1(o)' l ~o 62 I L_ 
2 8$1-2.8 509 515 17 1.15 495 18 -2.91 
3 8$1-2.9 509 536 13 5.26 515 13 1.20 
4 8$1-2.10 509 555 17 8.54 535 18 4.99 
5 881-3.1 509 529 15 3.86 500 19 -0.16 
6 881-3.2 509 538 15 5.56 517 16 1.ED 
7 BS1-3.3 509 535 12 4.98 512 13 0.6.4 
8 8$1-3.4 509 512 13 0.55 493 13 -3.41 
9 881-3.5 509 533 13 4.66 513 13 0.86 
10 881-4.1 509 549 13 7.56 523 13 2.69 
11 881-4.2 509 526 16 3.29 503 18 -1.33 
12 8$1-4.3 509 530 15 4.00 507 16 -0.38 
13 881-4.4 509 533 14 4.77 509 14 1-- 0.07 

I--

14 881-5.1 509 523 12 2.69 499 13 -2.05 
15 881-5.2 509 522 13 2.52 497 15 -2.41 
16 Z6413-5.1 994 1198 28 18.35 995 36 0.13 
17 Z6413-5.2 994 1199 24 18.42 11D> 32 1.26 
18 16413-5.3 994 1223 24 __, 20.17 989 36 -0.50 
19 16413-5.4 994 1193 24 18.01 995 33 0.15 
20 16413-6.1 994 1211 24 19.36 1016 32 2.34 
21 16413-6.2 994 1206 24 18.98 1010 32 1.73 
22 Z6413-6.3 994 1175 24 16.65 9$ 31 0.26 
23 Z6413-6.4 994 1172 23 16.36 986 31 -0.84 
24 Z6413-6.5 994 1215 24 19.60 974 36 -2.27 
25 Z6413-6.6 994 1235 24 21.03 900 37 -1.51 
26 Z6413-7.1 994 1209 24 19.21 1002 33 0.89 
27 Z6413-7.2 994 1187 23 17.51 988 32 -0.67 
20 r I I c 

Fig. 11 . Summary table for least squares 206Pb/238U m:REEmatrix correction technique 
described above. %6 1 is the percent deviation of the raw 206Pbt238U age to its reference age. 
%62 is the percent deviation of the m:REEmatrix corrected 206Pb/238U 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 :EREE correction coefficients 
(x and y) (2) ~U and ~:EREE error (3) the U and :EREE correction error and (4) the 
total U-related and :EREE-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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1 1,111;:ilysis :coefficient icoeffici ent 
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8S1-2.B 2 0.12.4057 0.011~ 
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BSl-3.5 9 0. 125409 0.010700 l 
851-.4. 1 10 0. 1262'35 0.010339 _____ l 
BS1-4.2 11 0.124671 0.011023 j 
BS1-4.3 12 0.125022 0010870 I 
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15413-5.1 16 0.125CE6 0.01CB15 
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15413-5.3 18 0.1254ffi 0.01CB12 l}l 
15413-5.4 19 0.125057 0.010015 
15413-6.1 20 0.123924 0.010785 
15413-6.2 21 0.124243 0.010790 

1
! 

l.6413-6.3 22 0.125020 0.010011 
15413-6.4 2l 0.125563 0.010020 ... I 
l.6413-6.5 24 0.126711 0.010815 - 1 ... 
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16413-7.1 2G 0.124637 0.01CBJ7 I 

t 15413-7.2 27 0.125!ID 0.010825 1 
- j 11 . I . I 

0.0073 0.00ll5 ·-1 
-0.0055 0.00003 -! I . I 1 f - -·- t.~and~·d· I .I 11. 
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1, l -·· i -·- - ., l(ft ! t . l ' 

f ----- .... tdev:!a~.!!. . : Q.!lXl81_1)_: l Q~t I 
I J',' soot.I t' ~ o 0002 T ~.· 0.0001 1,. r " ... -1

1
. 

... ! 1 ,•,; '•rror l . o.i3 l - .... 0.471 ·-

l i ... t 
i • I 

I 'SDOM = Standard deviation 'of mean 
I r 

I ! Ii f ' ! 
l [ U correction coefficient {x) • 0.125141± 0.13% 

i i f I IREE corr1cti0n coefficient --;-0.010s16 :t 0.47% 
11 T T 14 "_li __ _l I 

39 1 1 1 t f: 11 It r 

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+S3+S4 .... +S27. 
Delete the first analysis (S2) 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 tum and calculate the correction coefficients 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 corner of Fig. 12. The relatively small uncertainties calculated for 
the U and ~REE correction coefficients show that the SHRIMP U-Pb xenotime and 
electron microprobe data for the secondary standards BS 1 and Z6413 are well fitted to 
the simultaneous equations used to model the SHRIMP 206Pb/238U ME. 

The remaining error calculations are explained using the data shown in Fig 13. This 
Figure shows the correction coefficients for U and ~REE (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). 

288 



A B c D E F G H J K 

COii. 

Coefficie111 solution ~ e1ro1 
x 0.125141 0.13 

0.01'816 0.47 ·- t --····-! 

I ,:! ~~ en rREE :t ' • etr 
MG1 iU wt'• {SOOM) 1wt'o (SOOM) 

0.0991 6.05 13.43 2.25 i 

l:t '·• U eu . :t ~- LREE :t ~. 6U , 6rREE 
U wt'• (lo) . fREE wt'o e11 (lo) ' 6U wt•, e11 t(a) wt'. 

~ l·lW Ph.'U ' !: ~. l t)W 

{r.T.l) I Pb U 
1198 2.59 1.3156 6.65 16.2197 3.55 1.2165 • 12.7 2.711J7 

lfcF ljI:REEcF 
0.1522 o.o:m 

I 

i 
'o U co11. \, IREE 
euo1 co11. euo1 

12.70 5.82 

1 ~. Tot. 
'• Tot. U- rREf. 
rel.1te•I 1rel.uetl 
co11. E11 . "co11. En. 
f1a} {lo) 

1.93 0.18 

I 

i -
f 

l 

I 

-- j I 
1 - -r 

I 

t I 

1 
I I 

-1 l I 

! l 

I 
I 
l 
i 

25 l Fin.11 u. IREEjP.;fofrix co11ec1ed error ~ ./fj2.591• 2+(1.!13)•2•@).18t•2 )=I 3.2~1 
26 I ! ) 

~ ' 

Fig. 13. 206Pb!238U matrix correction error calculation spreadsheet. 

(2). L1U and L1LREE error 

I 

L 

t. 'o 6rREE 
e11 f1a) 

5.8 

I . 

j 
I 
I 
t 
I 

l 
r 

This error is simply the analytical uncertainty associated with the calculation of L1U 
and L1LREE from electron probe (WDS) analyses. The l(cr) % errors of the primary 
calibration standard are simply added to the individual 1 ( cr) % errors of the secondary 
calibration standard and unknowns. Using U as an example: 

% L1U err. = (%U err.)pcs+( %U err.)ssTand/orUNK 
i.e. Jl 1 = (Fll + D7) 

Where: PCS =primary calibration standard; SST = secondary standard and; UNK = 

unknown. 

(3). U and I:REE correction error 
This error describes the error associated with the U and I:REE matrix correction. The 
error associated with the calculation of the correction coefficients is simply added in 
quadrature to the L1U and s~::REE errors. Using U as an example: 

%U corr. error = --J[(% x err.)2 + (% L1U err.)2] 
i.e. Bl8 = SQRT((D2)"2+(Jl 1)"2) 
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(4). Total U- and LREE-related error 
This is the total error associated with the U and l:REE 206Pbi238U matrix correction for 
each secondary standard and unknown analysis. It is calculated by multiplying /UCF 
and /l:REEcF (equation 2) by the %U corr. error and %LREE corr. error, 
respectively. Again using U as an example: 

% Tot. U related corr. err.= /UCF * %U corr. error 
i.e. B22 = B14 *Bl 8 

Note that the total U- and LREE-related error is only applied to the proportion of the 
206Pb/238U ratio that has resulted from a U and l:REE contrast with the primary 
calibration standard. 

Finally all errors associated with the 206Pbi238U age determination are added in 
quadrature. These are the analytical uncertainty associated with the raw 206Pbi238U 
age determination, the total U-related error and the total LREE-related error. 
Therefore, the final u, kREEmatrix corrected error is: 

=.../(±%raw Pb/U)2 +(%tot. U-related corr. err.)2 +(%tot. LREE-related corr. err.)2 

i.e. H25= SQRT((Dl 1Y'2+(B22Y'2+(C22Y'2) 

References 
Caceci, M.S. 1989. Estimating error limits in parametric curve fitting. Analytical 
Chemistry, 61, 2324-2327. 
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APPENDIX 4.1- Electron microprobe settings used for monazite 
analysis 

Detection Limits and relative errors are 1 cr. 
HV: 15kV 
Current: 1 OOnA 
Beam focus: focussed IOµm 
Cameca SXlOO:Research School of Earth Sciences, AND 

Element Line Standard Crystal Position Bg 1 Bg2 Time (s Det. Lim. (ppm) % relative error (o") 
y La ,YPs014 TAP 25122 778 2000 120 143 1 3 - . -
Si Ka K412 Glas TAP 27743 -640 580 40 82 27 
p Ka Ca2P20 7 TAP 23994 1900 3140 10 210 2 - - ---·-
Ca Ka K412 Glas.PET 38389 -500 500 30 115 4 
La La LaP50 14 PET 30475 -750 550 10 832 3 
Ce La CeP50 14 PET 29286 -445 500 10 919 2 -
Pr L~ PrP50 14 PET 25841 -280 1940 30 1480 6 
Nd Ll3 NdP50 14 PET 24811 -1020 770 10 2383 39 
Sm Ll3 S~P5014 PET 22884 910 l 40 1887 12 --
Eu Ll3 EuP50 15 LLIF 47690 -1350 560 20 758 29 - . --· 
Gd Ll3 GdPs0 14 LLIF 45850 -370 2000 40 1034 9 
Dy La DyPs014 LLIF 47410 380 844 30 632 19 
u Mf3 U02 LPET 42462 -2400 -925 120 227 12 
Th Ma Th02 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 analvses 
oxide wt% 44069-1.1 44069-1 .2 44069-1.3 44069-2.1 
Si02 0.12 0.13 0.12 0.14 
Cao 0.75 0.72 0.65 0.86 
P205 29.81 30.06 29.80 29.80 
Y203 2.35 2.36 2.24 2.55 
La203 12.66 12.55 12.92 ' 12.56 
Ce203 27.40 27.28 27.65 26.44 
Pr203 3.91 3.89 3.85 3.78 
Nd203 13.141 13.05 13.34 12.75 
Sm203 2.12 2.27 2.25 2.25 
Eu203 0.12 0.04 0.08 0.19 
§!203 1.79 1.81 1.78 1.86 
Dy203 0.72 0.74 0.72 0.79 
Th02 2.65 21>2 2.34 2.88 
U203 0.26 0.29 0.26 0.42 
Total I 98.19 98.13 98.351 97.58 

44069 monazite WDS analvses (continued) 
oxide wt% 44069-4.1 
Si02 0.14 
Cao 0.95 
P205 29.50 
Y203 2.81 - -· 
La203 12.04 
Ce203 25.77 
Pr203 3.66 
Nd203 12.88 
Sm203 2.22 
Eu203 0.21 
Gd203 2.04 
Dy203 0.81 
Th02 3.16 
U203 0.41 
Total 97.05 

Average U203 = 
SDOM= 

44069-4.2 44069-5.1 44069-5.2 
0.12 0.17 0.06 
0.68 0.73 0.78 

29.65 29.28 29.90 
2.40 2.27 3.09 

12.40 12.04 11.61 
26.65 26.96 25.31 
3.77 3.91 3.78 

13.36 13.31 . 13.04 
2.21 2.26 2.29 
0.21 0.17 -0.03 
1.83 1.85 2.23 
0.70 0.67 1.05 
2.60 2.79 3.36 
0.23 0.28 0.44 

97.28 97.07 97.38 

44069-2.2 44069-2.3 
0.17 0.18 
0.94 1.02 

29.63 29.65 
2.78 3.05, 

11 .99 11.54 
25.91 24.79 

3.61 3.63 
13.03 13.11 
2.24 2.38 
0.19 0.15 
1.99 2.22 
0.87 0.96 
3.41 3.51 
0.561 0.67 

97.72 ' 97.42 ' 

44069-6.1 44069-6.2 
0.12 0.11 
1.11 0.78 

29.90 29.81 
3.45 2.85 

11 .73 12.13 
25.16 26.40 

3.58 3.79 
12.71 12.91 
2.36 2.34 
0.12 0.16 
2.21 2.02 
1.05 0.90 
3.01 1 2.24 
0.58 0.41 

97.60 97.27 

0.4246 wt% 
0.0347 wt% 

44069-3.1 
0.14 
1.02 

29.31 
2.74 

12.1 1 
25.75 

3.59 
12.67 

2.11 
0.15 
2.01 
0.89 
3.17 
0.58 

96.70 

44069-7.1 
0.21 
1.37 

29.55 
2.62 

11 .39 
24.55 

3.54 
12.19 

2.14 
0.13 
1.77 
0.79 
6.49 
0.59 

97.79 

44069-3.2 
0.13 
0.89 

29.53 
2.88 

11 .67 
25.58 

3.74 
13.24 --

2.35 
0.21 
2.07 
0.96 
2.89 
0.42 

97.01 

44069-7.2 
0.10 
0.70 

29.84 
2.64 

12.06 
26.22 

3.71 --
13.48 

2.26 
0.20 
1.99 
0.75 
2.77 
0.39 

97.43 

Convert oxide to element (ppm)= 3857 ± 630 ppm (2o) 
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APPENDIX 5.1-AGES abstract 

Cross, A.J., 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 

1
•

2Cross, A.J., 3Fletcher, I.R., 4Crispe, A.J., 2Huston, D.L. and 2Williams, N. 

1Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200 
2Geoscience Australia, PO Box 378, Canberra 

3Centre for Global Metallogeny, School of Earth and Geographical Sciences, University of Western 
Australia, Nedlands, WA 6907, Australia 

4Northem 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 40Ar/39 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 Kiili Kiili 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 Callie Member (younger). 

The Kiili Kiili Formation is a part of a widespread northern Australian turbidite 
paekage. 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 Kiili 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 Kiili 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 
Oro gen. 

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 (YP04) 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 µm and 
commonly <10 µm) 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 D1 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 MG 1 
xenotime standard, which has a 206Pbl238U ratio of 0.07897, equivalent to an age of 
490 Ma and 207PbJ2°6Pb ratios were monitored using the Xeno 1 standard which has a 
207Pb/2°6Pb age of 997 Ma (Fletcher et al., 2004). 
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Hydrothermal xenotime occurs in the quartz veins as small (~5 to 20 µm) equant, 
euhedral to anhedral pale yellow-green coloured crystals. No xenotime was observed 
outside of the quartz vein. A SHRIMP spot of ~8 µm 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 I 0% 
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 207Pb!2°6Pb 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 
40Ar;39 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. 

SHRlMP U-Pb analytical data for hydrothermal rnonazite from the Goodall gold deposit 
Spot u Th Th/U 4t206 207Pbf206Pb 206Pb/231U 207Pbf15u 

name (ppm) (ppm) (%) (±lcr %) (±Jcr %) (± lcr %) 

Mato group, e>eluding >1775 Ma (ShOebridgtt event) age5 

D.1-2 

0.1-3 

0 .2-2 

H.53 

1.1-3 

1.1-4 

1.1-5 

J.1·4 

J.1-6 

J.1-7 

J .2-3 

J.2-4 

J .2-5 

K. 1-3 

127 

131 

155 

730 

405 

337 

309 

222 

226 

507 

215 

230 

182 

141 

881 

748 

885 

233 

51 1 

682 

574 

396 

233 

115 

2343 

1277 

1770 

11 5 

8.79 

5.70 

5.72 

0.32 

1.26 

2.02 

1.88 

1.78 

1.03 

0.23 

10.92 

5.55 

9.71 

0.82 

0.732 

0.785 

0.511 

0.438 

0.545 

0.275 

0.1 

0.528 

0.466 

0.231 

0.214 

0.8 

0.514 

0.978 

Main grnup>1775 Ma (Shoeblidge event) ages 

0 .1-1 131 757 5.79 0.362 

0.1-4 

0.1-5 

02-1 

F3-1 

1.1-1 

1.1-2 

J.1-5 

J.2-1 

J.2-2 

125 

110 

138 

139 

347 

332 

221 

2.37 

243 

723 

744 

893 

4142 

619 

497 

209 

1398 

930 

>10 % discol"Oant or f > 1 % 

G.4-1 

G.4-2 

H.1-1 

H.1·2 

H.1-3 

H.t .4 

H.1-5 

277 

182 

135 

134 

2569 

204 

131 

3310 

1820 

497 

664 

2777 

1341 

598 

H.2-1 113 518 
H.2-2 99 4 70 
H.2-3 113 399 
H.2-4 131 383 
H.2-5 174 547 
H 2-8 228 461 
H.5-1 180 310 
H 5-2 205 860 
J.1-1 167 222 
J .1·2 166 157 
J.1-3 2e9 233 
K.1-1 165 102 
K.1-2 137 157 
M.1 -1 49 3366 
Outlierinl01~ 
H.5-4 254 288 

5.79 

t>.77 

5.09 

29.90 

1.79 

1.50 

0.95 

5.90 

3.82 

11.95 

11.25 

3 .68 

5.12 

1.08 

6.56 

4.58 

4.59 
4.75 
3.52 
2.93 
3.15 
2.02 
1.72 
3.32 
1.33 
0 .94 
0.87 
0.62 
1 .14 
69.02 

1.13 

0.375 

0.263 

0.127 

0.981 

0.223 

0.102 

0.498 

0.193 

0.349 

1.203 

1.eG2 

2.211 

2.389 

8.995 

5.399 

3.124 

2.176 
1.729 
2.679 
2.227 
4.e1 
3.196 
0.225 
3.427 
0.492 
2.22 

0.411 
2.021 
1.456 
3.244 

0.218 

0.1059 

0.1074 

0.1032 

0.1064 

0.1074 

0.1059 

0.1054 

0.1038 

0.1074 

0.1045 

0.1071 

0.1036 

0.1073 

0.108 

0.1117 

0.10ll 

0.1105 

0 1087 

0,11;!6 

0.1094 

0.1089 

0.1089 

0.1093 

0.111 

0.1028 

0.1068 

0.1059 

0.1076 

0,0952 

0.1032 

0.1025 

0.1071 
a .neg 
0.1~ 

0.1004 
0.0927 
0.1041 
0.1112 
0.0949 
0.1091 
0.0999 
0.1049 
0.1053 
0.1073 
0.11>42 

0 0984 

0.0023 

0.0022 

0.002 

0_0018 

0.0011 

0.0014 

0.0007 

0.0015 

0.0013 

0.0007 

0.0012 

0.0016 

0.0017 

0.0021 

0.0023 

0.0022 

0.0023 

0.0014 

0.0025 

0.0013 

0.0007 

0.0018 

0.0012 

0.0016 

0.0023 

0.0035 

0.003 

0.0041 

00052 

0.0079 

0.0044 

0.0047 
0.0006 
0.0041; 
0.0039 
0.0056 
00065 
0.0039 
0.0038 
0.0016 
0.003 

0.0014 
0.0029 
0.0025 
0.0055 

0.0019 

0.2947 

0.2954 

0.2852 

0.2878 

0.2922 

0.3282 

0.3086 

0.2653 

0.3073 

0.2845 

0.3236 

0.2851 

0.2973 

0.2814 

0.3041 

0.2967 

0.321>4 

0.2888 

0.29113 

0.3306 

0.292 

0.2949 

0.2913 

0.295 

0.2591 

0.2757 

0.2635 

0.2707 

0.17 

0.1431 

0.2277 

0.2782 
0.2485 
0.2335 
0.241;9 
0.2175 
0.1407 
0.1626 
0.1949 
0.2738 
0.2475 
0.2656 
0.2493 
0.2727 
0.3303 

0.2806 

0.0084 

0.007'6 

0.009 

0.0081 

0.0075 

0.0095 

0.0082 

0.0079 

0.0085 

0.0072 

0.0088 

0.0071 

0.0082 

0.0082 

0.009 

0.D082 

0.011>4 

o.001e 

0.0088 

0.0092 

0.0075 

0.0085 

0.0077 

0.0081 

0.0074 

0.0074 

0.0078 

0.0078 

00047 

0.0057 

0.0069 

0.0087 
0.0089 
o.ooeg 
0.0073 
0.0073 
0.0052 
0.0068 
0.0052 
0.0074 
00074 
0.0082 
0.007 

0.0075 
0.0107 

0.0088 

4.3020 

4.3750 

4.0570 

4.2240 

4.3260 

4.7900 

4.4850 

3.8110 

4 5490 

41000 

4.7780 

3.7860 

4.3960 

4.1900 

4.6850 

4.4590 

4.8820 

4.3300 

4 6300 

4.9880 

43840 

H260 

4.3890 

4.5160 

s .e120 

4.1340 

3.8470 

4.0180 

2.2310 

2.0370 

3.2 180 

4.1090 
4.0080 
3.3620 
3.4180 
2.7810 
2.0190 
2.4920 
2.5510 
4.1170 
3.4090 
3.3400 
3.6200 
4.0350 
4.7440 

3.6080 

0.1620 

0.1510 

0.1590 

0. 1480 

0.1240 

0.1580 

0.1250 

0.1330 

0.1430 

0.1110 

0.1440 

0.1240 

0.1480 

0.1550 

0.1790 

0.1810 

0.1990 

0.1340 

0.1780 

0.1580 

0.1210 

0. 1510 

0.1 310 

0.1480 

0_1420 

0.1640 

0.1660 

0.2030 

0.1430 

0.1840 

0.1780 

02330 
0.2820 
0.1890 
0.1750 
0.2020 
0.1540 
0.1440 
0.1300 
0.1340 
0.1520 
0.1350 
0.1 500 
0.1550 
0.3080 

01490 

208Pb f232Th 

(±lcr %) 

0.0870 

0.0827 

0.0828 

0.0900 

0.0814 

0.0874 

0.0911 

0.0858 

0.0913 

0.0671 

0.0ll01 

0.0788 

0.0874 

0.0896 

0.0899 

00859 

00825 

0.0859 

0.0245 

0.0932 

0.0875 

0.0950 

0.0641 

0.0856 

00835 

0.0887 

0.0977 

0.0894 

0.1108 

00918 

0.0966 

0.0935 
0.1029 
0.0999 
0.0897 
0.0959 
0.0983 
0.0529 
0 .0851 
0.0884 
0.0902 
0.0876 
0.0659 
0.0913 
0.0876 

0.0773 

0.0023 

0.0024 

0.0021 

0.0049 

0.0027 

0.0033 

0.0030 

0.0032 

0.0038 

0.0045 

0.0025 

0.0025 

0.0025 

0.0047 

0.0041 

0.0035 

0.0031 

0.0032 

0.0008 

0.0030 

0.0029 

0.0043 

0.0024 

0.0026 

0.0021 

0,0027 

0.0035 

0.0029 

0.0048 

0.0034 

0.0045 

0.0082 
0.0006 
0.0041 
0.0034 
0.0047 
0.0047 
0.0025 
0.0024 
0.0036 
0.0044 
0.0035 
0.0052 
0.0042 
0.0024 

0.0054 

Cone. 207Pbl2°6Pb age 

(%) (Ma ± lcr) 

96 

95 

96 

94 

94 

106 

101 

90 

98 

95 

103 

90 

96 

91 

94 

94 

99 

92 

91 

103 

93 

94 

92 

92 

89 

88 

81 

88 

68 

51 

79 

90 
75 
79 
87 
86 
so 
53 
75 
87 
88 
89 
83 
89 
108 

100 

1730 

1757 

1682 

1739 

1755 

1730 

1722 

1&93 

1755 

1700 

1750 

1689 

1753 

1766 

1626 

1783 

1808 

1778 

1842 

1789 

1781 

1780 

1787 

1816 

1675 

1779 

1730 

1760 

1532 

1683 

1870 

1751 
1909 
1704 
1631 
1482 
1698 
1818 
1526 
1785 
1622 
1712 
1719 
1754 
1700 

1593 

40 

37 

38 

32 

18 

23 

11 

27 

22 

13 

20 

29 

30 

36 

37 

36 

38 

24 

40 

21 

12 

27 

19 

26 

42 

59 

51 

70 

102 

141 

80 

80 
101 
82 
71 
114 
n s 
t>• 
78 
27 
55 
25 
50 
43 
97 

37 

4f206 (%)is the percentage amount of common 206Pb that was determined using the 
the 204Pb correction method. 
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