
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



A multi-radioisotope approach to dating sedimentation: 

Applying Re-Os organic-rich shale and U-Pb authigenic 

xenotime dating to the Shannon and Pennine Basins

Maja Anna Stanislawska

A dissertation submitted for the degree o f Doctor o f  Philosophy to the 

University o f DubHn, Trinity College 

2013



j^TRINITY COLLEGE^

-  4 M A R  2 0 U  

LIBRARY DUBLIN ^

lOZ^2^



Declaration

I declare that this thesis has not been submitted as an exercise for a degree at this or any 

other university and it is entirely my own work.

1 agree to deposit this thesis in the University’s open access institutional repository or 

allow the library to do so on my behalf, subject to Irish Copyright Legislation and Trinity 

College Library conditions o f use and acknowledgement.

'uccfOL



Summary

Sedimentary rocks are the most abundant hthologies on the Earth, covering over 70% o f the planet’s sur

face. Quantitative dating o f sedimentary rocics (especially those devoid o f fossils) is critical to understanding 

the past events and rates and duration of processes that shaped the Earth. Recent advances in geochronology of 

sedimentary rocks, such as Re-Os dating of organic-rich shales and U-Pb dating o f authigenic xenotime, allow 

precise depositional and early diagenetic ages to be obtained, respectively, with uncertainties potentially as low 

as 0.7% (2a). However, compared to the techniques commonly used in constructing the geological timescale 

(U-Pb dating o f zircon and ‘"’Ar-^’Ar dating o f volcanic rocks), they are still in the early stages o f  development. 

One o f  the major triggers for the interest in direct dating o f sedimentary rocks is the ability to constrain further 

the ages o f globally distributed Neoproterozoic glacial deposits, which provide one o f the key lines o f evidence 

in assessing the Snowball Earth hypothesis.

This study investigated the Upper Carboniferous Shannon and Pennine Basins (which are well constrained 

biostratigraphically) to test the applicability o f a multi-radioisotope approach to dating sedimentation in basins 

subject to elevated {250-360°C) and moderate (~ I40”C) palaeotemperatures, respectively. Two methods were 

employed: Re-Os dating o f organic-rich shales by TIMS and U-Pb dating o f authigenic xenotime overgrowths 

on detrital zircon grains by SIMS and LA-ICP-MS to I ) assess whether precise and accurate dates can be ob

tained from rocks that experienced palaeotemperatures > 300°C and 2) estimate how these ages relate to a) the 

age o f deposition o f the sedimentary rocks, b the age of tectonism and fluid flow and c) each other.

Re-Os dating o f Marsdenian (ca. 321 Ma) organic-rich shales yielded two dates that are younger than the 

time of deposition: 306.8 ± 6 Ma (2 a, MSWD = 3.0) for the B. gracilis Marine Band (Noah Dale, Pennine 

Basin) and 316.4 ± 8.6 Ma (2 a, MSWD = 47) for the B. hilinguis Marine Band (Spanish Point, Shannon 

Basin). Additionally, three highly imprecise Re-Os ages o f ca. 290 Ma (289 ± 83 Ma, 288 ± 210 Ma and 289 

± 130 Ma (all 2 o), for St. Brendan’s Well, Cross and Denshaw, respectively) are interpreted to represent Re- 

Os system resetting, possibly during post-depositional fluid-flow events related to Variscan orogenesis and/or 

oxidative weathering that was not recognised visually in the samples. The authigenic xenotim e U-Pb chro

nom eter yielded tw o statistically indistinguishable weighted-average com mon Pb-corrected ages (using 

a "̂’Pb correction): 292 ± 12 M a (2a, M SW D = 2.4) for the SIMS dating experiments and 290.9 ± 5.5 Ma 

(2a, MSWD = 2.4) for the LA-ICP-MS work. The authigenic xenotime dates are interpreted as representing 

(re-)crystallization o f diagenetic xenotime in the Shannon and Pennine Basins. Even though the xenotim e



ages w ere ob ta ined  from tw o separa te  sed im en tary  basins, and  from  tw o d ifferen t stra tig raph ic  d iv isions 

(the  K inderscou tian  and M arsdenian  g o n ia tite  b iozones R1 and R2, respec tive ly ), d iscrim inating  betw een  

them  tem porally  is no t feasible w ithin analytical uncertainty (at 95%  confidence level).

Several new  approaches have been  em p loyed  during  th is w ork. To the a u th o r’s know ledge, th is is 

the first detailed study constraining ages o f  Phanerozoic authigenic xenotim e overgrow ths in sandstones (i.e. 

w here the age is know n from  biostratigraphy) and the first to undertake xenotim e U -Pb dating by the C am eca 

im s-1280 SIM S and  N u Instrum ents m ulti-collector ICP-M S coupled w ith a 193 nm  N ew  Wave laser ab la

tion system . Further developm ent o f  LA -ICP-M S protocols for xenotim e dating is recom m ended  as it m akes 

m atrix  co rrec tion  (requ ired  in SIM S dating ) redundant. A po la riz ing  m icroscope method developed in this 

project was show n to be capable o f  correctly identifying xenotim e overgrow ths in about 90%  o f  cases. This is 

a useful low -budget alternative to scanning thin sections using an electron m icroscope. Additionally, selFrag®  

electrodynam ic disaggregation technique allow ed xenotim e overgrow ths from hard silica-cem ented sandstones 

to be successfully separated.

This study provides a w arning for the interpretation o f  Re-Os dates from older, fossil-free sedim entary units 

(e.g. N eoproterozoic glacial rocks). It dem onstrates that apparently precise Re-Os ORS isochrons (as in the 

case o f  N oah D ale shales) can be obtained, yet the ages are clearly inaccurate and the low degree o f  data scatter 

on the isochron is obscuring a real disturbance to the Re-Os system . T he SIM S and LA-ICP-M S U -Pb dating 

o f  authigenic xenotim e analyses yielded reasonably precise ages w hich record possible prolonged (re-)crystal- 

lization. W hen integrated, the two m ethods record a spectrum  o f  events, ranging from early post-depositional 

ages (R e-O s), through the progressive stages o f  diagenesis (both m ethods) and crystallization o f  xenotim e at 

elevated tem peratures approaching incipient m etam orphic conditions (U -Pb authigenic xenotim e). These re 

sults have im portant im plications for dating o f  older, fossil-free sedim entary units (e.g. N eoproterozoic glacial 

sequences w hich are im portant for assessing the Snowball Earth hypothesis).
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1 Introduction

1.1 Background

Sedimentary rocics cover the majority o f  the Earth’s surface and preserve informa

tion that is critical for reconstructing the planet’s history since ~ 3.8 Ga (e.g. Lowe 1980; 

Kamber et al. 2001 and references therein; lizuka et al. 2011). They record a range o f  plan

etary processes and events, including the evolution o f  life, changes in climate and sea levels, 

the chemistry o f the hydrosphere and atmosphere, growth and decay o f  orogenic belts along 

with sedimentary processes such as erosion and deposition. Accurate and precise quantita

tive chronology o f  sedimentary rocks provides the time framework necessary to understand 

fully the value o f  this record, and enables us to develop stratigraphical correlations along 

with the ability to evaluate the rates and duration and causality o f  various geological phe

nomena on both a local and global scale.

While fossil assemblages may be used to date directly young Phanerozoic sediments with 

potentially very high precision (e.g. ± ~ I00  ka for the Pennsylvanian based on goniatite bi

ostratigraphy; Ramsbottom et al. 1978; Menning et al. 2006; Davydov et al. 2004; Pointon 

et al. 2012), biostratigraphically useful fossils are absent in the majority o f  sedimentary suc

cessions, especially those o f  Precambrian age. The International Chronostratigraphic Chart 

o f the International Commission on Stratigraphy defines widely recognised units known as 

global stratotype section and points (GSSPs), which are the basis for the development o f  the 

International Geologic Time Scale (e.g. Ogg et al. 2008). However, biostratigraphical dating 

alone is not sufficient to construct the geological time scale since the assigned dates are rela

tive. Absolute numerical ages are also necessary to constrain the geological timescale and 

calculate accurately the rates and durations o f  various geological processes (e.g. Erwin 2006 

and references therein).

In order to test hypotheses regarding the rates o f  various processes, their correlation, and

causes, both accuracy and high precision is required in geochronological information. After

over a hundred years o f research (commencing in 1904 when Rutherford first suggested that

radioactivity might be used to measure geological time; e.g. Dalrymple 2001 and references
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therein), there still exist major problems in assigning numerical ages to the rock record that 

arise from systematic (decay constants, measurement o f  isotopic ratios o f  samples, reference 

materials and blanks, availability o f  sufficiently homogeneous reference materials with ac

curate and precise ages) and geological reasons (e.g. open system behaviour or inheritance), 

or purely from the lack o f  suitable dating targets.

Two geochronological systems (the U-Pb and ‘"’Ar-^’Ar dating methods) are widely used 

in high-precision time scale calibration studies because o f  their low initial daughter nuclide 

contents, their ability to remain as closed isotopic systems, and the availability o f  instru

mentation and analytical protocols to measure their isotopic ratios precisely. The U-Pb iso

topic system is often called the “gold standard” o f  geochronology as it comprises a dual 

decay scheme that provides an independent test on the concordance o f  acquired dates and 

its decay constants are determm ed with a high degree o f  precision and confidence (Jaflfey 

et al. 1971; Mattison 2010). The protocols for ‘*®Ar-” Ar dating o f  sanidine feldspar have 

also recently undergone significant improvements (e.g. Renne et al. 2010) with the total K 

decay constant now inter-calibrated against the Pb-U system (Min et al. 2000), while the 

age o f Fish Canyon sanidine flux monitor has been refined by astronomical tuning (Kuiper 

e ta l. 2008).

However, the advent o f  high-precision dating methods has revealed inter-calibration dif

ficulties between different isotopic systems and dating protocols. A noteworthy example 

comes from an investigation o f  the Permo-Triassic boundary in South China where U-Pb 

and '"’Ar-^^Ar dating o f  the same volcanic ash layer have both yielded precise dates, but 

that differ by ca. 1 M a (at 2o; Claoue-Long et al. 1991; Renne et al. 1995; Bowring et al. 

1998; M undil et al. 2001), and thus yield conflicting interpretations on whether the greatest 

extinction event in Earth history was related to the volcanism associated with the Siberian 

Traps (see Schmitz and Kuiper (2013) for a summary). Such inter-calibration issues and the 

desire for a more accurate and precise geologic time scale were the main reasons behind the 

EARTHTIM E Initiative (www.earth-time.org). Researchers involved in this m ajor collabo

ration initiative have aimed to develop common best-practice sampling and data-analysis 

protocols and resolve inter-calibration issues between different isotopic dating m ethods and 

different laboratories.
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While significant progress has been achieved in the last decade in high-precision U-Pb 

zircon and ‘*®Ar-̂ ’Ar dating studies, tuff horizons amenable to high-precision geochronology 

within sedimentary successions are not particularly common in the geological record. Sev

eral alternative approaches have been employed for isotopic dating o f  sedimentary rocks; a) 

those providing minimum and maximum “bracketing” ages based on isotopic dating o f  asso

ciated igneous and metamorphic rocks; b) “bracketing” ages derived from dating o f  detrital 

minerals; and c) direct methods for dating the different stages o f  diagenesis. A com prehen

sive review o f these methods has been presented by Rasmussen (2005).

Geochronology studies o f  diagenetic processes have comprised a variety o f different 

isotopic dating methods applied to the following diagenetic phases: (the relevant isotopic 

systems involved are given in brackets): a) glauconite (K-Ar, Rb-Sr), b) illite (Rb-Sr, K-Ar, 

Sm-Nd, Pb-Pb), c) K-feldspar (K-Ar, Ar-Ar), d) apatite (U Pb, Lu-Hf), e) monazite (U-Th- 

Pb), f) xenotime (U-Pb) along with whole-rock dating of: g) carbonates (U-Pb, Pb-Pb), h) 

mudrocks (Sm-Nd) and i) organic-rich mudrocks (Re-Os) (Rasmussen 2005 and references 

therein). While in some cases robust depositional ages were obtained, in many cases open- 

system behaviour was demonstrated due to various post-depositional disturbance factors, 

including diagenetic, hydrothermal and metamorphic processes (e.g. Schaltegger et al. 1994; 

Toulkeridis et al. 1998, Barfod et. al 2002; Kendall et al. 2006, 2009a).

1.2 Motivation for this project

This project has been motivated by recent advances in the field o f  direct (isotopic) dating 

o f deposition and diagenesis, specifically Re-Os dating o f  organic-rich shales (e.g. Selby, 

Creaser 2003), and U-Pb dating o f  diagenetic xenotime (e.g. Vallini et al. 2002; Kositcin et 

al. 2003; Rasmussen 2005), which are capable o f yielding accurate and precise depositional 

and early diagenetic ages, respectively, with uncertainties as low as 0.7% (2o; Selby, Creaser 

2005a, 2005b, Kendall et al. 2004, 2009a, 2009b). However, compared to the techniques 

commonly used in constructing the geological timescale (U-Pb dating o f  zircon and ‘*°Ar- 

‘̂'Ar dating o f  volcanic rocks), they are still in the early stages o f  development.
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One o f the major triggers for the interest in direct dating o f  sedimentary rocks is the 

ability to constrain further the ages o f  globally distributed Neoproterozoic glacial deposits, 

which provide one o f  the key lines o f evidence in assessing the Snowball Earth hypothesis 

(e.g. Harland 2007 and references therein). Apart from being devoid o f biostratigraphically 

useful fossils that would allow precise correlation, many o f  Neoproterozoic sedimentary ba

sins have been subject to elevated palaeotemperatures and hydrothermal fluid events, which 

are some o f  the main factors commonly responsible for resetting isotopic systems. There

fore, it is important to test the robustness o f these new geochronometers on rocks where the 

depositional ages are well constramed before these methods can be confidently applied to 

sedimentary rocks o f  unknown age.

1.3 Aims of the project

This project aims to test how a multi-radioisotope approach can be applied to dating 

sedimentation in basins which were subjected to elevated and moderate palaeotemperatures, 

respectively. The two geochronometers being tested are Re-Os dating o f  organic-rich shales 

and U-Pb dating o f authigenic xenotime overgrowths on detrital zircon grains. The main 

research questions addressed in this thesis are as follows:

1. W hether it is possible to acquire precise and accurate Re-Os organic-rich shale and 

U-Pb authigenic xenotime dates from a basin subject to significantly elevated palaeotem

peratures, in excess o f  300°C.

2. How do the Re-Os and authigenic xenotime dates relate to a) the age o f deposition o f 

the sedimentary rocks, b) the age o f  tectonism and fluid flow and c) each other?

In attempting to solve these questions, two young Upper Carboniferous basins which pos

sess the same excellent high-resolution goniatite biostratigraphy were selected: the Shannon 

Basin o f Western Ireland and the Central Pennine Basin in northern England (e.g. Rams- 

bottom et al. 1978). The former basin has experienced the effects o f very hot (250-360°C) 

advective fluid flow (Fitzgerald et al. 1994; Goodhue, Clayton 1999), while the latter has 

experienced moderate (I40°C ) palaeotemperatures (Pearson, Russell 2000). The basins have
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similar depositional histories and analogous sedimentary facies, including lithologies suit

able for direct dating o f sedimentation and diagenesis: organic-rich shales and deltaic silt- 

stones and sandstones. Their geological setting will be described in the next section.

Due to the challenging nature in obtaining high-quality isotopic depositional ages o f  sedi

mentary rocks, the most robust analytical methods currently available are used here to en

sure the highest reliability and precision, i.e.:

1. Re-Os thermal ionisation mass spectrometry (TIMS) preceded by organic-rich shale Cr-

digestion in Carius tubes, microdistillation and ion chromatography techniques (Selby, 

Creaser 2003 and references therein);

2. In situ U-Pb dating o f authigenic xenotime by secondary ion mass spectrometry (using a 

Cameca 1280-ims SIMS instrument) and multi-collector laser ablation inductively-coupled plasma 

mass spectrometry (LA-ICP-MS), employing a 193 nm solid-state laser

To our knowledge, this is the first study to employ an LA-ICP-M S system or the Cameca 

1280-ims SIMS instrument (capable o f  direct ion imaging, not present in more commonly 

used SHRIMP ion microprobes; see Chapter 5 for details) to obtaining depositional ages 

from authigenic xenotime overgrowths on zircon. The major goal was to obtain depositional 

dates from the Shannon Basin, which due to its elevated palaeotemperatures and phases o f 

advective fluid flow, makes it a useful analogue for many Neoproterozoic sedimentary suc

cessions. Due to the lack o f  authigenic xenotime research in this basin to date, with only a 

short pilot study performed by Dr David Chew (yielding a sufficiently large 25 |am over

growth o f xenotime; Chew, 2006, personal communication), a large amount o f  time was 

spent searching for suitable xenotime dating targets, and this resulted in a comprehensive 

overview o f xenotime petrography in the Shannon Basin.

1.4 Geological setting

Two Upper Carboniferous sedimentary basins were selected as case studies in this project: 

the Shannon Basin o f Western Ireland and the Central Pennine Basin o f  Northern England. 

The Shannon Basin developed around an ENE-W SW  axis which approximately follows the

5



present-day River Shannon estuary in western Ireland and includes parts o f  counties Clare, 

northern Kerry and northern Limerick (Fig. 1.1). The central trough, considered a half-gra- 

ben at depth (Strogen 1988), was estimated to be 10-20 km wide with gentle shelves on the 

basin margins (Martinsen, 1989). The axis o f the trough is likely related to the lapetus suture 

(Leeder, 1982; M artinsen 1989; Collinson at al. 1991). The extent o f  the Central Pennine B a

sin is defined by earlier, Caledonian tectonic structures. The Craven Fault system separates
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the Pennine Basin from the Askrigg structural high in the north, wiiile it is bounded to the 

south by the Midlands Microcraton (which defines the northern flank o f the Wales-Brabant 

High) (Waters, Davies 2006; Fig. 1.2).

Both o f  the basins developed dunng the latest Devonian and Early Carboniferous times 

as a result o f  crustal extension (Ziegler 1988; Waters, Davies 2006; Sevastopulo 2009). 

Additionally, both basins are filled with similar clastic sedimentary facies and have a high- 

resolution goniatite biostratigraphy (Fig. 1.3). Based on U-Pb zircon chemical abrasion-
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after Pointon et al. (2012). Ammonoid biozones are after Ramsbottom et al. (1978) and Waters et al. (2011).
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isotopic dilution-TlM S dates from altered volcanic ash layers, Pointon et al. (2012) 

estimated the temporal resolution o f  the goniatite biozones at 89-124 ka. The two 

basins, however, differ in the maximum palaeotemperatures they experienced, with 

palaeotemperatures as high as 250-360°C in the Shannon Basin (Fitzgerald et al. 1994; 

Goodhue, Clayton 1999) while palaeotemperatures do not exceed 140°C in the Pen

nine Basin (Pearson, Russell 2000).

The tectonic history o f these two basins (and in a broader sense that o f  Ireland 

and England) during the Carboniferous period evolved largely due to dextral collision 

between Gondwana and Laurussia (Ziegler 1988; Warr 2000). Several pulses o f  sub- 

duction often associated with polarity reversals and/or back-arc extension produced a 

complicated tectonic architecture defined by a series o f grabens and half-grabens sepa

rated by platforms and horsts that inherited their geometries from earlier Caledonian 

features (Waters, Davies 2006 and references therein). The rate o f  extension slowed 

at the end o f  Dinantian and as a consequence the basins underwent thermal relaxation 

subsidence (Waters, Davies 2006 and references therein). Small-scale pulses o f  local 

extension and compression were recorded in the Pennine Basin and the Shannon Ba

sin, which reactivated earlier lineaments (Waters et al. 1994; Graham 2009). Follow

ing the collision o f  Gondwana and Iberia/Armorica during the Late Carboniferous and 

the northward advance o f the Variscan thrust-fold belt into the foreland basin, signifi

cant crustal thickening occurred to the south o f the Shannon and Pennine Basins (Warr 

2000). This Variscan compression caused basin inversion in England and Ireland along 

with the reactivation o f earlier lineaments, as well as enhanced erosion which resulted 

in a major angular unconformity beneath Permo-Triassic rocks in England and off

shore Ireland (Waters, Davies 2006).

Stephenson et al. (2003) have provided a comprehensive account o f Carboniferous 

and Permian igneous activity north o f  the Variscan front. In general magmatism was as

sociated with lithospheric thinning during back-arc extension (Stephenson et al. 2003). 

The Namurian was a time o f  limited igneous activity, with small volumes o f  bentonite 

ash horizons preserved (Spears et al. 1999), while alkaline sills and dykes and associ

ated tholeiitic lavas formed in northern England during the Westphalian and Stepha-
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nian. The limited magmatic differentiation associated with the W estphalian-Stephanian 

magmatism is interpreted to have resulted from short-lived, small-volume magmatic pulses 

(Stephenson et al. 2003). No tu ff horizons o f Carboniferous age have been encountered in 

the Shannon Basin.

The Dmantian rocks which floor the Shannon and Pennine Basins are predominantly 

carbonate facies. In the Namurian, however, very large river systems developed, transport

ing clastic sediments from the highlands, which in case o f the Shannon Basin lay both to the 

south (the Variscan mountains) and north (Sevastopulo 2009). The source areas supplying 

the Pennine Basins originated lay to the north and west (Waters, Davies 2006; Tyrrell et al. 

2006; Hallsworth et al. 2000).

The Namurian successions (Fig. 1.3) in both basins investigated in this project (which 

will be described in the next sections) record an overall trend o f  delta progradation which 

shallows up section, with deep basinal shales overlain by turbidites and slope deposits, which 

are then covered by shelf and deltaic deposits (e.g. Hampson et al. 1997).

1.4.1 Climate changes and biostratigraphy o f the Pennsylvanian

Based on palaeomagnetic evidence, Scotese and M cKerrow (1990) suggested that Britain 

and Ireland occupied humid equatorial latitudes during the Late Carboniferous. At the same 

time, large ice sheets accumulated across southern Gondwana, bringing seasonally drier 

climates. Ice-melting occurred every ~  100 ka (Pointon et al. 2012), suggesting a link to 

the Milankovitch 100 ka ‘short’ eccentricity cycle (Pointon et al. 2012) and brought with it 

potentially wetter atmospheric conditions and major eustatic sea-level transgressions. Arid 

conditions returned during the late Westphalian and Stephanian, which may have resulted 

from a rain shadow developed to the northwest o f the Variscan mountain belt (Leeder 1988).

Sea-level fluctuations caused by glacial eustasy are considered responsible for the develop

ment o f marine facies during transgressions which are represented by organic-rich shales with 

distinct goniatite faunas (termed ‘marine bands’) that can be traced across Western Europe or 

perhaps even globally (Ramsbottom 1973; Veevers, Powell 1987; Holdsworth, Collinson 1988). 

During periods o f rapid ice melting, sea levels rose significantly (~ 60 m, potentially up to 150 m; 

Church, Gawthorpe 1994), which probably connected the Irish and British Carboniferous basins.

10



Bisat (1924, 1928) was the first palaeontologist to use the goniatite-bearing marine bands 

for correlation across the Pennine Basin, and this approach has been continued in detailed 

mapping and correlation studies of the Upper Carboniferous sections, not only in Britain 

but also in Ireland and across Western Europe (e.g. Wright et al. 1927; Wanless, Shepard, 

1936; Brettle 2001 and references therein). The Geological Society Special Report for the 

Silesian (Ramsbottom et al. 1978) and Carboniferous (Waters et al. 2011) provide detailed 

stratigraphical correlations between key sections in Ireland and Britain. The Namurian stra

tigraphy o f the Shannon and Pennina Basins is presented below.

1.4.2 Namurian Stratigraphy of the Shannon Basin

The lithostratigraphy of the Shannon Basin (Fig. 1.3) was defined by Rider (1974) fol

lowing the earlier work of Hodson (1954a, 1954b) and is summarised by Wignall and Best 

(2000). Two groups are distinguished: the older Shannon Group, representing deep-water 

and slope deposits, and the younger Central Clare Group comprising cyclic deltaic sedi

ments. The Shannon Basin is the currently recommended name (Sevastopulo 2009) but sev

eral alternative names can be encountered in the literature: the Shannon trough (Sevastopulo 

1981, Strogen 1988), Foynes Basin (Haszeldine 1988), Westem Irish Namurian Basin (Col- 

linson et al. 1991, Wignall, Best 2000, 2002) and the Carboniferous Shannon Basin (Martin- 

sen et al. 2000, 2003).

Samples in this project have been collected from all o f the major lithostratigraphic units 

(Fig. 1.3), which are summarised below, beginning with the lowermost Clare Shale Forma

tion.

1.4.2.1 Clare Shale Formation -  Shannon Group
The Clare Shale Formation o f the Shannon Group (Fig. 1.3) consists o f dark-grey to black 

shales, often with calcareous nodules and beds (Hodson 1954a, 1954b; Hodson and Lewame 

1961). In the northern part o f the basin, it is only 12 m thick and rests sharply on Visean 

limestones underlain by a thin (approximately 6 cm thick) phosphate layer, the St. Brendan’s 

Well Phosphate Bed member It has been interpreted as a highly condensed bed representing 

the entire Amsbergian and much of the Pendleian substages (Hodson 1954a). Homoceras 

beyrichianum is the oldest ammonoid recorded in the northern section o f the Clare Shale
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Formation while in the south, the older ammonoid Isohomoceras subglobosum  (Fig. 1.3) 

has been found. The formation thickens dramatically towards the axis o f the basin where 

it reaches approximately 180 m (Sevastopulo 2009). It has been interpreted as a euxinic 

suspension deposit of clay m a deep basin (Wignall, Best 2000), or a stagnant, low-energy 

environment within a shallow-water basin margin (Collinson etal. 1991).

1.4.2.2 Ross Sandstone Formation -  Shannon Group
The Ross Sandstone Formation o f the Shannon Group (Fig. 1.3) consists o f bedded tur-

bidites and mudstones deposited in a submarine fan environment (Rider 1974; Collinson et 

al. 1991). The main lithology is sandstone (53 ± 5% by volume, Pyles 2008), and it is ac

companied by minor siltstone and thin intercalations o f black shale, at least three of which 

contain goniatites (Sevastopulo 2001). Its base is defined slightly below the Homoceras 

smith\ and Homoceratoides prereticulatus ammonoid horizons while the Reticuloceras 

paucicrenulatum and Reticuloceras dubium horizons are found towards the top o f the sec

tion (Fig. 1.3), with the base of the Reticuloceras dubium band marking the top o f the forma

tion (Sevastopulo 2009). The thickness and geometry o f the formation was controlled by the 

basin architecture inherited from the Visean and is thickest over the inferred position o f the 

lapetus suture (~ 485 m; Sevastopulo 2009; F*yles 2008). It overlies and laterally interfingers 

with the Clare Shale Formation, suggesting partially coeval sedimentation and represents 

a sediment bypass system on the shelf and upper slope, and deposition on the basin floor 

(Pyles 2008).

1.4.2.3 Gull Island Formation -  Shannon Group
The Gull Island Formation of the Shannon Group (Fig. 1.3) is defined at the base o f the 

Reticuloceras paucicrenulatum/dubium  marine band (Rider 1974) which marks the top of 

the Ross Sandstone zones and the top is defined by the Reticuloceras stuhblefieldi band 

(Rider 1974). Its thickness reaches 50 m in north Clare and 420 m towards the Shannon 

Estuary (Martinsen et al. 2003). The formation in its lower part consists o f thin shales and 

mudstones which have undergone various degrees o f syn-sedimentary deposition and pack

ages of mainly fine-grained sandstones exhibiting soft-sediment deformation (Martinsen et 

al. 2003). In contrast, the upper part of the formation is more similar to the overlying deltaic

Tullig sandstone cyclothem (Fig. 1.3) and comprises mudstones with increasing siltstone
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contents up section, and rare isolated sandstones. The formation is interpreted as represent

ing fine-grained, unstable delta-slope deposits.

1.4.2.4 Central Clare Group
The Central Clare Group (Fig. 1.3) overlies the Shannon Group deposits and consists 

o f five (and part o f a sixth) cyclothems, three o f which can be widely recognised and have 

been named the Tullig, Kilkee and Doonlicky cyclothems, respectively (Rider 1974; Pulham 

1989; Sevastopulo 2009). The Central Clare Group is up to 900 m thick and contains coars

ening and thickening upwards strata deposited in deltaic and fluvial environments (Rider 

1974; Collinson et al. 1991). It is comprised o f sandstones (25%), as well as mudstone 

sheets, delta mouth bars and distributary channels (Pulham 1989). Rider (1974) described an 

ideal cyclothem as a sequence commencing with a black shale band containing marine fos

sils, overlain by siltstone, laminated sandstone, channel sandstone, and further small cycles 

o f  mudstone, siltstone and sandstone, in this order, with some possible rootlet horizons and 

palaeosols marking times o f  emergence (Hampson et al. 1997). The formation is consid

ered to document a prograding delta system, with the thick sandstones interpreted as chan

nel deposits filling incised valleys during the transgressions (Eliott, Pulham 1990; Davies, 

Eliott 1996; Hampson et al. 1997). The boundaries between the cyclothems are defined by 

the following marine bands: R. stuhblefieldi, R. reticulatum, B. bilinguis, R. wrighti and 

R.superbilingue which mark the bases o f  the Kilkee, Doonlicky, IV, V and VI cycles, respec

tively (Collinson et al. 1991).

1.4.3 Namurian Stratigraphy of the Central Pennine Basin

The current lithostratigraphical framework has been published by the Stratigraphy Com 

mittee o f  the British Geological Survey (Waters et al. 2006; W aters et al. 2009), which syn

thesizes and simplifies many earlier studies. In the Central Pennine Basin during Pendleian 

times (Fig. 1.3), fluvio-deltaic facies (the M illstone Grit Group) started to fill the basin. 

Initially, thick turbidite delta-front successions were deposited; during the Marsdenian rela

tively thin, sheet-like deltaic sandstones with well developed delta-top successions were laid 

down. The M illstone Grit association comprises upward-coarsening successions o f  black 

shale (marine bands) reflecting marine transgression and delta abandonment, and is over-
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lain by grey mudstone, siltstone, fine- to very coarse-grained sandstone, with occasional 

seatearths (clays or mudstones underlying a coal seam) and relatively thin coal seams, in

terpreted as reflectmg delta progradation (Waters et al. 2009). Historically, the Millstone 

Grit Group has been correlated using the Namurian ammonoid zones, with 49 marine bands 

recognised in the area (Waters et al. 2009). The group is thickest in the Central Pennines 

where it reaches 1225 m, and it thins southwards (Ramsbottom et al. 1978). Six formations 

have been defined, which are in stratigraphical order: the Pendleton, Silsden, Samlesbury, 

Hebden, Marsden and Rossendale formations (Fig. 1.3). In this project samples have been 

collected from the latter two formations and only these will be described below. The follow

ing information is summarised entirely from Waters et al. (2009).

1.4.3.1 Marsden Formation
The Marsden Formation (Fig. 1.3) includes all Millstone Grit strata o f Marsdenian age. 

It comprises fine- to very coarse-grained and pebbly feldspathic sandstone, intercalated with 

grey siltstone and mudstone, with subordinate marine black shales, seatearths and thin coal 

seams. Its base is sharp and conformable, taken at the base of the Bilinguites gracilis Marine 

Band. The top is also sharp and conformable, taken at the base o f the Cancelloceras cancel- 

latum Marine Band. The formation is 600 m thick close to Preston and Macclesfield and 

gradually thins down to 40 m in the Stainmore Trough. It has been interpreted as represent

ing shallow-water delta systems.

1.4.3.2 Rossendale Formation
The Rossendale Formation (Fig. 1.3) represents all Millstone Grit Group strata deposited 

during Yeadonian times. It is equivalent to the former Rough Rock Grit Group of the Brad

ford region (Stephens et al. 1953; Waters et al. 2009). The formation comprises fine- to very 

coarse-grained and pebbly feldspathic sandstone, which is interbedded with grey siltstone 

and mudstone, as well occasional marine black shales, seatearths and thin coals. A typical 

section comprises a mudstone-dominated succession with two marine shales (defined by the 

Cancelloceras cancellatum and Cancelloceras cumbriense Marine Bands), and an upper 

succession dominated by sandstone. The sharp conformable base with the Marsden Forma

tion is taken at the base o f the Cancelloceras cancellatum Marine Band. The top, which is

also sharp and conformable, is defined at the base of the Subcrenatum Marine Band which
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defines the base o f the Pennine Coal M easures Group. The uppermost part o f the formation 

usually comprises a coarse- to very coarse-grained pebbly sandstone (informally termed the 

Rough Rock sandstone). The Rossendale Formation, which is between 130 and 75 m thick 

in the Central Pennine Basin, has been interpreted as a bird’s foot delta deposit which passes 

upwards into braided river deposits.

1.4.4 Post-depositional and palaeothermal history of the Shannon and 

Pennine Basins

Similar to the stratigraphic studies, investigations into the thermal and diagenetic histo

ries o f the Pennine and Shannon Basins were motivated by discoveries o f  high-rank coal and 

potential oil and natural gas deposits in basins. The timing o f  thermal maturity in relation 

to the timing o f  Variscan tectonism is uncertain (Goodhue, Clayton 1999; Pearson, Russel! 

2000 and references therein).

1.4.4.1 Shannon Basin deformation and palaeothermal history
Since the youngest rocks vwthin the Shannon Basin are o f  late M arsdenian age (ca. 315

Ma), its post-depositional history based on stratigraphic relationships is not known and is 

inferred based on the occurrences o f  more complete sequences in similar offshore basins 

where Langsettian to Asturian rocks (Fig. 1.3) are widespread (Naylor, Shannon 2009). The 

timing o f  the Variscan orogeny in Ireland is also controversial. Most probably, peak oro

genesis occurred in the Latest Carboniferous and/or Early Permian (314-297 Ma), and was 

likely to be “pulsed” in nature (Graham 2009 and references therein). Based on the available 

offshore evidence, the onshore basins, including the Shannon Basin, were already inverted 

and eroded by this time (Naylor, Shannon 2009). The degree o f  deformation in the Shannon 

Basin decreases from the south to the north, and in general gentle kink folds predominate 

(Sleeman, Pracht 1999; MacDermot e ta l. 2003).

The maximum palaeotemperatures inferred for the Silesian rocks o f  the Shannon Basin 

are 250-360°C, based on vitrinite reflectance values in excess o f 4%, conodont alteration 

indices exceeding 5, and fluid inclusion studies in vein quartz (Clayton et al. 1989; Fitzger

ald et al. 1994; Goodhue, Clayton 1999). The wide variations in the peak temperatures is at 

least partly due to discrepancies between the techniques. Estimates below 300°C are based
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on microthermometric fluid inclusion data from quartz veins and were interpreted to reflect 

a protracted history o f fluid entrapment during and after formation o f the veins (Fitzgerald 

et al. 1994).

These palaeotemperatures are much higher than what could be expected from sediment 

burial only, and were interpreted as having been caused by advective fluid flow. The hot flu

ids would have been derived from the M unster Basin (to the south) and expelled northwards 

during Variscan compression. They would have been transported through the network o f  

fractures in the karstic Visean limestones underlying the Clare Shale Formation, and would 

have caused extensive heating o f the overlying Namurian sequence, probably without af

fecting the limestones (Fitzgerald et al. 1994). Locally, this mechanism could have been 

complicated by faulting, which provides much more effective conduits for fluid flow. Fluid- 

related heating is thus capable o f  locally reversing the expected geothermal gradient, as 

was observed in the Slievecallan Borehole (IPP-2) in Co. Clare (Goodhue, Clayton 1999). 

The palaeotemperatures for that borehole were calculated by the authors based on vitrinite 

reflectance.

1.4.4.2 Pennine Basin deformation and palaeothermal history
The post-depositional record o f the Pennine Basin is more complete compared to that o f

the Shannon Basin (Waters, Davies 2006). The northern part o f  the Central Pennine Basm, 

where the samples in this project were collected, has been affected by extensive faulting, 

considered to be o f  Carboniferous age (Addison et al. 2005). Some NE and NW- extending 

faults could have been reactivated in the Mesozoic, as well as during Neogene (Miocene) 

compressive events (Addison et al. 2005). Folding was more intense in the south and waned 

in intensity to the north, where it essentially produced monoclines (Aitkenhead et al. 2002). 

Pearson and Russell tested several subsidence models and concluded that the maximum pal

aeotemperatures did not exceed 140°C in most o f the Pennine Basin. Post-depositional fluid 

flow can be deduced from the presence o f local carbonate and quartz veins observed in the 

Namurian rocks (such as in the Noah Dale British Geological Survey drill core).
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Part I

Re-Os dating of organic-rich shales
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2 Re-Os dating of organic-rich shales

2.1 Introduction

The Re-Os chronometer in organic-rich shales (ORS) has proven to be an accurate and 

precise tool for direct dating o f  clastic sedimentary sequences ranging in age from the A r

chaean to the Mesozoic (e.g. Ravizza, Turekian 1989; Cohen et al. 1999; Singh et al. 1999; 

Creaser et al. 2002; Selby, Creaser 2003, 2005a; Kendall et al. 2004, 2006, 2009a, 2009b; 

Selby et al. 2005, 2007a, 2009; Selby 2007; Yang et al. 2009). Among the studies listed 

above, there have been several attempts to assess the robustness o f the Re-Os isotopic sys

tem during post-depositional processes such as hydrocarbon maturation, metamorphism, 

flash pyrolysis associated with igneous intrusions and weathering,

2.1.1 Aims of this study

This part o f the project aimed to investigate the effects o f  high palaeotemperatures on the 

Re-Os isotope system in organic-rich shales whose true stratigraphic age is known. Organic- 

rich shales o f  Late Carboniferous age (ca. 315 M a (Ogg et al, 2008) or ca. 321 M a (Pointon et 

al, 2012)) wdth differing thermal and tectonic histories were selected from the Shannon Basin 

o f  Westem Ireland and the Pennine Basin o f Northern England, In both basins a high-resolu- 

tion goniatite biostratigraphy has previously been established (Ramsbottom et al. 1978).

2.1.2 Development of the Re-Os chronometer

The Re-Os geochronometer is based on the beta decay o f  '*’Re to '**’Os. Re and Os are 

chalcophile and siderophile elements respectively, and hence the geochronometer is unique 

among the other commonly used incompatible and lithophile isotope systems (e.g. Rb-Sr, 

Sm-Nd, U-Pb; Faure, M enning 2005). Since the pioneering analytical attempts o f  Naldrett 

and Libby (1948), the Re-Os isotope system has been used to determine crystallisation ages 

o f  asteroids in the Early Solar System and the formation o f iron meteorites (e.g. Horan et al. 

1992; Walker, Morgan 1989; Morgan et al. 1992; Smoliar et al. 1996). The Re-Os isotope 

system has also advanced our understanding o f  mantle evolution, crustal growth, the forma

tion o f  diamonds and the genesis o f sulphide ores (Begemann et al. 2001 and references

18



therein; Pearson at al. 1995; Creaser et al. 2002; Stein et al. 2001). It has also been applied  

to investigate the osm ium  isotopic com position  o f  seawater, continental w eathering rates, 

the influx o f  extraterrestrial matter to the oceans, and m ost recently to date organic-rich sed i

mentary rocks and hydrocarbons (e.g . Esser, Turekian 1988; R avizza, Turekian 1989; Cohen  

et al. 1999, Creaser et al. 2002; Selby, Creaser 2003 , 2005a , 2005b; Kendall et al. 2 0 0 4 , 

Selby et al. 2005 , 2007a; Yang et al. 2009; Finlay et al. 2010; R ooney et al. 2010).

A nalytical ch allen ges have proved to be the major obstacle to the routine application  

o f  the R e-O s isotope system  in the g eoscien ces, as these tw o elem ents are am ong the least 

abundant in the crust (typ ically  yield ing concentrations in the ppb to ppt range). A dditionally  

their high ionisation potential (~  8 eV ) has prevented conventional TIM S analysis. The earli

est studies w ere carried out using electron-bom bardm ent m ass spectrom etry by N ier (1937). 

Subsequent workers have used secondary ionization m ass spectrom etry (SIM S) (Luck, 

A llegre 1980); resonance ionization m ass spectrom etry (R IM S) (Walker, Fasset 1986), ac

celerator m ass spectrom etry (A M S ) (Fehn et al. 1986) and inductively coupled  plasm a m ass 

spectrom etry (IC P-M S) (R uss et al. 1987). A ll o f  these techniques suffered from relatively  

lo w  sensitiv ity  and poor precision (> ±  1-2%, 2 a ) for O s isotop ic  ratios.

A substantial im provem ent in precision (to better than 0.1%  at the 2 o  level) coincided  

with the developm ent o f  the negative thermal ionization m ass spectrom etry (N T IM S) tech 

nique developed  by tw o com peting groups (Creaser et al. 1991; V olken ing  et al. 1991). In 

this m ethod. Re and O s salts are loaded onto separate Ft (or N i) filam ents a long with an e le c 

tron em itter such as B a (N 03)2  and are ionized as O sO ,' and ReO_,‘ m olecular sp ecies. This 

m ethod sign ificantly im proved ionization e ffic ien cies (to 2-6%  for O s and >  20%  for R e) and 

resulted in precision  better than ±  2%o (2o; Creaser et al. 1991).

The uncertainty in the '*^Re decay constant w as the other principal factor lim iting the ac

curacy o f  R e-O s age determ m ations. Naldrett and Libby (1 9 4 8 ) w ere the first to determ ine  

a half-life  o f  '*”'Re using direct counting m ethods. Their estim ate w as erroneously long due 

to the very low  energy o f  '*’Re beta em ission  (2 .65 keV ) posin g  a major challenge in direct 

m easurem ents. N um erous attem pts o f  re-estim ating A,'*’Re have been m ade since, involving  

a lso  m icrocalorim etric and g eo log ica l determ inations using m eteorites and terrestrial m ate

rial (esp ecia lly  m olybdenite). Several ^'*^Re value determ inations have provoked d iscussion
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questioning the reliability o f  the Re-Os geochronometer because they produced geologically 

unreasonable or impossible age results (e.g. Luck, Allegre 1982; Suzuki et al. 2001).

Selby et al. (2007b) provided a comprehensive review o f '* ’Re decay constant estimate 

history and controversies. For over a decade, the value o f  Smoliar et al. (1996) determined 

from Group llIA iron meteorites have been most widely used. Thanks to the recent inde

pendent assessment o f  the '*’Re decay constant by Selby et al. (2007b), the commonly used 

value o f  1.666 ± 0 .0 1 7  x 10-11 a ' (Smoliar et al. 1996) has been re-confirmed, mcreasing 

confidence in this value.

2.1.3 Re-Os chronometer in organic-rich sedimentary roclis

Organic-rich shales are a significant crustal reservoir o f Re and Os (Ravizza et al. 1991). 

These elements are usually organically-bound and in ORS they are inferred to be hydrog

enous, i.e. largely sequestered from the seawater under suboxic, anoxic or euxinic condi

tions at the time o f  deposition, often with negligible detrital and extraterrestrial contributions 

(Ravizza, Turekian 1989; Colodner et al. 1993; Crusius et al. 1996; Morfod et al. 2007; 

Koide et al. 1991; Levasseur et al. 1998). In the seawater-sediment system. Re is conserva

tive and exists as a stable ReO^' anion, which is very slowly reduced to Re(IV) under sub

oxic, anoxic or euxinic conditions (e.g. Colodner et al. 1993; Crusius et al. 1996; Yamashita 

et al. 2007). On the contrary. Os is present as more than one species in the seawater-sediment 

system (mainly as Os(Hl) and Os(IV)) and can be readily removed from seawater under oxic 

conditions by adsorption onto Fe-Mn oxides, causing a large fractionation effect between 

Re and Os (Yamashita et al. 2007). Unweathered (i.e. not oxidised) ORS are thus a retentive 

reservoir for both Re and Os, and together with the above properties make the Re-Os iso

tope system a useful tool for determining the depositional ages o f  shales (Ravizza, Turekian 

1989).

The principal equation used for calculation o f  Re-Os isotopic depositional ages is given

by:

(1870s/ i880s) ^  = ('*’Os/'*'Os). .., + C«’Re/'**Os) ^  * (e"‘ -  1) (Eq. 2.1).^ -'m easured  ^ ^ • 'm easured  ^ /  v i ^
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The ages calculated using this method are valid provided that (Ravizza, Turekian 1989; 

A zm y et al. 2008):

a) The Re and Os in the ORS are hydrogenous;

b) Re and Os have been rapidly immobilised in the O RS after deposition, so that the age 

reflects deposition, not diagenesis;

c) All analysed samples have the same (or similar) initial Os composition (Os.) equiva

lent to the Os composition o f  seawater at the time o f  deposition;

d) The samples have remained a closed system with respect to Re and Os with no post- 

depositional mobilisation;

e) A suitable range of'*^Re/'**Os ratios exists to define a range o f  present-day '*''Os/'“ Os 

values sufficient to facilitate construction o f  a well-defined isochron.

It has been argued that the level o f  maturation in ORS samples does not affect the accu

racy o f  the Re-Os geochronometer (Creaser et al. 2002; Selby, Creaser 2005a). Kendall et al. 

(2004) demonstrated that it is robust up to the onset o f  the lower greenschist facies, whereas 

hydrothermal fluid flow may reset the isotopic system and cause significant scatter in the 

data (evidenced by very high M SW D  values) and unrealistically high Os^ values (such as > 

3; Kendall et al. 2006; Kendall et al. 2009b). Oxidative weathering o f  O R S is another factor 

that m ay  produce inaccurate Re-Os ages and is discussed in the following section.

2.1.4 Os as a weathering proxy

Three major sources o f  Os in seawater have been recognised (Cohen et al. 1999): a) hy 

drothermal alteration o f  juvenile oceanic crust, b) continental weathering (mainly o f  O RS) 

and c )  a m inor extraterrestrial contribution from meteorites. The present-day '*’Os/'**Os 

com position  o f  ~  1.06 (Levasseur et al. 1998) reflects the mass balance betw een these differ

ent sources. The hydrothermal and extraterrestrial inputs yield similar Os ratios o f  - 0 . 1 2 7  

(e.g. Peucker-Ehrenbrink, Ravizza 2000) while crustal rocks yield a range o f  values, from 

0.127 to ~  3, depending on the lithology and its age, with the highest values know n from 

O R S (Peucker-Ehrenbrink, Hannigan 2000; Rooney et al. 2010).

Re and Os are stable under non-oxidative conditions in terrestrial organic-rich shales 

and becom e highly mobile when oxidation is pervasive, with Re being more vulnerable to
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removal from ORS than Os (Colodner et al. 1993; Pierson-Wickmann c ta l.2 0 0 2 ). Rhenium 

is then preferentially incorporated into meteoric water and delivered by rivers to the oceans. 

Os, on the other hand, is largely reprecipitated in Fe oxides when redox conditions permit 

(Pierson-W ickmann et al. 2002; Jaffe et al. 2002). Ravizza and Esser (1993) have indicated 

a possible link between the seawater Os isotope record and weathering rates o f ORS.

2.2 Samples and methodology 

2.2.1 Sampling
Black shale samples were collected at five targeted stratigraphic levels from the Shannon 

(St. Brendan’s Well, Cross, Spanish Point) and Pennine Basins (Denshaw and Noah Dale 

borehole). The sampling horizons and locations are shown in Fig. 2.1 and on schematic 

geological maps in Fig. 1.1 and Fig. 1.2, respectively (see also Appendix A 2 .1). All samples 

from the Shannon Basin as well as the Denshaw sample suite from the Pennine Basin were 

collected from outcrops using a conventional hammer and chisel approach. Photographs o f 

the outcrop locations are shown in Fig. 2.2 and 2.3. In contrast the Noah Dale samples were 

obtained from British Geological Survey drill core (BGS borehole SE02SW 23, sampling 

interval 99.3-100.2 m).

Care was undertaken when sampling to avoid any visually weathered material. In Spanish 

Point and Denshaw large slabs o f  shale (ca. 2 kg in weight per slab) were collected. For the 

St. B rendan’s Well and Cross samples it was possible to acquire only smaller pieces o f  shale 

(ca. 0.2-1 kg). Drilling using a hand-held coring drill was attempted but due to the rotational 

stress involved, the cores started splitting into thin layers and these shales were too fissile to 

produce sufficiently thick (at least 15 mm thick) blocks o f rock suitable for the subsequent 

grinding step.

For all samples, any visible outer weathering rind was removed and the samples were 

then cut and ground on a diamond plate to remove surfaces that may have been in contact 

with either the metal saw blade or hammer and to expose fresh material. Examples o f  pol

ished B. bilinguis shales from Spanish Point and Denshaw are shown in Fig. 2.4. Between 

50-100 g o f rock was pre-crushed (while wrapped in a thick plastic bag) with a ham m er and
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Sample numbers analysed by TIIMS: 

Shannon Basin
St. Brendan’s Well: 21-24, 29, 30 
Cross: 41, 45, 47
Spanish Point: 33-36, 38-40, 145-151 

Pennine Basin
Noah Dale BH: SSK2680, SSK2709-2712,
SSK2715-2716
Denshaw: 59, 61-64



Fig. 2.2 ORS sampling locations. The sampled horizons are highlighted by a dotted line, a) Cross (Shan

non Basin) steeply dipping layers in a high cliff occassionally flooded with seawater during severe storms; 

hand-held core drilling equipment is visible, b) Denshaw (Pennine Basin) - the protruding subhorizontal ORS 

horizon on a side o f  a steep gorge is more resistant to weathering than the adjacent shales, c) Spanish Point 

(Shannon Basin) - the outcrop is located on a wave-cut platform.
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Fig. 2.3 St. Brendan’s Well sampling location (highlighted with a dotted line). The sampled horizon directly 

overlies a phosphorite bed (indicated with an arrow).

Fig. 2.4 Examples o f polished blocks o f B. bilinguis ORS. a) Spanish Point (Shannon Basin) - sample 35. b) 

Denshaw (Pennine Basin) - sample 64. Scale bars = 50 mm.

then milled to a fine powder in a ceramic mill. The mill was thoroughly cleaned using com 

pressed air and ethanol between processing different samples to avoid cross-contamination.

2.2.2 Analytical procedures

Analytical work was conducted at Durham University’s Total laboratory at the Northern

Centre for Isotopic and Elemental Tracing (NCIET). Approximately 1 g ± 0.00004 g o f

powdered sample was mixed with a '’°0 s - '®^Re tracer solution and was digested together

with 8 ml o f  Cr'^'-H^SO^ solution in a Carius tube at 220-240°C for ~ 48 h (Selby, Creaser

2003, Kendall et al. 2004). Osmium was then separated from the acid solution and purified

by solvent extraction using CHCI3 and micro-distillation methods while anion exchange
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chrom atography w as em ployed  for the purification o f  R e (Selby, Creaser 2003; Selby 2007). 

The purified, dried O s fraction w as d isso lved  in 0 .4  |il 16N  HNO^ prior to loading onto Pt 

filam ents. The R e fraction w as d isso lved  in 0 .4  |il 9N  HBr and loaded onto a N i filam ent 

(Selby  et al. 2007a). O nce the sam ples had dried, 0 .4  |al B a (N 03 )2  in N aO H  solution was 

loaded as the activator for R e and 0 .4  |al B a(0H )2  in a w eak 0 .1 N  N aO H  solution w as loaded  

as the activator for Os. Rhenium and O s w ere then analysed by isotope dilution negative  

thermal ionisation m ass spectrom etry (N -T IM S; Creaser et al. 1991) on a Therm o Electron  

TRITON m ass spectrom eter. O s isotopes w ere detected via ion-counting using a secondary  

electron m ultiplier in peak-hopping m ode w hile  Re w as co llected  using Faraday detectors in 

static m ode (Selby  2007). Total procedural blanks for R e and O s are ~  15 pg and < 0 .1 6  pg, 

respectively.

From the m easured ox id e ratios, atom ic ratios w ere calculated after full propagation o f  

uncertainties in the Re and O s m ass spectrom eter m easurem ents, blank abundances and 

isotopic com positions, sp ike calibrations and reproducibility o f  standard Re and O s isotopic  

values (Selby  2 0 07). The Isoplot 3 application (L udw ig 2 0 0 8 ) w as used for data regression  

and age calculations, using the decay constant o f  Sm oliar et al. (1 9 9 6 ) ( X '®’Re = 1.666 x  10" 

" a '). U ncertainties on the '*’Re/'**Os and ‘*’Os/'**Os ratios w ere calculated at the 2 o  level 

and the associated  error correlation function rho (p) w as used (L udw ig 1980). Long-term  

instrument reproducibility w as m onitored during the course o f  this study by analysing an in- 

house Re and Os solution (A B 2; Finlay et al. 2010; R ooney et al. 2010  and references therein).

2.3 Results

2.3.1 Results from the Shannon Basin
Rhenium  and O s abundances and isotope data for the sam ples from  the Shannon Basin

are show n in Table 2.1 and are presented b elow  together with the results o f  the linear regres

sion s o f  the isotope ratios.

2.3.1.1 St. Brendan’s Well
The abundances o f  R e and Os for the St. B rendan’s W ell sam ples are betw een 4 4 .6 -5 4 .6  

ppb and 4 3 6 -4 6 7  ppt, respectively. Their '*''Re/'**Os isotope values range betw een 771 -1 0 0 2
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Table 2.1. Re and Os abundance and isotopic composition data for the Shannon Basin samples

Locality TIMS ID ' Re ± l a  Os ± lo  '® W ^*O s ± lo  '® W ^ O s  ± lo  Rho^
[ppb] [ppt]

St. Brendan’s Well 21/34-1
22/34-2 
23/34-3 
24/34-4 
29/34-5 
30/34-6

Spanish Point 33/21 -5
34/26-1 
35/21-6 
36/26-2 
38/21-7 
39/34-7 
40/21-8 
145/123-6 
146/123-7 
147/200-7 
148/200-8 
149/200-9 
150/123-9 
151/200-10

Cross 41/89-1
45/89-3 
47/89-4

44.6 0.25 446
54.6 0.30 459
46.6 0.26 440
46.1 0.26 436
52.7 0.30 461
48.7 0.27 467

92.0 0.30 677
71.9 0.23 465
167.5 0.54 1320
228.4 0.74 1259
151.2 0.49 916
374.9 2.18 2068
145.8 0.47 1030
117.9 0.39 681
66.2 0.23 466
105.5 0.34 614
177.0 0.57 1323
29.2 0.10 259
79.3 0.27 499
32.0 0.10 266

20.3 0.19 242
5.1 0.05 146
4.0 0.04 147

1.6 772 4.4
1.8 1003 5.7
1.4 824 4.7
1.8 841 4.8
1.6 942 5.4
1.7 831 4.7

4.0 1279 5.3
2.6 1602 7.0
4.8 n i l  3.8
11.1 2297 12.5
4.2 1905 7.0
21.3 2287 18.2
5.1 1377 5.2
2.8 2102 21.3
2.5 1376 6.0
3.4 2047 8.6
5.5 1201 4.3
1.5 913 4.7
2.5 1721 6.6
1.6 1030 5.5

1.1 166 1.7
0.7 69 0.7
0.7 55 0.6

4.73 0.009 0.142
5.88 0.011 0.150
4.86 0.007 0.120
5.12 0.011 0.161
5.59 0.008 0.118
5.15 0.010 0.116

7.46 0.028 0.435
8.97 0.029 0.602
6.39 0.010 0.275
12.60 0.083 0.539
10.83 0.022 0.420
12.53 0.107 0.435
7.94 0.021 0.384
11.79 0.164 0.649
7.88 0.030 0.405
11.43 0.034 0.563
6.74 0.014 0.311
5.35 0.022 0.735
9.70 0.024 0.371
6.08 0.028 0.737

1.23 0.008 0.303
0.78 0.005 0.311
0.68 0.005 0.325

' TIMS ID consists o f a sample number and a TIMS analysis batch number separated by a 7 ’ symbol. 
 ̂Rho -  associated error correlation (Ludwig 1980).



and are positively correlated with the '*^Os/'**Os ratios that range from 4.7-5.9. Linear re

gression of the Re-Os data (n = 6) yields an errorchron with a highly imprecise Model 3 age 

o f2 9 8 ± 8 3  Ma(M SW D = 61,2o) with an initial '»’Os/'**Os ratio (Os,) of 0.9 ± 1.2 (Fig. 2,5 

a). The limited spread of the isotopic ratios is responsible for the large uncertainty on the 

regression.

2.3.1.2 Cross
Out o f six samples from Cross processed in Carius tubes, only three were analysed by 

TIMS (the remaining three were not properly sealed or exploded in the oven). These sam

ples yield a narrow range o f Re (4.0-20.3 ppb) and Os (146-242 ppt) abundances, which are 

among the lowest concentrations recorded from ORS in previous geochronological studies. 

The '*'^Re/'**Os isotope ratios range from 54.6-166.2 and are positively correlated wdth the 

i870s/ i880s ratios which yield a restricted spread o f values between 0.680-1.229, similar to 

the present-day seawater signature ('*''Os/'**Os ~ 1.06; Levasseur et al. 1998). Regression of 

the isotope data yields a highly scattered errorchron with a Model 3 date o f 288 ± 2 1 0  Ma 

(MSWD = 87, 2o) with an Os, ratio o f 0.43 ± 0.38 (Fig. 2.6 a).

2.3.1.3 Spanish Point
Fourteen samples from the B. hilinguis marine band in Spanish Point yield high and 

varied Re and Os abundances of between 29-375 ppb and 259-2068 ppt respectively. Their 

i87Re/i880s isotope ratios yield a wide range o f values between 913-2297 and are positively 

correlated with the '̂ ’Os/'^^Os ratios which yield highly radiogenic ratios of 5.4-12.6. Re

gression of all data (n = 14) yields a slightly scattered Model 3 errorchron age o f 316.4 Ma 

± 8.6 Ma (MSWD = 47, 2o) with an initial Os. value of 0.58 ± 0.23 (Fig. 2.7 a).

2.3.2 Results from the Pennine Basin shales

Rhenium and Os abundances and isotope data for the samples from the Pennine Basin are 

shown in Table 2.2 and are presented below together with the results o f the linear regressions 

o f the isotope ratios.

2.3.2.1 Noah Dale
Seven samples o f the 5. gracilis marine band from the Noah Dale borehole show moderate 

total Re and Os contents between 10-35 ppb and 107-279 ppt, respectively. The '*’Re/'®*Os
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Fig. 2.6 Cross Re-Os isotopic data, a) Re-Os errorchron. b) Present-day '*^Os/'**Os vs. 1/Os [ppt '] plot.

isotope ratios are high, ranging from 700 to 1100 and are positively correlated with the 

highly radiogenic '*’Os/'**Os ratios o f 4.19-6.34. Linear regression o f the isotope data (n = 7) 

yields a precise Re-Os Model 3 age o f 305.8 Ma ± 6 Ma (MSWD = 3.0, 2a) with an initial 

i870s/'880s ratio (Os.) o f 0.79 ± 0.08 (Fig. 2.8 a).
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Locality

Denshaw

Noah Dale

Table 2.2. Re and Os abundance and isotopic composition data for the Pennine Basin samples

TIMS ID' Re ± lo  Os ± la  ± la  ± la  Rho^
[ppb] [ppt]

59/R088-1 404.0 4.52 681 0.6 1180 13.2 6.42 0.009 0.053
61/R088-3 340.8 3.19 595 0.8 1139 10.8 5.55 0.012 0.093
62/R088-4 422.0 3.95 638 0.8 1316 12.4 5.97 0.011 0.084
63/R088-5 355.5 3.33 590 0.6 1198 11.3 7.89 0.011 0.071
64/R088-6 458.9 4.30 636 0.7 1436 13.5 7.64 0.012 0.072

SSK2680/123-1 11.0 0.04 116 0.7 709 4.8 4.39 0.033 0.660
SSK2709/123-2 10.8 0.04 119 0.7 675 3.7 4.26 0.020 0.700
SSK2712/123-3 9.6 0.03 107 0.7 668 4.0 4.19 0.023 0.725
SSK2710/200-1 20.3 0.07 201 1.1 782 3.6 4.78 0.019 0.578
SSK2711/200-2 34.7 0.11 279 1.5 1088 4.7 6.34 0.023 0.525
SSK2715/200-3 18.0 0.06 169 0.9 850 4.1 5.12 0.021 0.633
SSK2716/200-4 23.9 0.08 200 1.2 1015 4.8 5.99 0.024 0.604

' TIMS ID consists of a sample number and a TIMS analysis batch number separated by a 7 ’ symbol. 
 ̂Rho -  associated error correlation (Ludwig 1980).
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2.3.1.2 Denshaw
Five Denshaw samples collected from the B. bilingnis marine band are highly enriched 

in Re and Os (compared to the continental crust), yielding abundances o f 341-459 ppb Re 

and 590-681 ppt Os, respectively. Their '*’Re/'***Os isotope ratios are very high, ranging 

from 1139-1436 but are somewhat imprecise, with uncertainties o f  ~  1% (2o), compared to 

~ 0.5% (2o) for most o f the other samples. The reason for the higher uncertainty is unclear. 

The '*’Re/'**Os isotope ratios are weakly but positively correlated with highly radiogenic 

i870s/'880s ratios o f  5.55-7.89. Their linear regression yields a highly scattered Model 3 age 

o f  217 M a±  840 Ma (MSWD = 416, 2o) (Fig. 2.9 a).

2.4 Discussion and conclusions

Samples analysed for this part o f  the project yield an interesting and varied pool o f  Re- 

Os data, which can be divided into two groups: a) those yielding precise age regressions 

(the Spanish Point and Noah Dale samples), and b) those yielding highly scattered regres

sions, which document a significant violation o f  the Re-Os chronometer starting assump

tions (St. Brendan’s Well, Cross and Denshaw).
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2.4.1 Depositional age of the Spanish Point B. bilinguis marine band

Despite a significant spread in the Re-Os isotopic data, which provides good “leverage” 

for a linear regression, the Spanish Point B. bilinguis marine band yields a Model 3 er- 

rorchron age of 316.4 Ma ± 8.6 Ma (2o) wdth a high MSWD value of 47 (for n = 14; Fig. 

2.7 a). This scatter in the data may be a reflection of several issues that are discussed below: 

a) variable initial '*''0s/"**0s, b) partial resetting due to post-depositional processes.

The initial '*’Os/'**Os signature of the sampled horizon (calculated between 0.57-1.03 

for all points at 316 Ma) could be the result o f changes in the seawater Os isotope signature 

during deposition. Organic-rich shales enriched in authigenic U, such as the marine bands 

in Upper Carboniferous rocks are considered to be the result of slow, condensed sedimenta

tion rates deposited over a long period o f time (e.g. Hampson et al. 1997). High Re contents 

in ORS have also been linked to slow sedimentation rates due to the low rate of ReO / reduc-4

tion to Re(IV), which has also been confirmed in laboratory leaching experiments investi

gating how Re and Os are removed from a seawater-sediment system (e.g. Yamashita et al. 

2007 and references therein). The Spanish Point ORS samples are among the most enriched 

ORS described in the literature as they contain over 350 ppb Re, supporting the slow-sedi- 

mentation hypothesis.

Using new zircon CA-ID-TIMS (Chemical Abrasion-lsotope Dilution-TIMS) ages, Poin- 

ton et al. (2012) estimated that on average Namurian sedimentary cycles (i.e. siliciclastic 

sequences typically tens o f metres thick and bracketed by two adjacent marine bands) rep

resent approximately 100 ka (89-124 ka) of time. The Spanish Point samples in the present 

study have been collected from the ~ 20 cm thick B. bilinguis marine band horizon. Os has 

a relatively short residence time in seawater (10-40 ka; Peucker-Ehrenbrink, Ravizza 2000). 

If the scatter in the Spanish Point Re-Os isochron is due to the different marine band samples 

recording differing initial '*’Os/'**Os compositions from seawater, this would imply that the 

duration o f deposition o f the condensed B. bilingue marine band is longer than that o f the 10- 

40 ka Os residence time in seawater. The duration o f deposition o f a thin Namurian marine 

band could therefore even exceed the duration o f time taken to deposit the rest o f its associ

ated deltaic sedimentary cycle.

34



No systematic change in Os  ̂values in the ca. 20-cm thick sampled horizon were discov

ered. The plot in Fig. 2.7 b shows how far data points deviate from the isochron regression 

line presented in Fig. 2.7 a but there is no correlation between Os  ̂values and sampling depth.

An alternative explanation for the high MSWD o f  the Spanish Point data regression may 

be post-depositional disturbance o f the Re-Os isotopic system. The high palaeotemperatures 

experienced by Spanish Points rocks (~ 320°C; Goodhue, Clayton 1999) left them post- 

mature even in respect to dry gas. Since Re and Os in ORS reside in organic matter, it could 

be possible that they are remobilised during or after the maturation o f  this organic matter. 

Nevertheless, it has been demonstrated by other researchers that the Re-Os isotopic system 

is not disturbed even in post-mature samples (Creaser at al, 2002; Selby, Creaser 2005a). 

Kendall et al. (2004) argued further that the Re-Os ORS geochronom eter is robust up to the 

onset o f  the lower greenschist facies. Therefore, high temperature alone is not likely a factor.

On the contrary, hydrothermal fluid flow associated with ore formation, as well as oxida

tive weathering have been demonstrated to generate significant scatter in Re-Os isotopic 

data (e.g. Jaffe et al. 2002; Kendall et al. 2006, 2009a). Post-depositional hot advective fluid 

flow in the Spanish Point area is evidenced by quartz veins (Fitzgerald et al. 1994). Kend

all et al. (2009a) postulated that hydrothermal carbonate veins signal hydrothermal Re-Os 

system resetting. Although such carbonate veins have not been noticed in the Spanish Point 

sampling area, an inferred oxidative character o f  the hydrothermal fluids may have caused 

the scatter in the data. Similarly, recent oxidative weathering o f  the shale, that might not be 

visually apparent during sampling, may have disturbed the system. The very high Re and 

Os concentrations in the shale indicate that if there was some Re and/or Os removal, it was 

probably not a major factor. The influence o f weathering should be examined in more detail 

in future studies, for example by careful analysis o f  the organic matter and source rock m a

turity (e.g. the RockEval method, e.g. Rooney et al. 2010 and references therein) and trace 

element contents.

Despite the high scatter, the date 316.4 Ma ± 8.6 Ma is close to the expected deposi- 

tional age o f  the B. hilingtiis marine band (315 M a (Ogg et al. 2008) or 321 Ma (Pointon et 

al. 2012)). It demonstrates that despite the post-depositional processes affecting the Re-Os

isotopic systematics or probable condensed sedimentation resulting in variations in the Os.
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values o f individual ORS samples, the Re-Os chronometric information of the Spanish Point 

samples was preserved.

2.4.1.1 Seawater Os signature in the Spanish Point shales
The Os. calculated for individual samples are lower than the present-day seawater Os iso

topic signature of ~ 1.06 (Levasseur et al. 1998), indicating that the input o f radiogenic Re 

and Os from the weathering of ORS was lower than present, or that there was a significant 

influx of non-radiogenic Os from hydrothermal alteration of juvenile oceanic crust in the 

Late Carboniferous (e.g. Robinson et al. 2009). Alternatively, changes in glacial/interglacial 

climatic conditions have been shown to correlate with changes in seawater Os. composi

tions, with de-glaciation events bringing an abrupt increase in the Os. values (e.g. Ravizza 

et al. 2001; Ravizza, Peucker-Ehrenbrink 2003; Oxburgh et al. 2007; Finlay et al. 2010). 

The Upper Carboniferous marine bands have been interpreted as glacio-eustatic transgres

sions (e.g. Veevers, Powell 1987), representing periods o f rapid sea level rise and maximum 

flooding Imked to the melting o f large portions of the Gondwanan ice cap (e.g. Holdsworth, 

Collinson 1988; Martinsen et al. 1995; Hampson et al. 1997). Hence, the marine bands 

should record a trend o f increasing Os. values that reflects mixing of the oceanic waters 

with the previously more restricted epi-continental seas. The moderate Os. values (0.58 ± 

0.23) inferred for Shannon Basin seawater during deposition o f the B. bilingiiis marine band 

(a eustatic maximum flooding surface) suggest that mixing with the oceanic waters was not 

a rapid process.

2.4.2 Depositional age of the Noah Dale B. gracilis marine band

The B. gracilis marine band samples yield a well-constrained age of 305.8 ± 6 Ma (Fig. 

2.8 a). The scatter of the seven regressed data points, reflected by the MSWD value o f 3, 

is within the range o f values acceptable at the 95% confidence level (Wendt, Carl 1991). The 

age has been calculated according to the Model 3 isochron function o f Isoplot 3 (Ludwig 

2008). The Noah Dale data form a more coherent group (compared to the Spanish Point 

samples) on a plot comparing the deviation of Os. values from the isochron regression line 

(Fig. 2.8 b).

The precision o f the Re-Os age (± 1.96%, 2o; Fig. 2.8 a) is comparable to recently pub-
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lished results (often less than ±  1%, 2o; e.g. Rooney et al. 2010 and references therein) from 

other O RS, using the same analytical protocols. Moreover, these results are more precise 

than those recorded from the Spanish Point B. hilingnis m arine band (± 2.7%, 2o, n = 14). 

Since the Noah Dale rocks have been subjected to much lower palaeotemperatures, ~  140°C 

(Pearson, Russell 2000), than the rocks from the Shannon Basin, their Re-Os systematics 

were expected to be less disturbed.

The wide spread in Re and Os abundances and isotope values recorded from Noah Dale 

and the scattered, non-linear relationship between the present-day '*^Os/'**Os values versus 

the inverse o f  the Os concentrations (Fig. 2.8 c) suggest that the Re-Os isotopic systematics 

have not been homogenised by post-depositional processes (e.g. A zm y et al. 2009; Rooney 

et al. 2010). A polynomial trend can be fitted through this data  (with a high degree o f  fit, R^ = 

0.834; Fig. 2.8 c) but it is not consistent with a binary mixing model, which should produce 

a straight line with a positive slope.

Despite its good precision, the Noah Dale Re-Os date for the base o f  Marsdenian appears 

younger than the estimates o f  the 2008 Geologic Time Scale (315 Ma, Ogg et al. 2008) or the 

recent estimate o f  321 Ma derived from high-precision U-Pb C A -ID -TIM S zircon geochro

nology (Pointon et al. 2012). The younger than expected depositional age may suggest that 

the Noah Dale ORS recorded not the true age o f  deposition but a later event during the early 

stages o f  basin diagenesis. It is possible that some m inor resetting occurred during the flow 

o f  oxidising intrabasinal fluids. Recent oxidative weatherm g is not likely a factor because 

the samples were obtained from a well-preserved drill core (based on a visual assessment).

Due to the limited number o f  data points (n =  7), the M S W D  o f  3.0 for the N o ah  Dale 

Re-O s isochron. a lthough within the limits o f  acceptab le  values, should  be treated with 

caution (W endt. Carl 1991; Ludw ig  2008). A lgorithm s within the Isoplot 3 application 

(L udw ig  2008) offer an additional m easure on the accuracy  o f  the regression, including 

three d ifferent m odels o f  age calculations. In the case o f  the N oah  Dale sam ples , the Re- 

O s regression yielded a M odel 3 age, w hich  indicates that the observed  scatter is not only 

caused  by the assigned uncertainties  but also by som e unknow n variation in the initial 

i870s/ i8»Os values.

The data from Noah Dale borehole suggest that the seawater '*^Os/'**Os ratio during the
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deposition o f the B. gracilis marine band was ~ 0.79 ± 0.08 (Fig. 2.8 a). This value is approx

imately 25% lower than the present-day value o f 1.06 (e.g. Peucker-Ehrenbrink, Ravizza 

2000). As suggested before, the moderate Os. value indicates lower weathering during this 

part o f  the Late Carboniferous.

2.4.3 Excessively scattered Re-Os regressions

Three o f the five analysed horizons, namely St. Brendan’s Well and Cross from the Shan

non Basin and Denshaw from the Pennine Basin, yielded highly scattered and imprecise 

data, with extremely high MSWD values between 61-416 (Fig. 2.5, 2.6, 2.9). These regres

sions cannot be used as reliable depositional age constraints or indicators o f the Os isotope 

composition o f the Carboniferous seawater.

Although care was taken to collect visually unweathered samples by avoiding organic- 

rich shales that were partly discoloured, highly fissile or fragile, or those covered with veg

etation, the Re-Os data from the three localities above seemingly were partly affected by 

alteration. ORS, due to their high organic carbon concentrations, predominant clay m ineral

ogy and low pH due to oxidation o f  the pyritic sulphur, are particularly prone to alteration, 

resulting in mobilization o f  trace elements such as Re and Os (Peucker-Ehrenbrink. Han- 

nigan 2000). Weathered samples have been found to yield lower Re and Os abundances 

compared to unweathered samples (Peucker-Ehrenbrink, Hannigan 2000). The loss o f  these 

two elements, however, may occur at different rates, with Re being much more susceptible 

to mobilization. Jaflfe et al. (2002) argued that the loss o f Os may be masked by its rapid 

adsorption onto Fe-oxyhydroxides near the weathering surface, leading to samples that are 

less depleted in Os than in Re.

A '*’Os/'**Os vs. 1/Os (or l/'**Os) plot is commonly employed to assess if  there was some 

mixing between components with different Os isotopic characteristics. Binary mixing be

tween different components is inferred if there is a well correlated linear trend o f  data with 

a positive slope (e.g. Alves et al. 2002). Due to the limited number o f analyses in the present 

study, the plots o f  Os. compositions vs. inverse o f Os concentrations show only some degree 

o f correlation in that direction (R^ between 0.02 and 0.3; Fig. 2.5 b; Fig. 2.6 b; Fig. 2.9 b).

Nevertheless, a general sub-vertical trend can be noted, which indicates that there is signifi-
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cant variation between radiogenic and non-radiogenic O s values at relatively uniform  Os 

concentrations (e.g. Fig. 2.5 b; Fig. 2.6 b; Fig. 2.9 b). T herefore, the present-day '^’Os/'^^Os 

values appear not hom ogenised by e.g. hydrotherm al fluid flow  (e.g. Rooney et al. 2010).

2.4.3.1 St. Brendan’s Well and Cross

The St. B rendan’s Well and Cross ORS yielded  Re abundances significantly low er than 

the rem aining sam ples (4-55 ppb), except for the N oah D ale suite. The C ross sam ples y ield  

disproportionally  high O s abundances, w hich may also be linked to re-m obilised O s being 

adsorbed onto pyritised goniatites in this horizon (e.g. Yam ashita et al.2007).

The St. B rendan’s Well sam ples w ere collected from  the bottom  o f  the C lare Shale F or

m ation which is underlain by a basal phosphorite bed (the St. B rendan’s W'ell Phosphate 

Bed, Sevastopulo 2009) and a thick succession o f  D inantian lim estones. F itzgerald  et al. 

(1994) and G oodhue and C layton (1999) argued that advective fluid flow  m the Shannon 

Basin likely passed through fracture system s in the karstic D inantian lim estones along with 

local faults, heating the overly ing N am urian succession. If so, the shale sam ples collected 

from  St. B rendan’s Well w ould have been in direct contact w ith the fluids. H ot fluids pass

ing through lim estones w ould m ost likely contain significant d issolved carbonate and Câ "̂  

ions which could rem obilise Re and Os, resetting its age significanfly (K endall et al. 2006; 

Kendall et al. 2009a). A dditionally, recent rem obilisation could also have taken place. The 

overly ing thick (~ 12 m) succession o f  organic-rich shale in this exposure is w eathered and 

contains abundant oxidised pyrite.

2.4.3.2 Denshaw
The D enshaw  sam ples were collected from a steep gorge (Fig. 2.2 b). The w eathered sur

face o f  the outcrop was rem oved and only com pact, fresh-looking slabs were collected. The 

suite yields high abundances o f  Re and Os. However, all the analyses are highly scattered, 

w hile no sam ples with low ‘*'^Re/'**Os ratios were obtained, w hich has an adverse effect on 

the “ leverage” o f  the regression.

This is unfortunate as constraints on the initial Os^ isotopic com position are o f  critical 

im portance to allow  assessm ent o f  validity o f  an Re-O s isochron. Som e constraints on the 

initial Os isotopic com position o f  the D enshaw  sam ples can be m ade using the Spanish Point
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Re-Os data as both the Denshaw and Spanish Point ORS samples were collected from the 

B. hi/ingiiis marine band that is of regional extent in NW Europe.

2.5 Conclusions

Re-Os dating o f Marsdenian organic-rich shales yielded two dates that are younger than 

the time of deposition: 305.8 ± 6 Ma (2a, MSWD = 3.0) for the B. gracilis Marine Band 

(Noah Dale, Pennine Basin, with possible post-depositional Re and/or Os mobilisation) and 

316.4 ± 8.6 Ma (2o, MSWD = 47) for the B. bilinguis Marine Band (Spanish Point, Shannon 

Basin with a high MSWD probably due to slight post-depositional Re-Os disturbance).

Interestingly, all three scattered regressions (Denshaw, St. Brendan’s Well and Cross) 

yield imprecise ca. 290 Ma isochrons which may be related to a ca. 290 Ma post-diagenetic 

event within these Upper Carboniferous basins (which is further supported by the ubiquity of 

ca. 290 Ma U-Pb authigenic xenotime ages reported in Chapter 3). In the Shannon Basin this 

may be related to phases of advective fluid flow (Fitzgerald et al. 1994; Goodhue, Clayton 

1999). However, other phenomena could be responsible for the perturbation to the Re-Os 

isochrons, including inhomogeneous initial ’*^Os/'**Os compositions in the ORS caused by 

condensed deposition, and/or with oxidative weathering effects that were not apparent dur

ing sample collection.

The results in this chapter give a warning for future research, as it appears a post-dep

ositional event that is marginally younger than the depositional age o f the ORS horizon is 

affecting the Re-Os isotopic systematics. In order to obtain more robust Re-Os results, it is 

not sufficient to use visually unweathered material, even from dnil cores. Thorough chemi

cal analysis o f the shale, especially its weathering proxies, trace elements and TOC contents 

should be required prior to the Re-Os geochronology. Otherwise, like in the case o f Spanish 

Point, it is virtually impossible to resolve exactly what processes afFected the Re-Os sys

tematics. Noah Dale provides an even more difficult case because there are relatively good 

statistics on the isochron and the samples were obtained from fresh drill core.
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Part II

U-Pb dating of authigenic xenotime 
overgrowths on zircon grains
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3 Authigenic xenotime petrography and sampling 
for geochronology

3.1 Overview of Part II

Part II o f  the project (Chapters 3-6) aimed to test the applicability o f  the U-Pb authigenic 

xenotime geochronometer to constraining the age o f  sandstone deposition (and the early 

stages o f  diagenesis) in the Shannon and Pennme Basins. The research concentrated mainly 

on the Shannon Basin, as it is a better analogue for ancient sedimentary basms (such as 

Neoproterozoic glacial deposits) due to the elevated palaeotemperatures it has experienced 

(Fitzgerald e ta l. 1994; Goodhue, Clayton 1999).

In Chapter 3, the petrography o f  the xenotime overgrowths is described along with the 

sample processing methods and criteria for sample selection for isotopic dating. Next, the 

chemical composition o f  the xenotime overgrowths selected for SIMS dating is discussed 

(Chapter 4). The following section (Chapter 5) documents the difficult process o f obtaining 

precise in situ ion microprobe (SIMS) U-Pb dates for small (5-20 |j.m diameter) xenotime 

overgrowths on zircon grains. The last section (Chapter 6) presents the first precise LA-ICP- 

MS dates for Phanerozoic authigenic xenotime overgrowths in situ.

3.2 Xenotime

Xenotime, a tetragonal Y phosphate which is isostructural with zircon, was first described 

by Berzelius in 1824 and named in 1832 by Beudant (Rasmussen 2005 and references there

in). Its optical characteristics are so similar to zircon that it had long been unnoticed by m in

eralogists. It is a ubiquitous mineral that occurs in m inor quantities in igneous, metamorphic 

as well as sedimentary rocks (Rasmussen 1996).

In clastic sediments it is found overgrowing detrital zircon grains (Rasmussen 1996). 

The first discovery o f xenotime overgrowths (although not identified as such at the time) 

on detrital zircon grains in sandstones appeared in the work o f  a British geologist (Butter

field 1936) who described pyramidal overgrowths on detrital zircons from grain separates.

These pyramidal overgrowths were thought to be zircon as they were in optical continuity
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with their zircon host. Several researchers have subsequently speculated about the nature o f 

these overgrowths (see Rasmussen 2005 for overview). The mineralogical characteristics o f 

the overgrowths were confirmed as xenotime with the advent o f scanning electron m icros

copy and other microanalytical techniques in the 1970s and 1980s (Rasmussen 2005). Since 

then diagenetic xenotime overgrowths have been recognised in several sedimentary basins 

rang-"ing in age from the Precambrian to the Mesozoic and from globally distributed locali

ties (e.g. Rasmussen, Glover 1996; England et al. 2001; Vallini et al. 2002; Kositcin et al. 

2003; Rasmussen et al. 2011).

Authigenic xenotime overgrowths have received much attention recently as they have 

the potential to date Precambrian sedimentary successions devoid o f  biostratigraphically 

diagnostic fossils. Much o f the developmental procedures for U-Pb ion-microprobe dating o f 

xenotime has been undertaken by the research group o f  Fletcher and Rasmussen (University 

o f  Western Australia, Perth) who have employed the Sensitive High Resolution Ion M icro

probe (SHRIM P) to investigate the applicability o f  the U-Pb xenotime geochronometer (e.g. 

Rasmussen et al. 2011 and references therein). Protocols for chemical (electron microprobe) 

dating o f xenotime are currently being developed in the Ultrachrone (Cam eca’s sub-mi

crometer precision electron microprobe) facility at Amherst University, M assachusetts, by 

Hetherington and collaborators (e.g. Hetherington et al. 2008, 2010). Ge~'Ochronological 

investigations o f authigenic xenotime overgrowths in clastic sedimentary rocks are therefore 

a developmental field to which the present project has contributed by successfully conduct

ing SIMS and LA-ICP-MS experiments as well as proposing a simple method to identify 

xenotime using an optical microscope.

3.3 Sample preparation strategy

Authigenic xenotime overgrowths on zircon grains seem to be a ubiquitous although volu- 

metrically minor constituent o f  many clastic rocks, yet are often overlooked due to their simi

larity to zircon and small dimensions, rarely exceeding 3 jam in diameter (Rasmussen 1996, 

2005 and references therein). Careful sample processing and petrography are crucial in ob

taining high-quality geochronological data, especially when dealing with such small objects.
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U-Pb xenotime-dating techniques are based on the well-established zircon geochronol

ogy procedures (e.g. Williams 1998; Fletcher et al. 2004). The conventional sample prepara

tion methods for in situ U-Pb zircon dating include liberating zircon grains from the rock, 

mounting them in epoxy, sectioning and polishing to reveal their internal structure and then 

examining the zircon crystals using optical, BSEM and cathodoluminescence petrography 

(e.g. Williams 1998). Standard mineral separation procedures enable the processing o f  large 

amounts o f  rock in a relatively short time, yielding numerous zircon crystals. On the contrary, 

an in situ approach on thin sections is advocated for ion microprobe authigenic xenotime 

dating (e.g. Kositcin et al. 2003; Vallini et al. 2002), due to the small dimensions, brittleness 

and relatively low hardness (4.5 on the Mohs scale) o f the xenotime overgrowths. Such an ap

proach is more expensive and slower thus smaller amounts o f  rocks are normally processed.

This chapter summarizes the time-consuming process o f  creating ion microprobe mounts 

o f  xenotime overgrowths on zircon grains suitable for geochronological analysis, including 

sample collection, processing and selection. An original optical microscopy methodology is 

presented as a cheaper alternative to the electron microscope initial sample selection.

3.4 Samples and methods

A pilot study by Dr David Chew revealed the significant potential for U-Pb authigenic 

xenotime dating in the Shannon Basin. A large (~ 25 jam) xenotim e overgrowth was found in 

one o f  the sandstones o f the Central Clare Group and its crystallography has been confirmed 

by Raman spectroscopic analysis (Chew 2006, personal communication).

3.4.1 Field samples

In this study, 38 samples o f fine- to very fine-grained sandstone (between 0.5-30 kg each) 

were collected from several locations (Fig. 1.1), representing all major stratigraphic units 

in the Shannon Basin (the Ross Sandstone, the Gull Island Formation and the Central Clare 

Group cyclothems 1-4; Fig. 3.1). Additionally, three m edium- to fine-grained sandstone 

samples from two locations in the Pennine Basin were collected for comparison.
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Fig. 3.1 Stratigraphic positions o f the localities 
where sandstones were sampled for xenotime. Green 
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tions o f the Pennine Basin localities. Numbers after 
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3.4.2 Sample disaggregation techniques

3.4.2.1 Conventional grain separates
Conventional “zircon” mineral separates were prepared from 13 samples from all o f  the 

major sandstone bodies in the Shannon Basin along with two samples from the Pennine Ba

sin (one from Denshaw, equivalent to the horizon above the R2 biozone in the Central Clare 

Group, and one from Langsett). At all stages clean sample handling procedures, including 

thorough cleaning o f  equipment with compressed air and ethanol, were meticulously fol

lowed to avoid any cross-contamination between samples.

The largest sample (no. 1), weighing approximately 30 kg, was initially crushed using a 

hydraulic press. Other samples underwent preliminary crushing using a hammer and anvil. 

Any small fragments o f rock (< 1 cm^) were disposed o f  in both cases. Large rock chunks 

were cut using the rock saw into pieces not larger than ~ 1500 cm^ Mechanical crushing o f 

each sample was then carried out with a jaw -crusher with a plate spacing o f -  12 mm at the 

first stage, and then ~ 5 mm at the second stage. The resultant rock gravel was collected in 

a box lined with a clean thick polyethylene foil. Different grain fractions were obtained by 

manual dry sieving using metal sieves (75 |im, 125 |im , 250 |im and 300 |am). The sieved 

sample was then washed using tap water to remove the fine particles remaining in the sepa

rate. The dust-free grain separate was then evaporated to dryness at room temperature or in 

an oven with a temperature not exceeding 80°C.

3.4.2.2 SelFrag® -  selective rock fragmentation
A relatively new electrodynamic disaggregation technique was tested in collaboration 

with Dr Alexander Weh from selFrag® AG, Switzerland. The separation was conducted at 

the site o f  the selFrag® AG company. A good overview o f  the method is presented in a recent 

paper by Giese et al. (2010) discussing its applicability to apatite fission track studies.

Three samples from the Shannon Basin were processed using selFrag®: one from the 

Ross Sandstone Formation (no. 1), and two from the Central Clare Group (no. 88 and 172). 

Initially, samples were cut into rectangular prisms, approximately 50 mm x 30 mm x 20 mm 

in size to fit in the selFrag® disaggregation cham ber Next, deionised water was added to the 

sample chamber and a high-voltage applied to the sample. The fast-pulsed discharges pro-
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duce localised tem perature peaks (approxim ately 10 000 K) along a narrow  plasm a channel 

that form s in the sam ple. Sm all explosions in the dielectric liquid produced shock waves and 

d isaggregate the sam ple, preferentially  along grain boundaries o r im purities.

In this project the usual zircon liberation process param eters (which yield clean idiomor- 

phic zircon crystals) w ere m odified in order to  preserve xenotim e overgrow ths attached to 

zircon grains and to  rem ove the volum etrically  dom inant quartz fraction. At the bottom  o f  

the cham ber d isposable plastic sieves (60 |am and 300 ^m ) w ere fitted to rem ove the d isag

gregated portion o f  the sam ple from the cham ber as soon as possible to avoid prolonged 

exposure to the shock waves. S ieving w as perform ed autom atically. The finest fraction (< 

60 |im ) w as collected  w ith the w aste w ater and was stored in a bottle. All o ther fractions 

w ere w ashed and dried ready for subsequent separation procedures.

3.4.3 Heavy liquid separation

Heavy liquid separation was performed on all o f  the disaggregated fractions to further con

centrate host zircon grains with xenotime overgrowths and facilitate mineral picking at a later 

stage. This commonly used method allows grain fractions o f  different densities to be separated. 

Zircon and xenotime have similar densities o f 4.56-4.72 g/cm^ and 4.4-5.1 g/cm^ respectively, thus 

they are expected to sink in methylene iodide (Ml), which has a maximum density o f 3.32 g/cm \

Separation w as perform ed in a fum e hood designated for heavy liquid separation. A sepa

ration funnel was filled to approxim ately 75%  o f  its volum e with filtered m ethylene iodide. 

A small am ount o f  the mineral separate, (i.e. form ing a layer <  1 cm thick on the top o f  the 

heavy liquid), was transferred into the funnel and the funnel was vigorously shaken to wet 

all the grains thoroughly. The funnel was then placed on a stand for at least 30 min to let the 

grains that are denser than the liquid settle down. A valve at the bottom  o f  the funnel was 

then opened and the heavy fraction grains were collected (with a small am ount o f  the M l) 

into a small funnel lined with filter paper. The rem aining light fraction was shaken again in 

the separation funnel and the separation process was repeated tw ice m ore. A fter the MI was 

drained from the collected heavy fraction, it w as w ashed with a large am ount o f  acetone to 

rem ove any residual Mf liquid. The final rinse was perform ed with ethanol to rem ove the 

acetone and the grains were transferred  into a plastic Petri dish.
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After the heavy mineral fraction was removed, the light fraction remaining in the Harady's 

funnel was also drained from the Ml, w ashed thoroughly in acetone and finally rinsed using 

tap water to remove acetone. The air-dried light fraction was stored in a clean sample bag.

3.4.4 Magnetic separation

Conventionally  disaggregated grain separates from 14 samples (no. 1-3, 6, 8-10, 12, 13, 

27, 28, 50, 57, 80) were separated according to their magnetic susceptibility and divided into 

several magnetic fractions.

At first, a hand-held neodym ium  alloy (NdFeB) magnet was used to remove strongly 

magnetic minerals (such as magnetite, pyrrothite) from the mineral separates. These phases 

are not o f  interest in this project and are liable to block the track o f  the Frantz® isodynamic 

magnetic separator. The magnetic separator was used to further discriminate between the 

variably (para)magnetic grains.

Xenotime is moderately and variably paramagnetic, due to REE or trace amounts o f  Fe-* 

incorporated in its structure. Its host zircon, however, is typically non-magnetic (e.g. Sir- 

combe. Stern 2002). Since authigenic xenotime rarely exceeds its host zircon grain by vol

ume (e.g. Vallini et al. 2002), it was expected that xenotime-zircon assemblages would be 

collected in the non-magnetic fraction at 2 A current. If xenotime overgrowths were volu- 

metrically significant in a zircon-xenotime mixture, it would be expected that some o f  these 

composite grains would be paramagnetic at lower currents. The forward slope o f  the Frantz 

isodynamic magnetic separator was set to 20” while the side slope was adjusted to 10". 

Experiments were performed using currents o f  0.4, 0.6, 1, 1.4 and 2.0 A, starting from the 

lowest values and removing the magnetic fractions after each step to empirically examine 

the mineral assemblages. The separates were collected into disposable plastic vials and Petri 

dishes and weighed using a standard digital laboratory scale.

3.4.5 Thin sections

In total, 79 standard polished, uncovered thin sections were prepared from 34 samples

from all major stratigraphic levels o f  the Shannon Basin (the Ross Sandstone, the Gull Island

Formation and the Central Clare Group cyclothems 1-4). For comparison, five thin sections

were cut from two sandstones from Denshaw (equivalent to the horizon above the R2 bio-
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zone in the Central Clare Group) and one from a sample from Langsett (o f  Yeadonian age) 

in the Pennine Basin. The list o f  all the thin sections is presented m Appendix A3.1 and sum 

marised in Appendix A3.2 according to the sampling locations.

3.4.6 Thin section cores

Small round plugs (~ 5 m m  in diameter) contaming xenotim e overgrowths (> 5 (im) on 

zircon grains selected for electron microprobe and ion microprobe analysis were drilled from 

thin sections. Extracting the plugs in this manner facilitated placing many small plugs on as 

few epoxy mounts as possible. A list o f  the plugs/cores is presented in Appendix A3.3.

Areas o f  interest containing the xenotime overgrowth and its zircon host were marked 

on a thin section using coloured water-resistant fine-tip pens under a microscope (Fig. 3.2). 

Three to six dots were marked around such grains on a circumference o f  a circle with a di

ameter o f  approximately 4 mm to facilitate locating the grains in the future while avoiding 

potential com m on lead contamination. A thin section was then placed face up in a custom- 

made wooden holder which was attached firmly to a Dremel® Workstation with a Series 400 

Dremel® Rotary Tool. The rotary tool was fitted with a 3 m m  (internal diameter), coring 

diamond drill bit manufactured by Kranz. A droplet o f  tap water mixed with some polishing 

powder (using a ratio o f  1 ml o f  grid 300 synthetic corundum to 250 ml o f  tap water) was 

placed at the top o f  the marked area for cooling purposes and to enhance grinding. A core 

was then drilled from the thin-section at the lowest revolution rate available (5000 revolu

tions per minute) to ensure a smooth finish and avoid abrasion. Cores stuck inside o f  the 

drill bits were carefully removed from the inside o f  the drill bit using a wooden tooth pick. 

Drilled cores were washed in double-distilled water in an ultrasonic bath for approximately 

180 s and were then air dried.

Due to imperfections o f  the system used (relatively high rotation speed, som e instabil

ity m the design o f  the Dremel Workstation) approximately 25%  o f  the drilled grains with 

xenotime overgrowths were damaged in the process. In Fig. 3.3 there is a typical example 

o f  a well-preserved core (a) and one damaged in the process (b), with abraded edges and an 

uneven finish.
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Fig. 3.2 A scan of a thin section fragment (TS 172) with two places of interest marked with a fine-tip pen. 

The areas inside the fields marked by blue dots contain xenotime overgrowths on zircon.

Fig. 3.3 Exam ples o f  plugs cored from thin sections, a) An oval, w ell-preserved core, w ith m inor erosion on 

the edges, b) Irregular core with edges abraded during the drilling process. W hite scale bars are approxim ately 

1 mm.

3.4.7 Optical microscope observations

A NIKON® SMZ1500 optical stereomicroscope with a standard magnification range o f 

25-275X was used to observe and pick grain separates on a glass Petri dish in alcohol. High- 

relief zircon grains can readily be recognised at such a magnification, however only large (> 

~ 10 lim) xenotime overgrowths can be identified, and only with a low level o f  confidence. 

Other transparent minerals attached to zircon, such as quartz, apatite and some phyllosili- 

cates can easily be misidentified as xenotime. A conservative approach was then used where 

all grains with suspected overgrowths were picked and their mineral identity was later con

firmed by the scanning electron microscope.
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M ineral p icking for grain m ounts was perform.ed using several tools: a) a plastic fine-tip 

pipette w ith a tip d iam eter o f  ~  150 jam, b) a pair o f  ultra-fine-tip steel tw eezers, c) a single 

hair from a ho rse’s m ane m ounted on a w ooden stick and d) partly thinned brushes m ade 

with synthetic hair (w ith 3-5 hairs left). The plastic pipette was soon discarded due to the 

difficulties in rem oving sm all zircon grains stuck inside it. T he steel tw eezers w ere found to 

easily detach or crush the xenotim e overgrow ths from  their zircon hosts due to  difficulty in 

balancing the force applied to  the tw eezers. Finally, a com bination o f  the brush and a single 

horse hair w ere found to be m ost successful in transporting the grains and positioning them  

on sticky tape w ithout dam aging  the overgrow ths.

Thin sections w ere im aged using a N IK O N ®  Eclipse LVIOOD polarizing m icroscope in 

both transm itted  and reflected light. Selected fields o f  v iew  w ere recorded directly from  the 

m icroscope by a digital cam era and the proprietary software.

Xenotim e and zircon are isostructural. They both belong to the tetragonal-ditetragonal 

dipyram idal class (space group 14|/amd; e.g. Ni et al. 1995). Both are uniaxial positive and 

are characterized by high re lie f  and high birefringence, thus differentiating between them  

using an optical m icroscope is difficult, and often small xenotim e crystals are likely to be 

m isidentified as zircon by less experienced petrographers.

In this project, it w as em pirically  found by visual observation that the reflectance o f  

xenotim e is slightly lower than that o f  zircon. X enotim e also has a low er hardness (on the 

M ohs scale o f  hardness: 4-5 for xenotim e vs. 7.5 for zircon; Pal ache et al. 1951) and is m ore 

readily scratched and crushed. W ith som e experience with reflected light m icroscopy it is 

thus possible to d iscrim inate betw een the two m inerals based on their observed colours and 

surface texture. The use o f  additional colour filters can further enhance rapid identification 

o f  xenotim e overgrow ths on zircon.

In Fig. 3.4 tw o zircon grains are presented, one with a truncated pyram idal zircon over

growth (or a tw in) (a-c) and one with num erous pyram idal xenotim e overgrow ths (d-f). In 

both cases, the overgrow ths are d istinct from their hosts in transm itted light with one polar

izer applied and appear to have slightly lower re lie f than their zircon hosts because they are 

th inner than the thin section (Fig. 3.4 a, d). Upon the insertion o f  the second polarizer (at

a 60-90" angle in relation to the first one; Fig. 3.4 b, e), very high in terference colours can
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Fig. 3.4 Discrimination between xenotime and zircon in thin sections using a polarizing microscope, a-c) 

Zircon grain with a zircon overgrowth yielding the same colour in the reflected light image (c). d-f) Zircon 

grain with xenotime overgrowths. Note the difference in colour and texture in the reflected light image (f, xeno- 

tim e’s surface is slightly scratched). IP, 2P - transmitted light image with one and two polarizers inserted, 

respectively; EPI - reflected light image with two polarizers crossed.

be observed in both overgrowths and their host grains. Since xenotime is isostructurai with 

zircon, optical continuity is maintained between these two phases (Fig. 3.4 e) while the zir

con overgrowth has a slightly different orientation apparent from the observed interference 

colours (Fig. 3 .4 b). When reflected light mode is used, a clear difference in grey scale can be 

observed between the xenotime overgrowths and their zircon host (Fig. 3.4 f), with xenotime



reflecting less light (darker shades o f  gray) while no such difference is noted between the 

zircon overgrowth and its host (Fig. 3.4 c). The difference in the reflectivity indices between 

the polished surfaces o f  zircon and xenotime may be caused by the difference in hardness o f 

the phases. Xenotime is a softer phase and is more easily scratched and it is therefore more 

difficult to apply a perfectly flat, mirror-quality polish. However if the overgrowths on zircon 

are small and irregular in shape (< 3 ^m ) their mineral identity may be misinterpreted, and 

for example quartz can be mistaken for xenotime. A conservative approach was applied here 

and further identification was performed using the scanning electron microscope. It turns out 

in over 90% o f cases that the identification o f xenotime overgrowths using optical micros

copy was successful.

The manual optical scanning approach for xenotime overgrowths was conducted sys

tematically m all o f  the thin sections. Preliminary observations were made in reflected light 

mode using 200X magnification (20X objective lens with a lOX eyepiece), with a yellow 

filter to enhance the contrast between phases o f different reflectivity. The field o f view was 

moved using a raster approach ensuring a 30% overlap between every two neighbouring 

fields. Upon encountering a zircon grain, the effective magnification was increased to 500X 

or lOOOX times to observe the fine details o f the grain and check for the presence o f  xeno

time overgrowths.

3.4.8 Epoxy mounts

Three types o f standard 25-mm wide epoxy mounts were prepared: grain mounts, core 

mounts or a mixture o f both. A piece o f  double-sided sticky tape was placed on a thick glass 

slide with the round mounting area clearly marked. The objects o f interest (grains or thin sec

tion cores) were then mounted (placed and pressed) under a binocular picking microscope 

onto the tape surface, with the area to be analysed in direct contact with the tape. A 25 mm 

plastic mould was then placed onto the tape, encircling all the samples. Epo-Fix® Struers 

epoxy resin was prepared with great care taken to avoid air bubbles in the resin (by gently 

mixing the ingredients and letting resin sit for 30 minutes prior to pouring into the mould). 

The objects were cast in the epoxy and cured overnight on a hot plate at 70°C until hard. The 

epoxy mount was then cleaned with ethanol.
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Fig. 3.5 Preparation o f  the epoxy mounts for the EPMA and SIMS analyses. Objects (loose fragments o f  

reference crystals or thin section plugs) were mounted in the central 68% o f  the standard 25-m m  circular mould  

area (grey). Dashed lines represent cutting lines in A and B and a suture in C. A) Two sets o f  reference grains 

were mounted symmetrically in the top and bottom parts o f  the circle. B) Thin section cores were cast in two 

separate mounts, occupying the bottom 2/3 o f  the mount. C) The final mounts were prepared by merging ap

propriate pieces o f  mounts A  and B, using epoxy.

G ra ins  m oun ts  w e re  then g round  us ing  a S truers po lish ing  lap using  a se ries  o f  d iam o n d -  

im p reg n a ted  p o l ish in g  fluids p rio r  to  final po lish ing  by h an d  us ing  1 )am and 'A  |am d iam o n d  

paste. In the case o f  the thin  section  cores, only  gen tle  f in ish ing  with a  1 |am d iam o n d  paste  

o r  fluid  w as  used  so as to p rese rv e  the  o r ig inal su rface  o f  the  thin  section. T h e  quality  o f  the  

po l ish in g  w as  co n tro l led  us ing  a re f lec ted-ligh t m ic ro sco p e  d u r ing  the  process.

F or  the e lec tron  and  ion m ic ro p ro b e  ana lyses  special m o u n ts  w ere  produced . A m o u n t  

w ith  standard  re fe rence  grains  w as  p repared  and carefu lly  po lished  to reveal the  largest areas  

o f  each  m oun ted  gra in .  T h e  m o u n t  w as  then  cut in th ree  p ieces  as show n  in Fig. 3 .5 a. T w o 

m o u n ts  co n ta in ing  thin section  co res  w ere  then prepared  and  gen tly  po lished  using  a 1 jam 

d ia m o n d  fluid to  g iv e  a  sm oo th  f in ish  to  th e  x en o t im e  /  z ircon  surfaces . T h e  top  o n e  th ird  

(con ta in ing  ju s t  ep o x y )  w as  cu t o f f  from  each  m o u n t  con ta in in g  thin sec tion  co res  (Fig. 3 .5 

b). T h e  re fe rence  m a te r ia ls  ('/a o f  a c ircu la r  m oun t)  an d  thin section  co res  (% o f  a  c ircu la r  

m o u n t)  w ere  then  co m b in ed  and  m o u n ted  on doub le-s ided  sticky  tape  and  cem en ted  using 

ep o x y  fo llow ing  the p rocedures  ab o v e  (Fig. 3.5 c). A final genfle  p o l ish ing  w as  then  u n d e r 

taken  to sm oo then  the su rface  o f  the suture. A fte rw ards  the m o u n ts  w ere  tho ro u g h ly  c leaned  

in e thanol in an u l trason ic  bath fo r  5 min. and  dried  at 60°C fo r  2.5 h.

55



3.4.9 Scanning electron microscopy and microanalysis

Due to the limited availability  o f  scanning electron m icroscope time, this method was 

used on sam ples pre-selected using optical petrography. In general, free com posite  zircon 

/ xenotim e grains liberated by rock crushing were examined using the secondary electron 

(SE) detectors while the (flat) thin sections cores and polished epoxy m ounts were exam 

ined using back-scattered  e lectron mode (BSE). Charging effects o f  the non-conductive 

sam ples were m inim ized by: I ) the use o f  carbon cement (applied with a small brush onto 

the sides o f  a m ount and a sam ple holder) and carbon stickers in the low-pressure environ

mental Tescan M ira® instrument, 2) carbon coating in the high-vacuum  instruments such 

as the H itachi® S-4700 and the high-sensitivity electron m icroprobe JE O L ®  JX A  8900 RL.

In BSE mode, there is a c lear contrast betw een zircon and xenotim e response, with the 

latter yield ing a brighter image due its higher average atom ic num ber related primarily to 

the abundant substitutions o f  REE into its structure. Chem ical zonation can be observed

Fig. 3.6 Zircon grains with xenotime overgrowths, separated using conventional methods, cast in epoxy and 

polished, a) Grain from sample 27 (H ag’s Head; Central Clare Group); b-d) Grains from sample 12 (Foohagh 

Point; Central Clare Group). White scale bars represent 30 ^m.
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in x e n o t im e ;  how ever ,  th is  req u ires  u t i l iz ing  h igh  co n tra s t  se t t ings ,  w h ic h  can  be s u b s e 

q uen t ly  e n h a n c e d  us ing  g rap h ic  ed i to r  im ag es ,  such  as Im ageJ .  T h e  b es t  qua li ty  chem ica l  

zo n a t io n  im a g e s  w ere  o b ta ined  from  w ell  p o l ish ed  th in  sec t io n  co re s ,  c o a te d  w ith  c a rb o n ,  

in a  h ig h -se n s i t iv i ty  e lec tron  m ic ro p ro b e  J E O L ®  JX  A 8 9 0 0  R L  in s trum en t.  T h e  b r ig h tn ess  

and c o n tra s t  s e t t in g s  w ere  ad jus ted  to  e n h a n c e  the  c h e m ic a l  z o n a t io n  w ith  the  re su l t  tha t 

even  the su r ro u n d in g  phases  b e c a m e  inv is ib le .

T h e  ch e m ic a l  co m p o s i t io n  o f  the  p h a se s  w as  c o n f i rm e d  qua li ta t iv e ly  u s in g  energy  d is 

p e rs ive  sp e c t ro m e te r s  a t tached  to the  a b o v e  in s tru m en ts  (e i the r  a N o ra n  V an tage®  o r  O x 

fo rd  In s t ru m e n ts ®  ED S). A m inera l  w as  co n c lu s iv e ly  iden tif ied  as x e n o t im e  w h en  th e re  

w ere  p ro m in e n t  d is t in c t  p e a k s  in the  E D S  sp ec tra  for  P a n d  Y an d  e le v a te d  levels  o f  H R E E . 

Q u a n t i ta t iv e  chem ica l  a n a ly s is  w a s  p e r fo rm e d  u s in g  th e  J E O L ®  JX A  8 9 0 0  R L  e lec tron  

m ic ro p ro b e  a n d  is d e sc r ib ed  in detail in C h a p te r  5.

3.5 Results

3.5.1 Preservation ofxenotimeovergrowthsduringsampledisaggregation
B ased  on  th e  pe trograph ic  o b se rva tions  o f  88 th in  sec t ions  cut from  37 sam ples ,  x en o t im e

o v e rg ro w th s  are presen t on app ro x im a te ly  70%  o f  z ircon gra ins . H o w ev e r  in the g ra ins  s e p a 

rates p ro c e sse d  by the  j a w  crusher, only  15% o f  g ra ins  w ith  o v e rg ro w th s  w ere  preserved , 

often  in c lasts ,  p reserved  by quar tz  o r  phyllos i l ica tes  a ttached  to  them  (Fig. 3 .6 c, d). T he  

se lF rag®  separa tes  y ie lded  a s lightly  h ig h er  proportion  (2 0 % )  o f  z ircon  g ra ins  with  x e n o 

t im e  overg row ths .  Interestingly, m ore  large (>  10 |am) xen o t im e  o v e rg ro w th s  w ere  p rese rved  

in th e  s e lF ra g ®  separa tes  (~  1 large o v e rg row th  in 150 z ircon  g ra ins)  than  in the  ones  p re 

pared  us ing  conven tiona l  c ru sh ing  m ethods  (~ 1 large o v e rg row th  in 180 z ircon  gra ins) . 

T h ese  p ro p o r t io n s  are m uch  low er than  in the thin sec tions w h ere  ap p ro x im a te ly  10% o f  the 

o v e rg ro w th s  can  be co ns ide red  as large (>  10 |jm ).

3.5.2 Magnetic susceptibility of zircon grains with xenotime overgrowths

E x p e r im e n ts  with the conven tiona l  grain separa tes  p rocessed  th rough  the Franz  m agne tic

sep ara to r  sh o w e d  tha t desp ite  the  m odera te  m agnetic  suscep tib i l i ty  o f  xen o t im e ,  all o f  the

z irco n  g ra ins  w ith  xeno tim e overg ro w th s  w ere  separa ted  into the  non -m ag n e t ic  f rac tion  at

57



the 2 A (highest) current setting. The amount o f  material in this fraction varies. A general 

trend can be noted for the Shannon Basin where the Central Clare Group samples (no. 8-10, 

12, 27, 28,) yield much higher proportions (15-90 wt%) than the older Ross Sandstone (no. 

1-3) and Gull Island (no. 6, 50) formations (<15 wt%). In the two samples from the Pen

nine Basin, the non-magnetic fractions constitute 70-87%  (no. 57, 80). Different proportions 

between the separated fractions indicate that analysts should process proportionally more 

material from samples that contain very low amounts o f  the diamagnetic fraction at 2 A in 

order to recover sufficient xenotime-bearing material.

3.5.3 Morphology of xenotime

In the studied samples, the xenotime overgrowths are present on approximately 70% of 

zircon grains. The overgrowths exhibit irregular to pyramidal habits with the smaller over-

Fig. 3.7 Zircon grains separated using selFrag® electrodynamic disaggregation, mounted on a sticicy tape, 

a-c) Xenotime overgrowths are indicated with arrows, c) LA -  laser ablation crater, d) Cracked zircon grain 

without visible xenotime overgrowths. White scale bars represent 20 |am. Sample 172, Foohagh Point, Central 

Clare Group.
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growths usually exhibiting more euhedral habits. Some crystals liberated using the selFrag® 

method preserved pristine euhedral xenotime overgrowths (Fig. 3.7 a, c) while an example 

o f  an incipient euhedral overgrowth in thin section is presented in Fig. 3.9 c. A small p ro

portion o f  xenotimes preserve straight faces characteristic o f  their ditetragonal dipyramidal 

crystallographic class (e.g. Fig. 3.6 a, b; Fig. 3.8 f; Fig. 3.10 c, 0  while the majority o f  xeno-

50-18 20 OkV 12 2mm x4 OOK YAGBSE

Fig. 3.8 Back-scattered electron images o f  zircon grains with xenotime in thin sections, a) Grain 12.02.16,

Foohagh Point, b) Grain 12.02.20, Foohagh Point, c) Grain 28.02.13, Hag’s Head, d) Grain 50.02.18, Cross, e)

Grain 08.04.03, Trusklieve. f) Grain 12.11.02, Foohagh Point.
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Fig. 3.9 Back-scattered electron images of zircon grains with xenotime overgrowths in thin sections, a) Grain 

50.02.09, Cross, b) Grain 28.02.12, Hag’s Head, c) Grain 57.02.17, Langsett. d) Grain 57.02.24, Langsett. e) 

Grain 88.05.10, Cloghauninchy. f) Grain 50.09.10, Cross. White scale bars in images e and f  represent 10 |im.

time overgrowths have rounded, often embayed boundaries (e.g. Fig. 3.6 b-d; Fig. 3.8 b, d,

f. Fig. 3.9. a, e; Fig. 3.10). In extreme cases, the native tetragonal habit o f  xenotime cannot

be recognised (Fig. 3.9 b; Fig. 3.11 b).

Some xenotimes fill cracks and voids inside detrital zircon grains (Fig. 3.8 a, c) and thus

do not form euhedral crystals. In one case, a distinct protrusion o f a xenotime overgrowth on
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Fig. 3.10 Back-scattered electron images o f zircon grains with xenotime overgrowths in thin sections, a) 

Grain 27.08.G, Hag’s Head, b) Grain 05.04.01, Kilbaha Bay. c) Grain 27.06.07, Hag’s Head, d) Grain 88.03.07, 

Cloghauninchy. e) Grain 13.03.02, Spanish Point, f) Grain 12.11.01, Foohagh Point. Scale bars represent 20 urn.

zircon can be seen betw een two quartz grains witii serrated boundaries (Fig. 3.8 e). Single 

round detrital xenotim e grains (~ 5 nm  in size) w ere occasionally  observed in the Shannon 

B asin sam ples.

T he xenotim e overgrow ths vary in size significantly, from  < 1 |am^ (Fig. 3.9 c) to >

1000 (Fig. 3.8 e, f; Fig. 3.10 0 -  The dim ensions are not only due to their original size
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Fig. 3.11 Back-scattered electron images of zircon grains with xenotime overgrowths in thin sections, a) 

Pyrite framboids in the vicinity of xenotime. Grain 02.02.14, Bridges of Ross, b) Evidence of xenotime dis

solution (pitted texture). Grain 03.02.06, Bridges of Ross.

in the rock prior to cutting but also due to random planes o f  exposure in thin sections. The

summary o f  189 area measurements is presented in Fig. 3.14, where the columns represent

the range o f  sizes, and the median values are given as horizontal lines within the columns.
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Fig. 3.12 High-sensitivity and high-contrast back-scattered electron images o f  xenotime overgrowths on zir

con grains in thin sections (imaged with JEOL® JXA8900 RL superprobe). Partial outlines o f zircon hosts are 

marked with dotted lines and labelled, a-c) Sample 12, Foohagh Point, a) Grain 12.07.04. b) Grain 12.07.02. 

c) Grain 12.08.06. d-f) Sample 88, Cloghauninchy. d) Grain 88.07.12. e) Grain 88.05.08. f) Grain 88.06.04.

The samples in this figure are arranged with the oldest sandstones on the left to the youngest 

samples on the right o f  the diagram. A general trend can be seen that the overgrowth size is
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Fig. 3.13 High-sensitivity and high-contrast bacic-scattered electron images o f xenotime overgrowths on 

zircon grains in thin sections (imaged with JEOL® JXA 8900 RL superprobe). Partial outlines o f zircon hosts 

are marked with dotted lines and labelled, a) Grain 08.04.03, Trusklieve. b) Grain 80.03.04, Denshaw. c) Grain 

50.05.02, Cross, d-f) Sample 27, Hag’s Head, d) Grain 27.04.27. e) Grain 27.04.26. f) Grain 27.08.27.

smallest in the Ross Sandstone Formation samples (the oldest samples analysed) (no. 2, 3) 

and is largest in the deltaic Central Clare Group sandstones (the youngest samples analysed)
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Fig. 3.14 Comparison o f  tiie ranges in the size o f  exposed areas o f  the largest xenotime overgrowths meas

ured in thin sections from the Shannon Basin. Columns represent the range o f  the measured values while the 

black lines within the columns are the median values.

(no. 176, 12, 173). If the smallest analytical spot size possible for SIMS analysis is approxi

mated as a circle o f 10 |am diameter, (equivalent to a circle with an area o f 78.5 |am^) only 

52% o f the measured overgrowths exceed this area. Due to the pyramidal or irregular habits 

o f  the xenotime samples, an even smaller proportion o f  the samples are able to accom m o

date a circular 10 |im  spot, especially if  fractured areas or inclusions need to be avoided. 

Most o f  the suitable-sized overgrowths (80%) were identified in two out o f  the ten samples, 

both from the upper section o f  the Central Clare Group: no. 12 (Foohagh Point) and no. 88 

(Cloghauninchy).

The overgrowths coat various proportions o f  zircon grain surfaces (Fig. 3 .15). Observa

tions from 528 zircon grains with xenotime overgrowths in thin section (in randomly orien

tated 2D sections) revealed that 54% of zircon grains have no more than a quarter o f their 

surface overgrown by xenotime (e.g. Fig. 3.8 a, d; Fig. 3.10 c; see Appendix A3.1 for the 

list). At the other extreme, grains completely or almost completely (i.e. between 75-99%)
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4Q 75-99%
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Fig. 3.15 Proportions o f zircon grain surfaces coated with 

xenotime overgrowths, a) Classification o f xenotime coat

ing, based on the total zircon perimeter length coated with 

xenotime visible in thin section (expressed in % o f the total 

perimeter). The overgrown surface does not have to be con

tiguous. Four exemplary cases are illustrated: 1Q-4Q and ex

plained in the accompanying table, where an additional case 

( ‘A LL ’ ) is also distinguished. Q -  a quarter o f a zircon’s pe

rimeter coated with xenotime. b) Comparison o f proportions 

o f zircon grains surfaces coated with xenotime as observed 

in different samples, c) Overall proportions o f zircon grains 

coated with xenotime in all analysed samples combined.
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overgrown by xenotime constitute jus t  1% and 5% o f  the sample set respectively (Fig. 3.8 e; 

Fig. 3.9 f; Fig. 3.11 b). in all o f  the analysed samples zircon grains with less than a quarter 

o f  their surface overgrown by xenotime dominate, while the proportions between the other 

groups vary (Fig. 3.15).

Similarly, the num ber o f  discrete xenotime overgrowths on zircon grains was recorded on 

the same 528 grams (Fig. 3.16). On average, there are 2 (± 4.6, 2o) overgrowths per grain, 

with a m axim um  o f  14 overgrowths encountered in two samples (no. 3, Bridges o f  Ross, 

Ross Sandstone Formation, and no. 27, Hag 's  Head, Central Clare Group). As expected, the 

smaller the overgrowth, the more discrete xenotime overgrowths present, so the incipient 

serrations are usually present within this group (e.g. Fig. 3.9 c).

In the majority o f  cases the size o f  the zircon host significantly exceeds the area occupied 

by Its xenotime overgrowth(s), with only 2%  and 1.5% o f  the xenotim e overgrowths being 

larger or almost equal in size to their zircon host grain, respectively. H a lf  o f  the xenotime 

overgrowths that are approximately equal in size to their zircon host were found in the 

samples from the highest stratigraphic level o f  the Central Clare Group (Foohagh Point and 

Doonlicky; e.g. Fig. 3.8 e, f. Fig. 3.10 f). H owever there is no clear correlation between the 

size o f  a zircon host and its largest xenotime overgrowth, although there is a poorly defined 

(R^ o f -  0 .0 !)  relationship where the largest zircon grains tend to be overgrown by the sm all

est xenotime overgrowths.

The above considerations on the num ber o f  xenotime overgrowths and the proportion 

o f  the zircon surface coated by them may be biased due to their two-dimensional character. 

Rarely, due to imperfect polishing o f  thin sections, a more “three dim ensional” distribution 

can be observed (e.g. Fig. 3.9 b). Grain separates should provide ideal material for such spa

tial analysis, however, it is rare to preserve all o f  the overgrowths in an intact condition when 

using any o f  the disaggregation techniques tested in this project, thus, obtaining realistic 

estimates may prove even more difficult than in thin section.

3.5.4 Chemical zonation of the authigenic xenotime samples

High-sensitivity, high-contrast back-scattered electron images reveal com plex chemical

zoning in almost all o f  the xenotime overgrowths (Fig. 3.12, 3.13). These textures result
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from differences in the chemical composition o f  xenotime, with the brighter areas (in BSE 

images) being more enriched in REE, Th and U compared to the darker areas. Some over

growths reveal zones resembling idiomorphic prismatic outlines o f  xenotime crystal faces 

(i.e. sector zoning; e.g. Fig. 3.12 a, b, f; Fig. 3.13 c, b), while others exhibit “blurred’" (Fig.

3.12 d, e) patchy or mottled zonation (Fig. 3.12 b, c; Fig. 3.13 c). Often, the pyramidal areas 

closest to the zircon host exhibit zonation o f  much higher complexity than the outermost 

parts o f  the overgrowths (e.g. Fig. 3.12 b), while the larger the overgrowth, the more com 

plex its chemical zonation. S imple hom ogeneous chemical textures over a large proportion 

o f  an overgrowth are extremely rare and only occur in small xenotime overgrowths (Fig.

3.12 a). This observation indicates that the chemical composition o f  the fluids from which 

xenotime crystallized varied with time, and probably occurred in several episodes.

3.5.5 Fractures and dissolution of the authigenic xenotime

Fractures and cracks are present in many o f  the overgrowths (e.g. Fig. 3.12 b, d; Fig. 3.13 

a, b, d). Similarly, the majority o f  the overgrowths exhibit pitted textures, with single pits 

usually a fraction o f  a micrometer in size and rarely exceeding 1 |jm (Fig. 3.13 b, e). In some 

overgrowths the pits concentrate on the face closest to the zircon host (Fig. 3.12 b t), while in 

others they are more evenly distributed (Fig. 3.11 b; Fig. 3.12 c, e; Fig. 3.13 c, e). The more 

extensively pitted overgrowths usually also display irregular em bayed (resorbed) boundaries 

(Fig. 3.11 b; Fig. 3.12 e). Intensely etched (dissolved) xenotime overgrowths were recorded 

in the Langsettian sample, UK  (Fig. 3.9 d).

3.5.6 Mineral assemblages around xenotime

In the analysed samples, xenotim e overgrowths on zircon grains are surrounded mainly 

by chlorite, illite and quartz. In most cases, even i f  the majority o f  the overgrowth surface is 

surrounded by quartz, there exists at least a small zone in contact with phyllosilicates (Fig. 

3.9 e; Fig. 3.10 d). Often chlorite and illite surround the majority o f  the overgrowth surface 

observed in the thin section (Fig. 3.8 b; Fig. 3.10 a, b), and in extreme cases, it appears that 

the whole xenotime surface is lined by phyllosilicates (Fig. 3.8 d). Chlorite may be tightly 

bound to xenotime and difficult to remove even during the selFrag® electrodynamic d isag

gregation (note the crystals covering the xenotime overgrowth in Fig. 3.7 c). Altered feld-
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Fig. 3.16 Number o f  discrete xenotime overgrowths per zircon grain in different thin sections. Triangles rep

resent maximum values while circles represent median values o f  the number o f  discrete xenotime overgrowths 

per single zircon host in a given sample.

spars, in rare cases, were also observed to partly surround xenotime overgrowths (Fig. 3.10 

a). A notable yet infrequent mineral association has been recorded in sample no. 2 from the 

Ross Sandstone Formation, where minute pyrite framboids cover the xenotime overgrowth 

and are widespread in its vicinity (Fig. 3.11 a). It appears that the round crystals observed on 

the xenotime overgrowth on the zircon crystal liberated by the selFrag® method may also be 

pyrite framboids (Fig. 3.7 b; sample no. 172, Central Clare Group).

3.6 Discussion 

3.6.1 Sample processing

Although the in situ approach has several indisputable advantages, conventional grain 

separation techniques may be more accessible and cost-effective in laboratories where ac

cess to scanning electron microscopy is restricted or expensive. Thus, in this project both ap

proaches were tested, as well as the relatively new selFrag® electrodynamic disaggregation

technique for liberating grains from rocks.

69



The selFrag® processing yielded many clean zircon grains (Fig. 3.7). A number o f the 

overgrowths observed under the stereomicroscope, however, proved not to be xenotime. The 

yield o f the large xenotime overgrowths is lower than from thin sections (per total zircon 

number). However, if  the large overgrowths do survive the selFrag® lab processing and 

remain attached to the zircon host, they are usually in pristine euhedral condition, unlike the 

conventional mechanical fragmentation process, which also preserves a smaller proportion 

o f overgrowths per total number o f zircon grains. The selFrag® disaggregation modified for 

xenotime is preferred over the conventional crushing method, especially for the highly silici- 

fied, hard-to-crush samples. However, the suggestion o f the researchers from the University 

o f Western Australia (e.g. Kositcin et al. 2003; Vallini et al. 2002) that in situ thin-section 

dating o f xenotime overgrowths is most suitable, is thus supported by the results o f  the sam

ple processing in this project.

Significantly, it was shown here that xenotime overgrowths can be (in about 90% o f cas

es) correctly identified using a polarizing microscope, primarily in reflected-light mode, with 

additional observations made in transmitted light. Such preliminary observations may help 

selecting the most suitable xenotime overgrowths for subsequent EPMA analysis, (which 

is necessary for SIMS dating) while not incurring additional laboratory costs. The use o f 

yellow  filters increases the efficiency o f the selection process by increasing the contrast be

tween the different shades o f minerals with very low reflectance indices (such as most o f the 

silicate phases typically present in the investigated sandstones). Moreover, optical observa

tions do not require sample coating nor do they induce electron beam damage, which are two 

important factors that may hamper subsequent isotopic analysis.

3.6.2 Interpretations of xenotime genesis based on petrography

Xenotime can crystallize over a range o f  different conditions: during early diagenesis 

(close to the sediment-water interface), deep burial diagenesis, hydrothermal alteration, low- 

grade and high-grade metamorphism as well as in granitic igneous rocks (e.g. Kositcin et al. 

2003; Rasmussen 2005; Rasmussen et al. 2011, Petersson et al. 2001). Xenotime, usually o f 

igneous or metamorphic origin, may also subsequently become a detrital mineral (e.g. van 

Emden et al. 1997).
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A ttem pts at form ulating criteria for the system atic d iscrim ination betw een xenotim es o f  

different orig ins in A rchean and Palaeoproterozoic rocks have been published by K ositcin et 

al. (2003) and Vallini et al (2005), respectively. T he form er group o f  researchers concentrat

ed on the geochem ical d ifferences, while the latter study focused on m icrotextures. From the 

petrographical point o f  view, diagenetic xenotim es are interpreted as such only when they 

overgrow  zircon grains (not any other m ineral phase), while hydrotherm al xenotim e m ay 

also fill voids and cracks in detrital zircon grains or overgrow  other m ineral phases, such as 

quartz (K ositcin  et al. 2003). Unlike in studies o f  zircon (e.g. C orfu et al. 2003), patterns o f  

chem ical zonation are usually not sufficient to  d iscrim inate betw een the tw o types o f  xeno

tim e with confidence. Instead, their relation to o ther m inerals in the rock m ust be considered 

along with the chem ical com position o f  the overgrow ths.

All o f  the xenotim es in this project were sam pled from sandstones. Those from the Shan

non Basin have experienced hot advective fluid flow  event(s), with tem peratures ranging be

tw een 250-360°C  (F itzgerald et al. 1994; G oodhue, C layton 1999), w hile the sam ples from 

the Pennine Basin w ere exposed to a m axim um  tem perature o f  I40°C  (Pearson, Russell 

2000). A queous fluids seem  to have played an im portant role in all o f  the diagenetic events 

experienced by these sandstones. W hether the peak tem peratures experienced by the sand

stones from  the Shannon Basin are considered to be the result o f  low -grade m etam orphism  

o r hydrotherm al fluids is difficult to say as both processes may have been operating  concur

rently. In fact, m inerals such as illite and chlorite, indicative o f  low -grade m etam orphism , 

are observed  in the Shannon Basin samples. Potentially, in all o f  the sam ples the crystalliza

tion o f  xenotim e overgrow ths started during early d iagenesis and m ay have continued during 

burial w hen ho t fluid w ere affecting the rocks from  the Shannon Basin.

M ost o f  the xenotim es encountered in this project overgrow  zircon grains and are prob

ably d iagenetic in origin. Rarely, sm all (~ 5 |am) isolated rounded xenotim e grains not as

sociated  w ith zircon w ere identified and these are regarded as detrital. X enotim e-cem enting 

fractures in zircon (e.g. Fig. 3.8 a, c) can be interpreted as hydrotherm al in origin (K ositcin 

et al. 2003), w hile xenotim e found filling voids inside detrital zircon grains is considered to 

be a xenotim e inclusion within a zircon o f  igneous or m etam orphic origin.
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3.6.2.1 Dissolution and reprecipitation of xenotime

The analysed xenotim e overgrow ths are com m only characterized by pitted textures and 

em bayed boundaries, features indicative o f  different degrees o f  dissolution (e.g. Fig. 3.11 b. 

Fig. 3.12 c, e). Several researchers have argued that dissolution o f  xenotim e not only results 

from  elevated tem peratures and pressures but is prim arily  the effect o f  aggressive fluid ac 

tion (e.g. R asm ussen 2010; H etherington, H arlov 2008; H etherington et al. 2010). B rines 

containing CaF^, KCl and N aC l, as well as acidic solutions (contain ing F‘, Cl', (N O ,)', (SO^)-' 

, (H C O j)', (C O ,)- ) dam age the xenotim e structure and develop a netw ork o f  nano- and m i

crochannels that enable the future infiltration o f  m ore fluids (Flarlov et al. 2005). T he exact 

chem ical com position o f  the fluids present at different stages during the evolution o f  the 

Shannon and Pennine Basins is not know n, however, it is highly possible that they contained 

som e o f  the above com pounds. These corrosive fluids could have initially caused the d is

solution o f  detrital xenotim e grains (hence the scarcity o f  such grains in the sam ples) along 

with texturally  early authigenic xenotim es which crystallized on zircon grains.

3.6.2.2 Chemical zonation
Com plex, patchy and m ottled chem ical zonation textures o f  xenotim e provide evidence 

for the evolving chem ical com position o f  the fluids from  which the m ineral crystallized (e.g. 

Fig. 3.12). It may also indicate the episodic nature o f  xenotim e growth, m ost probably as 

a result o f  recurring dissolution and reprecipitation events, interestingly, parts o f  the over

grow ths closest to the zircon host (i.e. the oldest growth zones) usually display more com plex 

textures than those on the outer rim s (e.g. Fig. 3.12 b). Such textures may indicate num erous 

dissolution-reprecipitation events during the early phases o f  xenotim e grow th, with distinct 

changes in the fluid chem istry (especially in REE, U  and Th) and the lim ited availability o f  

the ions necessary to crystallize xenotim e -  hence the small size o f  these oldest growth zones. 

It should be noted that the dipyram idal ditetragonal crystallographic habit dam aged by dis

solution is com m only reconstructed by later regeneration "‘patches” (e.g. Fig. 3.12 b).

3.6.2.3 Fractures
Fractures present in m any o f  the Shannon Basin xenotim e overgrow ths (e.g. Fig. 3.12 b,

d. Fig. 3.13 d) probably form ed due to  com paction and/or the weak Variscan deform ation

into the Shannon B asin (G raham  2009 and references therein). T he fractures are observed
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more often in the zircon host grains than in the overgrowths (e.g. Fig. 3.8 a, c, d). Since both 

o f  the minerals are brittle and should respond to stress in a similar manner, the difference 

in the amount o f  fractures suggest that either: a) the xenotime overgrowths formed after the 

developm ent o f  the fractures in zircon, or b) xenotime fractures healed over the time. This 

latter alternative is highly probable since phosphatic minerals, such as apatite, monazite, and 

xenotime, are known to recrystallize with relative ease (Harlov et al. 2005).

The (early) diagenetic onset o f  xenotime crystallization is further supported by its relation 

to the other minerals present in the sampled rocks. The minute pyrite framboids observed in 

Fig. 3 .1 1 a  both on the surface and in the vicinity o f  the xenotime overgrowth within the clay 

mineral cement must have crystallized later than the xenotime. Since pyrite is a com m on 

product o f  early diagenesis (e.g. Taylor, M acquaker 2000), the growth o f  xenotime must 

have com m enced in its earliest phase. Similar parageneses were reported by Kositcin et al. 

(2003) and Vallini et al. (2005).

3.6.2.4 The role of cements
Rasmussen (1996) noted that in some sandstones chlorite platelets crystallized earlier 

than xenotim e and partly impeded the growth o f  xenotime on zircon. By contrast, in this 

study abundant chlorite and illite cements are observed close to and overgrowing xenotime 

overgrowths, indicating that phyllosilicate growth and cementation occurred after the growth 

o f  xenotime. Since clay minerals are known to adsorb REE and P ions (e.g. M oldoveanu, 

Papangelakis 2012) they, as well as altered feldspar grains, may have played an important 

role in adsorbing some o f  the critical constituents o f  xenotime (such as REE and P) onto their 

surfaces (e.g. Fig. 3.10 a).

Sandstones from the Shannon Basin are exceptional in their extremely low porosity 

(< 5%). Apart from compaction, extensive quartz cementation is the major factor responsi

ble for the reduction o f  porosity (Worden, Morad 2000). The euhedral, pyramidal shapes o f  

xenotim e overgrowths observed in the analysed samples indicate that sufficient space was 

available at the time o f  their crystallization and thus xenotime precipitated prior to the major 

porosity-occluding events, such as illite, chlorite and quartz cementation. These three m in

eral phases are expected to be products o f  several diagenetic reactions, such as; illitization

o f  K-feldspar, smectite and kaolinite; and chloritization o f  smectite, all o f  which produce

73



am ple am ounts o f  dissolved silica (W orden, M orad 2000). C rystallization o f  quartz around 

xenotim e overgrow ths provided m echanical protection and a seal for the soft and vulnerable 

xenotim e, preserving its euhedral shapes. M ore dissolved silica was probably transported via 

the hot advective fluids at the peak tem peratures o f  the Shannon Basin (Fitzgerald et al. 1994; 

Goodhue, Clayton 1999), although the source o f  this silica was m ore likely local than distant. 

These sam e fluids may have precipitated  on the ou ter layers o f  the xenotim e overgrow ths 

w hich were then surrounded by quartz.

3.6.3 Criteria for xenotime selection for isotopic dating

The ultim ate goal o f  this xenotim e project was to  obtain accurate and precise ages o f  the 

authigenic xenotim e overgrow ths on zircon. Ideally, these overgrow ths should be large in size 

(over 10 |jm  in diam eter), chem ically  hom ogeneous, devoid  o f  any cracks and  inclusion- 

free (e.g. W illiam s 1998). Since m ost o f  the identified xenotim es are sm aller than 10 |am, 

the size criterion was prioritized. As dem onstrated by the high-sensitivity  h igh-contrast BSE 

im ages, all o f  the overgrow ths display chem ical zonation. The size o f  individual growth 

zones is sm aller than 10 |am, thus the hom ogeneity  criterion could not be fulfilled. C rystals 

characterised by abundant fractures and intensely pitted surface were avoided w henever 

possible. Exam ples o f  the xenotim e overgrow ths selected for EPM A and SIM S analysis are 

presented in Fig. 3.12 and Fig. 3.13.

3.7 Concluding remarks

1. In situ th in-section dating o f  xenotim e overgrow ths w as found m ore suitable for the 

preparation o f  sam ples than m echanical disaggregation. A lternatively, selFrag®  disaggrega

tion m odified for xenotim e can be used to liberate zircons w ith the xenotim e overgrow ths 

and it is preferred over the conventional crushing m ethod. M ore testing is necessary in order 

to find the optim al operating conditions for the selFrag®  method.

2. A polarizing m icroscope m ethod developed in this project was shown to be capable o f  

correctly identifying xenotim e overgrow ths in about 90%. This is a notew orthy low -budget 

alternative to scanning thin sections using an electron m icroscope.
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3. The majority o f  xenotimes overgrowths in this study are interpreted to be o f  diagenetic 

origin. Only few small (~ 5 fim) isolated rounded xenotime grains not associated with zircon 

were identified as detrital.

4. Complex, patchy and mottled chemical zonation textures o f  xenotime provide evidence 

for the evolving chemical composition o f the fluids from which the mineral crystallized and 

are interpreted to indicate the episodic growth o f  xenotime, probably as a result o f  recurring 

dissolution and reprecipitation events.
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4 Chemical composition of xenotime

4.1 Introduction

4.1.1 Mineralogy and crystal chemistry of xenotime
Xenotime is a tetragonal anhydrous yttrium phosphate, containing large cations and no

additional anions or H^O (Strunz class 08. AD.35; Ni et al. 1995). Its natural chemical com

position is complex with numerous possible substitutions, hence the general formula is best 

represented as AXO^, where the A site can be occupied by Y, REE, Th, U, Ca and Pb, while 

the X  site is mainly occupied by P with lesser substitutions o f Si, As and S (Ni et al. 1995).

Three kinds of xenotime have been recognised: xenotime-(Y) (Ni et al. 1995), which 

is the most widespread, xenotime-(Yb) (Buck et al. 1999), and xenotime-(Dy) (Masau et 

al. 2000). Xenotime-(Dy), however, is not an approved IMA species. Xenotime-(Yb), and 

xenotime-(Dy) are characterised by unusually high contents of Yb and Dy, respectively, al

though Y is still the dominant cation in th e^  site.

In xenotime phosphorus forms a P“̂" cation, which occurs in an anionic group [P O J’" of 

tetrahedral configuration (Ni et al. 1995). The analogous structures o f [SiO ]̂"*', [AsO^]’’, 

[SOJ-‘ allow for isomorphic substitutions but only on a limited scale due to differences in 

their crystal-chemical properties.

Xenotime has a tetrahedral, zircon-type structure (space group lAJamd, Ni et al. 1995). 

This structure is composed o f chains [001] o f phosphate tetrahedra and REEO^ polyhedra, 

which prefer Y and HREE to lighter REE which instead are more readily accommodated in 

the monoclinic monazite structure which is comprised of REEO, polyhedra (e.g. Ni et al. 

1995; Franz et al. 1996; Heinrich et al. 1997). In both minerals there is a clear correlation 

between the size of a unit cell and the ionic radius o f the incorporated REE (Gratz, Heinrich 

1997). At 25°C and 1 bar pressure, the transition between monazite and xenotime structure 

occurs between GdPO^ and TbPO^ (Ni et al. 1995). Additionally, oxygen is more tightly 

packed in monazite than in xenotime, which results in a larger unit cell in xenotime (Ni et 

al. 1995).
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4.1.2 Solid solutions and substitutions

Forster (2 0 0 6 ) docum ented several solid  solutions in the tetragonal group com prising  

xenotim e, zircon (ZrSiO^), thorite (ThSiO^), hafnon (HfSiO^), coffin ite (USiO^) and prethu- 

lite (ScPO^). He also pointed out the important role o f  w ater in the crystal structure o f  inter

m ediate m em bers o f  this solid solution. Experim entally, only slight m ixability  w as show n  

for the anhydrous end m em bers w h ile  the hydrous end m em bers can m ix rather easily.

The replacem ent o f  Y and REE by actinides, such as U and Th, into the structure o f  x en o 

tim e requires charge-balanced coup led  substitutions, in vo lv in g  Si and Ca (N i et al. 1995). 

T he m ost com m on substitution is a so lid  solution  w ith isostructural thorite-coffinite:

(REE, Y )’" + ^  (Th,U)^" +  Si"* (Eq. 4 .1 )

Less frequent is the substitution o f  the m onoclin ic m onazite group end-m em bers: brabantite, 

CaTh(PO^)2 , and its uranium equivalent, CaU(PO^)2 ;

2 (R E E , Yy* ^  (Th,U)^" + Ca'* (Eq. 4 .2 )

Substitution o f  A s into the xenotim e structure has been recognised in an A -type rhyolite (O n- 

drejka et al. 2006), as a solid solution betw een xen otim e-(Y ) and chern ovite-(Y ) ((Y ,REE) 

A sO ,).

4.1.3 Geochemical discrimination between xenotime of different origin

B ased on a large data set from  the Archaean W itwatersrand Basin in South Africa, K o- 

sitcin et al. (20 0 3 ) developed  d iagnostic criteria for the discrim ination o f  xenotim e gen esis. 

They investigated geochem ical d ifferences betw een four types o f  xenotim e: igneous, igne- 

ous-detrital, hydrothermal and d iagenetic, the latter tw o being m ost relevant to the present 

study. S ince their data refer to m inerals from on ly  one basin, it is not certain w hether all the 

criteria are universally applicable.

In general, d iagenetic and hydrotherm al xenotim es y ield  m uch low er U and Th contents  

than igneous xenotim e (e.g . K ositcin  et al. 2 0 03). W hen considering the REE, d iagenetic  

xenotim e sh ow s preferential enrichm ent in D y and little variation in chem ical com position  

even  for sam ples originating from  different parts o f  the sam e sedim entary basin (w here
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concentrations o f  the REE may be different due to the limited mobility o f  these elements), 

whereas hydrothermal xenotime can locally exhibit a wide variation in REE concentrations.

4.1.4 Analytical challenges

Electron microprobe analysis o f  xenotime is recognised as challenging. Pyle et al. (2002) 

published a comprehensive summary o f the analytical techniques, discussing the lack o f  

well-characterised and homogenous standard materials, multiple inter-element interferences 

due to high concentrations o f  elements with numerous L and M X-ray lines (such as REE, U 

and Th), detector artefacts, X-ray collimator settings, element detection limits and com po

sitional variation arising from different correction schemes. Jercinovic and W illiams (2005) 

and Hetherington et al. (2008) discussed the importance o f sufficient sample coating (using 

C, Au, or Al) as a solution to harmful beam irradiation effects. They also published sophisti

cated background modelling techniques required for the accurate measurement o f  U, Th and 

Pb contents, which are vital for the chemical dating o f  xenotime by EPMA.

4.1.5 Aims of this study

The objectives o f this study were to collect accurate and precise chemical composition 

data for xenotime samples while at the same time causing the least beam irradiation dam 

age, in order to preserve the samples in a condition suitable for subsequent data acquisition 

by SIMS. The chemical composition o f  xenotime is necessary for both matrix correction for 

SIMS analysis (e.g. Fletcher et al. 2004), and to elucidate the xenotime paragenesis (e.g. 

based on the discrimination diagrams published by Kosticin et al. (2003) and improved upon 

by the Ph.D. thesis o f Vallini (2006)). This is also the first account o f the geochemical char

acterisation o f  xenotime overgrowths from the Shannon Basin.

With only 19 elements per analysis permitted by the instrument used in this study, the 

emphasis was on the accurate and precise analysis o f the HREE, U and Th. Pb was not 

analysed because only low amounts o f  this element were expected in these relatively young 

(Carboniferous) samples, thus Pb concentration results would have been associated with 

very high uncertainties.
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4.2 Samples

Sam ples analysed by the electron m icroprobe are presented in A ppendix  A3.1. All sam 

ples were m ounted in epoxy, follow ing the procedures presented in section 3.4.8. O verall, 

36 thin section plugs with com posite zircon hosts overgrow n by xenotim e from the Shannon 

Basin and one from  the Pennine B asin (D enshaw ) w ere analysed.

Additionally, grains o f three xenotim e reference m aterials (BS-1, M G-1, Z6413) were also 

included in the mounts so they could be characterised for the SIMS matrix correction proce

dures. The BS-1 and MG-1 crystal fragm ents were obtained from  Dr John Aleinikoflf, USGS, 

and originally collected by Dr M iguel Basei, U niversity o f  Sao Paulo, Brazil. The crystals orig

inate from metam orphic rocks from  Bahia State and Minas Gerais State, respectively (Cross 

2009). Description o f the original crystals is given in Fletcher et al. (2004). Fragm ents o f  both 

o f the crystals are medium to dark brown and yield hom ogenous backscattered electron images. 

MG-1 contains patches o f  red iron-oxide staining. Fragm ents o f the Z6413 xenotime were ob

tained from Dr Richard Stern and Dr Nicole Rayner, Geological Survey o f  Canada. The xeno

time originates from a pegmatite from the Grenville Province in Canada (Stern, Rayner 2003). 

It is honey-yellow in colour, clear and is hom ogeneous in backscattered-electron images.

4.3 Methods

M ounts M AJA-1 and M A JA -2, com prised xenotim e overgrow ths in sm all cores drilled 

from thin sections along with xenotim e standards m ounted as free grains. They w ere ana

lysed w ith a JE O L ®  JX A  8900 RL electron m icroprobe, operated  in W D S m ode at the 

G eoscience C enter G ottingen, D epartm ent o f  G eochem istry, G erm any, in collaboration with 

Dr A ndreas Kronz. The sum m ary o f  the analytical conditions is given in Table 4.1.

Prior to  electron-probe analysis, the gold coating required for SEM  im aging w as gently 

rem oved using m ethanol and the m ounts w ere carbon coated to m atch the coating on the 

available W DS reference m aterials. X enotim es w ere then analysed for a total o f  19 elem ents: 

Al, Si, P, Ca, Fe, Y, Zr, lanthanoids (Sm , Eu, G d, Tb, Dy, Ho, Er, Tm , Yb, Lu), Th, U. The 

num ber o f  elem ents was restricted to a m axim um  o f  19 by the protocols o f  the instrum ent 

used. O xygen was not m easured directly. It is expected  that trace (< 1 w t% ) am ounts o f  

LR EE (La-N d) m ay be present in the crystals (K ositcin  et al. 2003).
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Table 4.1. Analytical conditions for EPM A analysis

General settings

A cceleration voltage: 20  kV  

Beam  current: 40  nA

Beam  diameter: 1-8 |^m (set ind ividually  for unknowns; 10 for standards 

Data correction: Phi-rho-Z

Elem ent Crystal Spectr. X -ray C ounting tim e Standard Source o f  standard

lin e [s]

Zr FETJ 1 Mp

Peak

60

B gd

30 ZrSi0 4 Synthetic; J. Hanchar'

P PH'U 1 K a 15 5 Y PO 4 Synthetic

Y PETJ 1 L a 15 5 Y PO 4 Synthetic

A1 TAP 2 K a 60 30 AI2O 3 Synthetic

Si TAP 2 K a 60 30 Z rSi04 Synthetic; J. Hanchar'

U PETJ 3 M p 1 20 60 U O 2 Synthetic; J. Hanchar'

Th PETJ 3 M a 1 20 60 T hSi0 4 Synthetic; J. Hanchar'

Ca PETJ 3 K a 60 30 W ollastonite W illsboro (NY, U SA )

Gd LIF 4 Lp 30 15 G dP 0 4 Synthetic

Fe LIF 4 K a 60 30 Haem atite H aem atite, Elba (Italy)

Dy LIF 4 La 30 15 D yP 04 Synthetic

Er LIF 4 La 60 30 ErP0 4 Synthetic

Yb LIF 4 La 60 30 Y bP 04 Synthetic

Sm LIFH 5 L a 60 30 Sm P0 4 Synthetic

Eu LIFH 5 L a 60 30 EUPO4 Synthetic

Tb LIFH 5 L a 30 15 T bP 04 Synthetic

Tm LIFH 5 L a 60 30 Tm P0 4 Synthetic

Ho LIFH 5 Lp 60 30 H0 PO4 Synthetic

Lu LIFH 5 Lp 60 30 LUPO4 Synthetic

' J. Hanchar, M em orial U niversity, N ew foundland, Canada. 
Spectr. -  spectrom eter  
B gd  -  background

For the purpose o f  this project, the instrument was equipped with a new, exceptionally sta

ble, LaB^filament, The primary objective o f  the EPMA was to obtain chemical com positions
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as precise as possible while producing the least damage to the samples and the surrounding 

epoxy and hence a relatively low beam current was used. All analyses were performed using 

a 20.0 kV electron beam regulated at 40 nA on a Faraday cup and employing a 40° take-off 

angle. An electron beam size was set individually for each xenotime overgrowth and ranged 

from 1 to 8 |j.m, while for all xenotime standards the beam was set to 10 [im. For a 1 |im  

beam diam eter the excitation volume ranged at least 1-1.8 |im  deep below the sample sur

face.

To counteract trace-element emission peak overlaps during measurements, peak overlap 

correction factors were applied. The REE and P were calibrated against synthetic Y and 

REE phosphate standards, and synthetic standards prepared by John Hanchar were used to 

calibrate Si, Zr, U and Th. A1 was calibrated against synthetic Al^Oj, while natural hematite 

and wollastonite standards were used to calibrate Fe and Ca, respectively. The average mean 

detection limits are given in Table 4.2.

4.4 Results

The chemical composition o f  the reference xenotimes determined by electron microprobe 

analysis is presented in Appendix A4.1 (reference xenotimes) and A4.2 (unknowns - xeno

time overgrowths). Table 4.2 summarizes the average, minimum and maximum contents o f 

the REE oxides in the xenotime overgrowths. A total o f  49 analyses o f  xenotime overgrowths 

and 27 analyses o f  reference xenotime crystals were performed. For the unknowns the total 

weight percent oxide totals range from 97.37-104.90 wt%, whereas for the xenotime stand

ards the totals are between 98.08-100.99 wt%. Only analyses with a total sum o f  oxides 

between 98-102 wt% were accepted, hence 4 out o f  49 analyses o f  xenotime overgrowths 

were rejected.

The stoichiometric proportions calculated for the xenotime overgrowths (based on 4 oxy

gen atoms in the formula) yielded cation sums between 2.00-2.03, and were very similar to 

the cation sums yielded by the xenotime standards, which ranged from 2.00-2.02. The aver

age o f the cation sums for both standards and unknowns is approximately 2.01.
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Table 4.2. Summary o f EPMA results for xenotime overgrowths' (in wt% oxide)

Oxide Detection limit Minimum Maximum Average Median

AI2O3 0.005 b.d. 0.06 b.d. b.d.

S i02 0.004 0.16 3.70 0.72 0.46

P2O5 0.042 32.61 35.45 34.19 34.34

CaO 0.003 0.02 0.49 0.15 0.10

FeO 0.007 b.d. 1.08 0.15 0.11

Y2O3 0.044 33.88 43.89 40.28 40.70

Z1O 2 0.029 b.d. 0.39 0.15 b.d.

Sm2 0 3 0.011 0.32 2.02 0.89 0.83

EU2O3 0.016 0.26 1.19 0.53 0.49

Gd2 0 3 0.022 3.10 11.44 6.23 5.93

TbjOj 0.016 0.82 1.96 1.26 1.23

Dy203 0.024 6.50 8.88 7.58 7.56

H0 2 O3 0.029 1.16 1.40 1.28 1.27

Er203 0.016 2.33 3.98 3.18 3.22

Tm2 0 3 0.014 0.36 0.56 0.44 0.43

Yb.Oj 0.017 1.25 3.04 1.93 1.95

LU2O3 0.016 0.16 0.38 0.25 0.25

ThOj 0.007 0.06 4.07 1.01 0.69

UO2 0.007 0.02 0.50 0.25 0.23

' Only analyses with total sum s o f  oxides between 98-102 wt%  are included, 
b.d. -  below  detection limit

4.4.1 REE patterns of the reference xenotimes

Their REE concentrations normalized to chondrite Cl are compared to the values re

ported by Fletcher et al. (2004; ICP-M S analysis) in Fig. 4.1. Xenotimes BS-1 and Z6413 

display patterns almost identical to those in the study o f Fletcher et al. (2004), especially in 

the Gd-Lu range. Based on this good agreement, it is assumed that the interference correc

tions applied in the present study were appropriate. The REE pattern o f  MG-1 in the present 

work is less enriched in Sm-Dy and slightly more enriched in Er and Tm compared to the 

values o f Fletcher et al. (2004). Since MG-1 is known to be rather heterogeneous in REE, 

this discrepancy is not surprising.

4.4.2 REE patterns of the xenotime overgrowths

Y P 04 is the most abundant oxide constituting 34 - 44 wt%, and correlates inversely with

the REE content (Fig. 4.2). It is apparent that the REE-PO^ component is more abundant
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Fig. 4.1 A comparison o f chondrite Ci-normaiised REE patterns o f the reference xenotime EPMA analyses

in this study (solid lines) and their average composition measured by ICP-MS published by Fletcher et al. 2004

(open circles and dashed lines), a) BS-l, b) MG-1, c) Z6413.
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in xenotime from Foohagh Point and H ag’s Head than in samples from Cloghauninchy. 

Expressed in molar % (mol%), the YPO^ component constitutes between 62.7 - 78 mol%, 

whereas the REE-PO^ component ranges from 19.6 - 35.1 mol%.

The majority (80%) o f  the analysed REE^O^ is represented by Dy, Gd, Er and Yb oxides, 

in order o f abundance. Gd oxide shows the widest range o f  values ranging from 3 .10 - 11.44 

wt% GdjOj. Tm and Lu oxides concentrations do not exceed 1 wt%, followed by Eu and Sm.

4.4.3 U and Th

In all the xenotime overgrowths analysed, the actinide elements yield a wide range o f  con

centrations: 0.06 - 4.07 wt% for ThO^ and 0.02 - 0.50 wt% for UO^. In most cases, except 

for one analysis from Trusklieve, xenotime incorporates greater amounts o f  Th than U (Fig. 

4.3), i.e. the proportion between the two actinides is unusual for xenotime (e.g. Forster 1998). 

The Th/U ratios range between 0.5 - 10.7, with an average value o f 3,9 (based on atoms per 

formula unit (apfu) values). The lowest Th/U ratios are from samples from Trusklieve. The 

Foohagh Point and Hag’s Head samples yield moderate Th/U ratios o f  around 2, whereas 

higher values (up to 10) characterise the samples from Cross, Cloghauninchy, and Denshaw 

(Fig. 4.3).

4.4.4 Other elements analysed in the xenotime overgrowths

Si, Zr, Fe and A1 were also analysed to monitor the presence o f  potential mixed analyses 

o f  zircon and quartz, and possibly other silicate minerals surrounding or included within 

the xenotime overgrowths. Ca was also analysed to monitor possible incorporation o f  Ca- 

monazite by solid solution as described in Eq. 4.2.

SiOj contents range from 0.16 - 1.82 wt% (mean 0.7 wt%), except for one analysis from 

Cross which yielded a significantly larger concentration o f 3.7 wt%, and is probably the re

sult o f  mixing with small quartz inclusions. Out o f 45 analyses, five revealed low concentra

tions o f  Zr, ranging from 0.02 - 0.39 wt% ZrO^, which are indicative o f  minor overlap o f  the 

electron beam onto a zircon host or are the result o f  secondary fluorescence. CaO concentra

tions are low and range from 0.02 - 0.49 wt%. Al^Oj and FeO appear in very low quantities, 

0 - 0.06 wt%, and 0 - 1.08 wt%, respectively.
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4.5 Discussion

4.5.1 Quality of the electron microprobe analyses

The average sum o f  oxides yielded by the xenotime overgrowths in this study is slightly 

little elevated at 100.32 wt%, although still in the range o f values accepted in the literature. 

The elevated value, exceeding 100 wt% may be caused by several phenomena, e.g. mixed 

analyses with other phases, unresolved interferences o f X-ray lines, or secondary fluores

cence from neighbouring phases.

As shown in chapter 3, all o f  the xenotime overgrowths show complex textures, and they 

are often spongy or contain inclusions o f  other minerals, primarily quartz. Although each 

area o f the sample from which quantitative EPMA results were obtained was selected m anu

ally to avoid such regions, this was often impossible due to the small size o f  the overgrowths. 

Moreover, inclusions hidden under the surface o f  the sample could have been excited by 

the beam. Monte Carlo simulations o f electron trajectories and minimum X-ray excitation 

volumes in pure ideal xenotime (Y PO J showed that a 40 kV beam can excite a significant 

volume (at least 1-1.8 |im  deep for a 1 ^m  probe beam diameter) o f  material below the sam 

ple surface, thus also exciting putative hidden inclusions.

Multiple inter-elemental interferences are one o f  the major challenges in xenotime analy

sis (Pyle et al. 2002). All analytical lines used in this study were carefully selected and tested 

to avoid such interferences. The agreement o f EPM A data for BS-1 and Z6413 in this study 

with the LA-ICP-MS REE data by Fletcher et al. (2004) indicates that the interference cor

rections were generally sufficient. Nevertheless, some elemental interference is likely to be 

present.

The xenotime overgrowths were analysed in situ, in cores drilled from thin sections, 

mamtainmg their onginal petrographical context. Secondary fluorescence in EPM A is de

fined as the emission o f characteristic (fluorescent) X-rays generated by photoelectric ab

sorption o f X-rays produced by electron impact. The extent o f  this phenomenon may be 

up to two orders o f magnitude larger than the range o f electron penetration, consequently 

yielding erroneous values for points analysed close to the boundary between two chemically 

distinct phases. Usually the contribution o f  secondary fluorescence is negligible, however it
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m ay be significant if  the neighbouring excited  phases are rich in elem ents that are present in 

trace quantities in the analysed sam ple (L lovet et al. 2000).

In this study, the m ost likely source o f  added secondary fluorescence could  have been 

zircon an d /o rth o rite , possibly affecting the m easured levels o f  Si, REE, U and Th. Judging 

from the overall oxide totals, the contribution w ould not have exceeded 1-2 w t%  in total. If 

an appropriate proxy was available for the fluids from  w hich the analysed xenotim es crystal

lized, a crystal lattice strain m odel approach (see section 4.5.2) could provide a tool to assess 

the secondary fluorescence com ponent in the analyses.

In general, the EPM A  analyses presented in this study are within the norm al concentra

tion limits com pared to exam ples published in the literature. Due to the lack o f  the full suite 

o f  REE, trace (< 1 w t% ) am ounts o f  La-Nd w ould be expected to be present in the xenotim e 

overgrow ths.

4.5.2 Crystal lattice strain perspective to substitution in the site

Due to their regular and rigid structures, crystals can only accept into their lattice ions o f  

sim ilar ionic radii and charge sim ilar to ions that ideally fit the host lattice. T he relationship 

betw een the substituent and the substituting ion is governed by several factors. G oldschm idt 

(1937) em phasized the im portance o f  the valence and ionic radius. Later, it has been rec

ognized that partition coefficients o f  a given elem ent are related to the elastic m odulus and 

strain energy exerted on the crystal lattice by the substituting ion. For each crystal lattice 

site, the function produces a parabolic curve with an apex corresponding to  the theoretical 

optim um  ionic radius that w ould result in the m inim um  strain on the lattice (Blundy, Wood 

1994; Brice 1975). This relationship is closely related to the m etal-oxygen bond lengths for 

the site. Therefore, it is the elastic response o f  the crystal to strain energy that determ ines the 

ab ility  o f  the host lattice to accom m odate cations. O num a et al. (1968) dem onstrated  parti

tioning o f  several elem ents betw een pyroxenes and the alkaline basalt lava by plotting na tu 

ral logarithm s o f  elem ent concentrations in m inerals norm alized to the w hole rock against 

the effective ionic radii o f  the elem ents. This type o f  graphical representation is nam ed an 

O num a diagram .
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In the present study, the chemical composition o f  the fluids from which xenotime crj'stal- 

lized is uni^nown. As a proxy, REE^^ concentration data were normalized to the Queensland 

upper continental crust proxy (MUQ, Kamber et al. 2005) and plotted against the ionic radii 

o f  the REE in octahedral coordination (Shannon 1976) on the Onuma diagram. The choice o f 

the proxy is based on the assumption that the REE composition o f marine authigenic minerals 

should, on average, broadly reflect that o f the continental inputs.

Fig. 4.4 illustrates an Onuma-type diagram for the REE in the xenotime overgrowths 

normalized to MUQ (Kamber et al. 2005). The pattern is an asymmetrical bell-shaped curve 

with a steep negative slope from Tb towards the larger ionic radii. Tb is the largest possible 

REE in the pure xenotime structure (Ni et al. 1995) and the steep slope indicates a large in

crease in the energy penalty for substituting REE > Tb.

The Onuma diagram is an approximation to understand the lattice-strain control over the 

substitutions in the/i^^ site o f the structure. Unfortunately, it cannot be used to interpret the 

influence o f a possible secondary fluorescence component in the analyses nor crystal lattice 

parameters (such as precise ideal ionic radius), nevertheless, the general bell-shaped appear

ance is consistent with the xenotime crystallographic model o f Ni et al. (1995).
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Fig. 4.4 Onuma-type diagram for the xenotime overgrowth REE normalized to M UQ  (K-amber et al. 2005). 

Ionic radii are plotted for REE^  ̂in and coordination number 8 (Shannon 1976). Dashed line marks the average 

values.
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Fig. 4.5 Formula proportions between (Si + Th + U) vs. (Y + REE + P) calculated on the basis o f four O atoms.

4.5.3 Substitution mechanisms

As mentioned earlier, incorporation o f  Th and U into the xenotime structure requires charge- 

balanced coupled substitutions involving Si and Ca. The two types o f  ideal substitutions in the 

tetragonal and monoclinic systems are visualized as vectors in Fig. 4.5. Data points plotted in 

this figure illustrate the proportions between (Si + Th + U) vs. (Y + REE + P), calculated on 

the basis o f 4 O atoms. Most o f  the analyses cluster around the vector o f  (Th,U)SiREE 

which reflects the solid solution between xenotime and thorite-coffinite, characterised by a 

closely packed zircon structure (Eq. 4.1) while no points lie exactly on the brabantite substitu

tion vector (Eq. 4.2). The majority o f  the data plot m the field representing the contnbution o f 

both o f  these substitutions, with the isostructural (tetragonal) substitution dominant.

Data points above the upper vector representing the thorite-coffinite substitution have an el

evated amount o f substituting cations, which most probably indicates an admixture o f  small 

inclusions o f  quartz, thorite, or coffinite encountered by the electron m icroprobe beam.
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4.5.4 Discrimination between xenotime of different genesis

REE signatures in xenotime may carry implications about the genesis o f  xenotime. Ko

sitcin et al. (2003) suggested several discrimination diagrams based on chondrite-normalised 

contents o f  Eu, Gd, Dy, and Yb plotted on matrix diagrams, as well as the overall shape o f 

their REE patterns on the multielemental plots (also known as spider diagrams). Based on 

studies in three Proterozoic basins in Australia and USA, the PhD work o f  Vallini (Vallini 

2006, also VaJlini et al. 2005) identified overlaps between different fields o f xenotime genesis 

and revised the diagrams by enlarging the fields o f diagenetic, hydrothermal and igneous xeno- 

times. In both publications the authors suggest that a much larger database is needed to provide 

more reliable discrimination plots, therefore, in the present study data was plotted against pub

lished values for xenotime o f different origins.

Xenotime data from the Shannon Basin, and one data point from the Pennine Basin (Den- 

shaw) were plotted on the discrimination diagrams o f Kositcin et al. (2003) (Fig. 4.6) together 

with data for diagenetic (Kositcin et al. 2003; Vallini et al. 2005), hydrothermal (Kositcin et al. 

2003; Schaltegger et al. 2005; Vallini et al. 2005) and igneous or igneous/detntal xenotime (Ko

sitcin et al. 2003; Masau et al. 2000, Forster 1998; Ondrejka et al. 2007). Data from the present 

study plot together with those o f other diagenetic xenotimes and close to the field o f hydrother

mal xenotime (Fig. 4.6).

Discriminating between diagenetic and hydrothermal xenotime is not so straightfor

ward. Most o f  the xenotime overgrowth data from the present study in Fig. 4.6 b and 4.6 

d plot within the hydrotherm al field o f  Kositcin et al. (2003), with some overlap into the 

diagenetic field. Vallini (2006) discovered a sim ilar overlap between the diagenetic and 

hydrotherm al fields in her studies.

The chondrite-norm alised REE patterns o f  xenotime overgrowths presented in Fig. 4.7 

are sim ilar to those described by Kositcin et al. (2003) and Vallini et al. (2005) for xeno

tim e formed during diagenesis and burial (Fig. 4.8). They do not display the distinct nega

tive Eu anomaly seen in the hydrotherm al xenotim e data o f  Schaltegger et al. (2005) and 

in one hydrothermal xenotim e analysis o f  Vallini et al. (2005) (Fig. 4.9). The rem aining 

hydrothermal xenotim e analyses o f  Vallini et al. (2005) (Fig. 4.9 a) are m ore sim ilar to

their analyses o f  diagenetic and burial xenotimes.
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Fig. 4.6 Xenotime over
growths from this study 
and xenotime from htera- 
ture plotted on discrimina
tion diagrams proposed by 
Kositcin et al. (2003). Data 
normalized to chondrite Cl 
(McDonough, Frey 1989). 
Diagenetic: 1,8; Hydrother
mal: 2, 4; Igneous: 3, 5, 6, 7; 
Authigenic xenotime from 
this study: 9. Source of data: 
1-3 Kositcin et al. (2003), 4 
- Schaltegger et al. (2005), 
5 - Masau et al. (2000), 6 - 
Forster 1998, 7 - Ondrejka et 
al. (2007); 8 - (Vallini et al. 
2005), 9 - this study.

Key to the symbols 
and xenotime types:
Diagenetic - 1 , 8  

Igneous - 3, 5, 6, 7 

Hydrothermal - 2 , 4 

This study - 9
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Fig. 4.9 Chondrite Cl-normahzed REE patterns o f  hydrothermal xenotimes a) Vallini et al. (2005), 

b) Schaltegger et al. (2005).

The interpretation o f  the xenotim e data plotted on the discrim ination diagrams pro

posed by Kositcin et al. (2003) is in agreement with the mode o f  origin suggested for 

xenotim e overgrowths m this study, i.e. prolonged crystallization from  an aqueous fluid, 

lasting since early diagenesis, through deep burial and until the end o f  hot advective fluid 

event(s). The lack o f  a distinct Eu anomaly indicates that the fluids from which the xeno

tim e crystallized were not strongly reducing. The Eu/Sm ratios (0.30-0.88) are higher than 

those o f  seaw ater (0.22-0.26) or even chondrites (0.37; de Baar et al. 1985).
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Due to the very small size o f  the overgrowths, it was impossible to perform m ulti-point 

analyses, which could have revealed compositional differences between zones o f  different mean 

atomic number, as seen in the BSE images. Hence it is possible that the data plot in both the 

diagenetic and hydrothermal fields as defined by Kositcin et al. (2003) as they represent differ

ent stages o f  xenotime growth, from early diagenetic to hydrothermal.

4.5.5 Source of xenotime-building elements

A uthigenic xenotim e in sandstones form s when sufficient P and Y +  R EE are available 

and w here pore space is available. R asm ussen (1996) suggested that early  diagenetic REE- 

phosphates in m arine sedim ents, including xenotim e, are a m ajor sink for oceanic phospho

rus derived from organic matter. The sources o f  the o ther m ajor elem ents in xenotim e, Y and 

REE, are m ore diverse and include local dew atering o f  clays in the underlying units, break

dow n o f  heavy m inerals and/or feldspars and the m ovem ent o f  fluids w hich may even be 

derived from  outside the basin (for sum m ary, see R asm ussen 2005 and references therein). 

South C hinese REE deposits o f  the X uanw ei form ation provide a notable exam ple o f  REE 

m obilization due to the w eathering o f  an enorm ous mafic volcanic succession (e.g. Z hou et 

al. 2013). The REE, and especially  the HREE released from the less resistant m inerals from 

basalt and m igrated over short distances. The REE-enriched residues w ere deposited in local 

sedim entary basins as highly R EE-enriched clay-silt strata due to disintegration o f  the REE 

carriers. A sim ilar source o f  REE from w eathering residue could have been im portant for the 

grow th o f  the xenotim e overgrow ths in the present study.

In the Shannon Basin, com m on heavy m inerals enriched in REE include; m onazite, gar

net, zircon, titanite, apatite and allanite. Prim ary dissolution w ould have occurred in the 

intraform ational w aters characterised by low pH. W hile m onazite and zircon appear to be 

stable in acidic groundw ater, dissolution o f  apatite and garnet is a well know n phenom enon 

under these conditions (Bouch et al. 2002 and references therein). A patite is enriched in the 

M REE and garnet has elevated H REE contents, and thus these m inerals are potential bu ild 

ing “ m aterial” for the xenotim e overgrow ths. A lternatively, hot fluids derived external to 

the basin could have carried Y + REE, especially  those bound in com plexes, i.e. w ith h igher 

fluid mobility.
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The reason for the high degree o fT h  incorporation may be related to the high local abun

dance o f  this element (e.g. from dissolution o f  Th-bearing phosphates, such as monazite or 

rhabdophane), or its transport by advective fluids in complexes that enhance its mobility 

(Langmuir, Herman 1980 ). In the latter case, Th would have to be transported in organic 

complexes, possibly during hydrocarbon migration.

On the contrary, U under oxidizing conditions is highly mobile, and could have been 

leached from the neighbouring organic-rich shales, and later incorporated into xenotime 

overgrowths during their crystallization.

4.6 Conclusions

The chemical composition o f xenotime overgrowths in the Shannon Basin, as well as 

one sample from the Pennine Basin, is wnthin the limits described previously in literature. 

Two distinct characteristics are their high enrichment in Dy (6.5-8.9 wt% Dy^Oj), and low 

U/Th ratios (-0.28). The prevalent substitution type is that o f  the thorite and coffinite, in the 

tetragonal crystallographic system. Complex xenotime textures visible in the BSE images 

can be related to the evolution o f local and/or distant fluids from which the mineral precipi

tated, as well as to dissolution-reprecipitation reactions that most probably occurred several 

times during prolonged crystallisation o f  the mineral. Based on the discrimination diagrams 

described by Kositcin et al. (2003), xenotime overgrowths in this study are interpreted to 

originate as diagenetic minerals and later to originate as diagenetic minerals with later dis

solution and / or growth from an aqueous fluid.
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5 SIMS xenotime U-Pb dating

5.1 Introduction

5.1.1 Aims
This part o f  the project aimed to investigate (in situ within thin sections) the limitations 

and applicability o f  the U-Pb diagenetic/hydrothermal xenotime chronom eter to dating di

agenesis and fluid flow through Palaeozoic sedimentary rocks using secondary ion mass 

spectrometry (SIMS). Previous studies have typically focussed on the ®̂’Pb/^“®Pb dating o f 

Proterozoic or older sediments (e.g. Rasmussen 2005 and references therein).

This is also the first reported SIMS analysis o f young low-temperature xenotime over

growths using the high-resolution double-focussing multi-collector Cameca ims-1280 ion 

microprobe (at theNordsim  facility, Stockholm), while most o f  the published xenotime SIMS 

analyses have been obtained using Sensitive High-Resolution Ion M icroprobe (SHRIMP) 

instruments.

The results o f  several raw data-processing protocols are compared here, including U-Pb 

calibration and matrix correction methods, as well as common Pb correction schemes and 

the influence o f possible Th-U disequilibrium effects. This project aimed to provide the first 

isotopic ages for sandstone diagenesis in the Shannon Basin and attempted to constrain pos

sible hydrothermal and diagenetic events that occurred since Latest Carboniferous times.

5.1.2 U-Pb geochronology by SIMS

Secondary ion mass spectrometry (SIMS) is a powerful and versatile method commonly 

used in geochronology (Ireland and Williams 1998). A beam o f  accelerated primary ions (O 

or Cs) is focused onto afla t polished sample surface so that it ablates (or sputters) molecules 

and atoms in the sample, some o f  which are ionized and extracted to the mass spectrometer. 

The exact nature o f  the sputtering process has yet to be satisfactorily modelled theoretically.

In geochronology, two fam ilies o f  instruments are com m only used: the Cam eca (ims- 

1270 and ims-1280, Fig. 5.1) and the SH RIM P (SHRIM P I, II and reverse geom etry - RG). 

In the m ost sophisticated instrum ent m odels suitable for high-precision dating, the mass
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Fig. 5.1 Schematic diagram o f  the Cameca im s-1280 ion microprobe setup. ESA - electrostatic analyser; 

L4 - the last electrostatic lens in the primary beam column; PBMF - primary beam mass filter. M odified from 

Cameca instrument specifications (2009).

spectrometer focuses the ion beam twice using a Nier-Johnson geometry. Usually an elec

trostatic analyser (ESA which sorts the secondary ion beam according to the kinetic energy 

o f the ionized particles) precedes a large-radius magnet (which sorts the ionized particles 

according to their masses). Some models are equipped with a multi-collector array, allowing 

for simultaneous detection o f  several mass species. There also exists a reverse geometry ion 

microprobe (SHRIM P RG) with a magnet preceding the ESA, in which case detection o f 

only one mass species at a tim e is possible but the mass resolution may be increased four

fold, at least theoretically (Compston 1996).

The SIMS technique allows for in situ isotopic analyses with high spatial resolution, 

and is especially suited for dating minerals with complex textures that would be unsuitable 

for conventional Thermal Ionisation Mass Spectrometry (TIMS) analysis. The U-Pb SIMS 

dating method was developed mainly for zircon, which is a widespread and durable acces

sory mineral that is relatively resistant to U-Pb system resetting (e.g. Williams 1998). SIMS 

zircon dating is generally considered to be the optimal technique in studies o f  complex poly

phase zircon crystals. Typically, a 10-50 ^m  spot on a zircon surface is sputtered, yielding a
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crater normally not deeper than 5 |jm, (i.e. much shallower than the LA-ICP-M S technique) 

so that the method is (almost) non-destructive.

The first assumptions o f the SIMS U-Pb dating method were proposed by Compston et al. 

(1984), employing a PbVU^ vs. UO^/U* calibration, while W illiams (1998) summarized the 

state-of-the-art. With the advent o f  more sophisticated instruments (the Cameca ims-1280 

and SHRIM P II) and the wider accessibility o f  ion m icroprobe facilities, rapid development 

has been made in this field, testing the potential and limitations o f  existing analytical pro

tocols. Researchers have been trying to obtain precise and accurate dates from increasingly 

smaller, younger and more complex minerals.

Analytical uncertainty is dominated by the external reproducibility o f  the reference m a

terial employed. If  the U-Pb closed-system assumption is true, and the amount o f “̂̂ Pb is 

sufficiently high to be measured precisely by SIMS, extemal standardization can be omitted 

and instead the ^°^Pb/^“ Pb ratio can be measured directly. Normally, this type o f  approach 

is only applicable to zircons older than 1 Ga, although a recent study by Li et al. (2009) us

ing the Cam eca ims-1280 reported Late Palaeozoic to Jurassic "̂’Pb/^^^Pb zircon dates with 

uncertainties ranging between 0.8-3% (excluding decay constant uncertainties).

5.1.3 Matrix effect -  introduction

Dissimilar chemical matrices (such as different minerals) often generate unequal sputtered 

ion yields (Wingate, Compston 2000). This phenomenon o f variation m the ionisation effi

ciency or sensitivity caused by differences in the chemical composition or crystal orientation 

between samples and reference materials is known as the SIMS matrix effect. The physical 

conditions responsible for this matrix effect are poorly known, however, the electric and vi

brational states o f the sputtered species and the sample surface, as well as the chemical bond

ing o f  the species to the surface are considered the most important causative factors. Matrix 

effect results in biased inter-elemental ratios (e.g. Black et al. 1991; Fletcher et al. 2004). The 

analysis o f  minerals which are known to have a strong matrix effect requires standardization 

(Williams 1998). An ideal reference material should be chemically (and structurally) matched 

to the unknowns, or at least it should bracket the chemical compositions o f the unknowns.
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5.1.4 Xenotime dating by SIMS

Xenotim e shares several characteristics with zircon (see section 4.1.1) and is also well-suited 

as a U-(Th)-Pb geochronom eter due to its high U levels, low common Pb contents and a Pb dif

fusion rate slower than that o f  zircon (Cherniak 2006; Rasm ussen 2005 and references therein). 

Its chemical variability, however, as opposed to the relatively uniform stoichiometry o f zircon, 

is responsible for a strong matrix effect in xenotim e ion m icroprobe analyses. Corrections for 

U, Th and IR E E -related  matrix effects have been proposed but the procedures are still in the 

developmental stage and more analyses o f  xenotim e with a range o f chemical com positions are 

necessary before a universal approach can be established (e.g. Fletcher et al. 2004; Cross 2009).

X enotim e o f  different origins have been dated by SIM S, including m etam orphic (K am ber 

et al., 1998 -  with the notable first ion m icroprobe dating o f  a Late Archean xenotim e from  

a granulite; Aleinikoflf, Grauch 1990; Rasm ussen et al. 2011 and references therein), igneous 

(e.g. Kositcin et al. 2003), hydrotherm al (Petersson et al. 2001; England et al. 2001; Vallini et 

al. 2007) and diagenetic xenotim e (e.g. Rasm ussen 2005 and references therein). M ost o f  these 

dating studies have been undertaken using SH RIM P instrum ents on pre-Phanerozoic crystals, 

which norm ally yielded precise “̂̂ Pb/^“’Pb ages with uncertainties as low as 1%.

Authigenic xenotim e overgrowths on zircon grains in particular require SIMS analysis be

cause o f their small size (usually < 10 um) and com plex textures. The micro-channel plate (Fig. 

5.2) o f the Cam eca im s-1280 secondary ion m icroscope em ployed in this study is a particu

larly advantageous feature as it allows for precise positioning o f the analytical spot inside very 

small targets (~ 10 |.im in diameter). The micro-channel plate is a two-dim ensional ion-im age 

detector com posed o f  an array o f miniature electron multipliers (channels). When secondary 

ions pass down the channels, they initiate electron cascades. The amplified pulse o f  electrons is 

then accelerated towards a phosphorescent screen, allowing a user to view the target ion image 

directly.

One o f the major drawbacks in SIMS dating o f authigenic xenotime is the lack o f a truly ho

mogeneous, low Th and low U reference xenotime material to use as an external matrix-matched 

standard (Fletcher et al. 2004). Currently, three reference crystals are considered suit-able for SIMS 

dating o f authigenic xenotimes: MG-1, BS-I and Z6413 (Fletcher et al. 2004 and references there

in), all o f  which have been used in the present study.
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Fig. 5.2 A schematic representation of a microchannel plate. Redrawn from Craven (1998).

5.2 Materials

5.2.1 Xenotime samples
Xenotime overgrowths which nucleated on detrital zircon grains in the Upper Carbonifer

ous Shannon Basin in Ireland and in the age-equivalent Pennine Basin in the UK were cho

sen because o f  the precise high-resoiution goniatite biostratigraphy in the these basins (e.g. 

Ramsbottom et al. 1978). The xenotime overgrowths were sampled from the R1 goniatite 

zone (Hag’s Head and Trusklieve, Ireland) and the R2 goniatite zone (Cloghauninchy and 

Foohagh Point in Ireland; Denshaw, UK) corresponding to the Kinderscoutian and Marsde- 

nian stages respectively (Fig. 5.3).

Based on the petrological and geochemical investigations presented in the previous chap

ters, the xenotimes were assumed to have grown during an early diagenetic phase following 

the deposition o f  their host rocks (ca. 315 M a (Ogg et al. 2008) or ca. 321 M a (Pointon et 

al. 2012)), with a possible influence o f  post-diagenetic processes associated with the elevat-



ed palaeotemperatures (250-360°C) documented from the Shannon Basin (Fitzgerald et al. 

1994; Goodhue, Clayton 1999). No such hot fluid pulses are known from the Pennine Basin, 

hence the Denshaw (UK) sample served as a valuable reference for xenotime formation as

sociated with lower diagenetic temperatures (~140°C; Pearson, Russell 2000). Samples ana

lysed by SIMS were previously analysed by EPMA and these chemical data are presented in 

Appendix A4.2 (see also Table A4.3 for the correlation between SIMS and EPMA analytical 

spots). In the BSE images, the overgrowths reveal complex chemi-cal zonation as well as 

“porous” textures and occasional cracks (Fig. 3.12-13). These compli-cated structures, im

aged using the highly sensitive detector o f  a JEOL® JXA 8900 RL electron
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microprobe, comprise only subtle variations in atomic weight which are not usually recog

nised by conventional BSE detectors (e.g. Tescan M ira® VP-FE-SEM) and hence the over

growths were assumed sufficiently homogenous for SIMS analysis.

All samples were mounted in epoxy, following the procedures presented in section 3.4.8. 

Overall, 36 thin section plugs o f  composite host zircon hosts grains overgrown by xenotime 

from the Shannon Basin and one thin section plug from the Pennine Basin (Denshaw) were 

analysed. Chemical compositions o f the xenotime overgrowths are presented in Appendix 4.2.

5.2.2 Reference xenotimes

External standardization was necessary during SIMS analysis to correct for inter-element 

(U, Th and Pb) fractionation and matrix effects (Williams 1998). Three reference xenotime 

standards were used m this study; BS-1, MG-1 and Z6413. All three standards are fragments 

from large single crystals and they have been previously described and applied to U-Pb 

xenotime dating by SIMS (e.g. Fletcher et al. 2004).

The BS-1 and MG-1 crystal fragments were obtained from Dr John Aleinikoflf, USGS, 

and previously collected by Dr Miguel Basei, University o f Sao Paulo, Brazil. The crystals 

originate from metamorphic rocks from Bahia State and Minas Gerais State, respectively 

(Cross 2009). A description o f  the crystals is given in Fletcher et al. (2004). Fragments o f 

both o f  the crystals are medium to dark brown and yield homogenous backscattered electron 

images. MG-1 contains patches o f  red iron-oxide staining.

Fragments o f  the Z6413 xenotime were obtained from Dr Richard Stem and Dr Nicole 

Rayner, Geological Survey o f  Canada. The xenotime originates from a pegmatite from the 

Grenville Province in Canada (Stem and Rayner 2003). It is honey-yellow in colour, clear 

and is homogeneous in backscattered-electron images. TIMS data for this xenotime are 

slightly discordant (Fletcher et al. 2004).

A summary o f the available TIMS ages for the reference xenotimes is given m Table 5.1. 

The chemical composition o f  the reference xenotimes was analysed during this project, us

ing the EPMA methodology described earlier in section 4.3. All the EPMA results are shown 

in Appendices A4.1 and A4.2, while Table 5,2 summarizes the electron microprobe data o f 

the reference xenotimes.
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Table 5.1. TIM S isotopic ratios and ages o f the reference xenotimes

used in this study (from Fletcher et al. 2004)

R eference 2 0 6 p b /2 3 8 u
± 2  o 2 0 6 p b /2 3 8 u  agg ±  1 a 2 0 7 p b /2 0 6 p b  age ±  1 o

xenotim e [Ma] [Ma] [Ma] [Ma]

BS-1 0.0820 0.0006 508.9 0.3 505.5 0 . 6

MG-1 0.0790 0 . 0 0 0 2 490 0.3 491.8 0 . 6

Z 64I3 0.1667 0.0003 994 1 997 1

Table 5.2. Average compositions for the reference xenotimes determined by WDS [wt%]

BS-1 ±  1 c MG-1 ±  1 a Z6413 ±  1 a

S i0 2 0.27 0.03 0.16 0 . 0 2 0.64 0.07

P 2O 5 33.45 0.37 35.61 0.29 34.64 0.25

CaO 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 2 0 . 0 0

Y2 O 3 44.24 0.40 48.98 0.90 45.25 0 . 2 2

SnijOs 0.77 0.25 0.67 0.09 0.14 0 . 0 1

EU2 O 3 0.26 0.05 0.37 0.05 0 . 0 2 0 . 0 1

G d 2 0 3 3.61 0.40 3.80 0.52 1.08 0.04

T b .O j 0.84 0.03 0.73 0.09 0.38 0 . 0 1

Dy203 6.37 0.27 5.28 0.43 4.16 0.04

H 0 2 O 3 1.30 0.04 1.03 0.05 1.04 0 . 0 2

Ef203 3.71 0.13 2.18 0.07 4.25 0.05

T ni2 0 3 0.53 0.03 0.24 0 . 0 2 0.75 0 . 0 2

Yb203 2.52 0 . 1 1 0.72 0.07 5.56 0.04

LU2 O 3 0.51 0.03 0.27 0 . 0 2 1.06 0 . 0 2

T h 0 2 0.29 0.15 0.09 0.04 0.23 0.03

UO 2 0.03 0 . 0 1 0 . 1 0 0 . 0 2 1.31 0.16

Total 98.69 100.25 100.53

Th 0.26 0.13 0.08 0.03 0 . 2 0 0 . 0 2

U 0.03 0 . 0 1 0.09 0 . 0 1 1.16 0.14

S R E E 17.80 0.26 13.32 0.89 16.13 0.09

Th/U 8.72 2.75 0 . 8 8 0.30 0.17 0 . 0 1

The chemical composition of the three reference xenotimes is variable. Z6413 is charac

terised by the most homogeneous composition, with little spot-to-spot variation in Th and U 

contents (12%, lo) and SREE (1%, lo) and the highest U concentrations at > 1 wt% oxide, 

BS-1 xenotime exhibits the largest compositional range (50% (1 a) for Th, 42% (1 o) for U and

1% (lo ) for EREE contents), the lowest concentrations of U, ranging between 80-450 ppm,
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and the highest SREE contents at ~ 18 wt%. MG-1 has elevated Th and U concentrations 

compared to BS-1, with a wide range in U concentrations between 650-1200 ppm. MG-1 has 

also the lowest and most varied lanthanide concentrations (11.8-14.4 wt% SREE) out o f the 

three xenotime standards. The ThAJ ratios are highest in BS-1 (8.7± 2.8 ( lo )), moderate in 

MG-1 (0.9 ± 0.3 ( la ) )  and lowest in Z6413 (0.2 ± 0.01 (lo)).

Matrix effects in the SIMS technique arise from compositional differences between stand

ards and samples (e.g. Williams 1998; Fletcher et al. 2004). To minimise these effects, the 

differences in composition between standards and samples should be minimized. As demon

strated in section 4.4, the chemical composition o f  the overgrowths varies significantly and 

none o f  the reference xenotimes in this study matches the composition o f  the overgrowths 

perfectly. Fig. 5.4 illustrates the difference in the concentration ranges o f UO^, ThO^ and 

IR E E jO j between the standards and samples. The BS-1 and MG-1 reference xenotimes 

seem to have similar potential as a standard for the overgrowths. Z64I3 is a poor match in 

terms o f  the UO^ compositions, being too high compared to the overgrowths, while MG-1 

has slightly lower SREE^O., contents than the unknown xenotime samples.
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MG-1 was chosen as the primary standard in this study as it yields concordant TIMS 

U-Pb ages (Fletcher at al. 2004) and reasonably high U concentrations. BS-1 and Z6413 

were chosen as the secondary standards, providing good control on a range o f  U, Th and 

REE concentrations for matrix corrections. The same approach has been previously applied 

by other researchers investigating diagenetic and hydrothermal xenotimes (e.g. Fletcher et 

al. 2004; Cross, 2009).

5.3 Methods 

5.3.1 SIMS analysis
The SIMS analyses were performed at the Nordsim facility, located in the Laboratory 

for Isotope Geology at the Swedish Museum o f Natural History in Stockholm in collabora

tion with Dr Martin W hitehouse, using a multi-collector, high-resolution, double focussing 

magnetic-sector Cameca ims-1280 ion microprobe.

A schematic diagram o f  the Cameca ims-1280 ion microprobe is presented in Fig. 5.1. A 

duoplasmotron was operated in negative mode at 13 kV to produce a ca. 1.5 nA O^' primary 

ion beam. The primary beam mass filter was set at 0 ^m  and the 750 |im  L4 aperture (the 

last one in the primary beam trajectory) was inserted. The resulting elliptical spot size was 

approximately 11.6 ^m  x 9 |im. A 10 kV potential was applied to the sample surface which 

was gold-coated to minimize charging effects. An incident negative primary ion beam pro

duced positive secondary ion species. Additionally, the sample chamber was flooded with 

to enhance the Pb isotope yield (approximately two-fold) by saturating the sample surface 

with respect to oxygen.

A 400 |im  contrast aperture was inserted in the secondary ion beam trajectory, while the 

entrance slit was set to 75 (im. The field aperture size, ranging from ~ 1000 to ~ 2000 |im 

was adjusted for each analysis. After the beam passed the electrostatic analyser, a 45 eV en

ergy slit was employed to reduce the energy dispersion to an acceptable level. A mass reso

lution o f  ~ 5400 was found sufficient to separate Pb' peaks from polyatomic interferences, 

especially those o f  HREE oxides.

Most o f  the analysed masses were acquired using the mono-collector electron multiplier

(EM) by peak switching. Mass 204, however, was analysed using the central electron multi-
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plier located on the multi-collector array, which allowed for more precise positioning of the 

detector to exclude the lower energy excess ion counts in the vicinity o f mass 204. The two 

EM detectors used are highlighted in Fig. 5.1. This experimental approach developed by M. 

Whitehouse (2009, personal communication) was a solution to the problem of abundant iso- 

baric interferences around mass 204 reported by Fletcher et al. (2004) for xenotime. Electron 

multiplier detectors were used in ion-counting mode in both cases.

Acquisition control parameters included: a) pre-sputtering for 120 s vwth a raster size of 

20 |im to stabilize the secondary ion signal and remove surface contamination including 

the layer o f gold coating, b) mass calibration control, c) energy control and d) beam center

ing routines. No rastering was applied during the analysis o f the xenotime overgrowths to 

ensure the exact position o f the primary beam, while a 20 |im raster was applied during the 

reference xenotime analyses.

Raw intensities of 15 masses (listed in Table 5.3) were measured. The isotopic ratios 

listed in Table 5.4 were subsequently calculated using the Cameca Customizable Ion Probe 

Software (CIPS 5) using the raw intensities (expressed as counts per second) corrected for 

the yield, background and electron multiplier dead-time. Several masses around mass 204 

were acquired to monitor for isobaric interferences in this part o f the mass spectrum which

Y2O+

Fig. 5.5 Example o f an secondary ion image of a xenotime overgrowth (left) compared to the shape o f  

the same overgrowth in a SEM-BSE image (right). Grain 12ci.2, Foohagh Point, Shannon Basin. The other 

xenotime overgrowth at the bottom o f the zircon grain was targeted for SIMS analysis 63. Xtm -  xenotime, 

Zm -  zircon, Qz -  quartz.
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Table 5.3. SIM S sessions parameters: m olecular species, counting and waiting times

Species
acquired

Mass
Counting time 
[s]

Wail
[s]

89y ^16o + 193.8066 1.04 2.00
199.805 2.00 0.88

203.25" 203.25 0.40 0.40
203.8076 0.48 0.80
203.9262 0.40 0.40
203.969 2.00 0.40

206pb. 205.9745 2.00 0.80
207pb+ 206.9759 4.00 0.80
204pb+ 203.973 2.00 0.80
208pb+ 207.9766 2.00 0.80
2 3 8 y + 238.0508 2.00 1.36
232Th'6o+ 248.033 0.96 0.88
238u I6o + 254.0457 1.04 0.88

264.0279 1.04 0.80
238u I6o 2- 270.0406 1.04 0.80

Table 5.4. Isotopic ratios acquired during the SIMS sessions

Isotopic ratio Mass ratio Ratio ID Isotopic ratio Mass ratio Ratio ID

207pby06pb+ 207/206 RO 2 0 4 p b + 204 R12
2 0 8 p b . y 2 0 6 p b + 208/206 R1 2 0 6 p b ^ 206 R13
2 0 4 p b . / 2 0 6 p b . 204/206 R2 2 3 8 y + 238 R14
2 0 6 p b + / 2 3 8 j j l 6 o < 206/254 R3 232th “'^Nd '*0 2 "" 204 RI5
2 3 8 j j  1 254/238 R4 200 RI6

208pb^/232Th'6o^ 208/248 R5 264/248 R17

232Thl6o+/238u" 248/238 R6 194/238 R18
232Tb'6o7238ul5o^ 248/254 R7 238u I6o 2+/238u " 270/238 R19
2 3 8 u Y 9 y ^ I 6 o + 238/194 R8 270/254 R20

"^Zr2“’0V*’Y2'^0" 200/194 R9 232T h '6oY '’Y2"’0 " 248/194 R21
89Y 2 I 6 0 + 194 RIO 2 0 6 p b + / 2 3 8 ^ + 206/238 R22

Mass 203.25 203.25 R 11

have been reported previously in U-Pb xenotime SIMS dating studies (Fletcher et al. 2004).

YjO" ions were analysed to ensure the spot was entirely sited within a xenotime crystal, 

while analysis of Z x^*  species helped detect if  an undesirable overlap onto zircon host 

grains or zircon inclusions had occurred (Fig. 5. 5). Unlike SHRIMP ion microprobes, the 

Cameca ims-1280 may also be used as a secondary ion microscope. The beam of second

ary ions is directed at the channel plate (Fig. 5.1), which consists of an array o f miniature 

electron multipliers (called channels) and accelerated towards a phosphorous screen where 

the “impacts” can be viewed directly, as on a camera image. This functionality was routinely
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1. M easured isotopic ratios

2. Pb-U calibration

3. Matrix correction

4. Com m on Pb correction

U &REE U & REE

Power law Weighted
average

Raw ratios

U, Th & REE

Fig. 5.6 SIMS data processing steps in this study.

used to centre precisely the ion beam in the field aperture using the micro-channel plate. The 

analytical spots could hence be positioned within xenotime crystals as far away as possible 

from zircon host grams based on the yield o f  the secondary Y^O* and Z t̂ O* ions as viewed 

on the secondary ion image.

The output data files were individually assessed for within-run stability and elevated Zr 

signals (indicating the presence o f  zircon), using signal intensity versus time plots. Several 

raw data files were subsequently adjusted by M. W hitehouse by reprocessing trimmed data 

to reduce the instability and/or eliminate zircon inclusions. These adjusted data were only 

accepted if the uncertainties on both o f  the critical ratios (^®̂ Pb*/̂ ^*U" and 

decreased. Inevitably, such a procedure increased the uncertainties on the 207p| t̂/206pj t̂ 

tios. These adjustments were performed on the following analyses (SIMS ID numbers are 

quoted): a) reference xenotimes: 27, 38, 115, 122, b) xenotime overgrowths: 35, 57, 60, 61, 

83, 124.5.3.2

5.3.2 SIMS data processing

Raw isotopic data from SIMS analyses require a series o f processing procedures prior to 

performing age calculations. Fig. 5.6 presents a summary o f  the data processmg steps used 

in this study. After initial data processing using the CIPS 5 software and the m inor adjust-
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ments described in section 5.3.1, the Pb/U ratios were cahbrated for U and Pb fractionation 

(see sections 5.3.2.1-3) and corrected for matrix effects (see section 5.3.2.4). In some cases 

a common Pb correction was necessary, wiiich followed either the “̂'•Pb or ®̂’Pb common-Pb 

correction methods (e.g. Williams 1998; see Appendix A5.1 for equations). The Isoplot 3,0 

program (Ludwig 2008) was used for the final data regressions to plot Concordia diagrams 

and calculate isotopic ages with their associated uncertainties.

Since the analytical protocols for xenotime SIMS dating are not as developed as the m eth

odologies routinely employed for zircons, two sets o f reference xenotimes were used in the 

present study to monitor the effects and reliability o f  different matrix calibration and correc

tion procedures. The MG-1 reference xenotime was used as a primary standard while BS-1 

and Z6413 xenotimes were used as secondary standards, i.e. they were treated as unknowns 

and the results o f  the data processing were compared against the established TIMS reference 

values for these crystals.

Various schemes o f calibration and matrix correction methods were assessed based on the 

results for the secondary standards to select a data processing protocol that yields the most 

accurate and precise final isotopic ratios and ages.

5.3.2.1 Principles o f the inter-elem ental calibration

Inter-elemental ratios measured by SIMS do not reflect the true ratios in the analysed 

mineral (e.g. Williams 1998) and U and Pb fractionation is one o f  the major problems in 

U-Pb geochronology by SIMS. These two elements behave differently during the sputtering 

process, with Pb forming mainly Pb" metal ions and U preferentially forming ions over 

U" metal ions. U/Pb fractionation varies with time and space (i.e. it is typically different in 

the centre o f  a SIMS mount compared to its edges), along with being sensitive to analytical 

conditions and mineral composition (e.g. Stem 2009). This last phenomenon is known as the 

matrix effect.

Geochronological studies o f  xenotime using SIMS broadly follow the methodology de

veloped for zircons and require Pb/U and Pb/Th calibrations (Compston et al. 1984; Fletcher 

et al. 2004). In this study only the Pb/U calibration approach was applied as the Th-Pb ratios

o f  the xenotime overgrowths were o f  insufficient quality for further interpretation.
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In zircon, a discrepancy betw een the m easured Pb7U* ratios and the true Pb/U ratios has 

long been recognised (e.g. W illiam s 1998). It is independent o f  the instrum ental configura

tion  and changes during the sputtering process, i.e. it varies w ith increasing depth o f  the 

crater. The inter-elem ental ratio bias varies betw een sessions as a function o f  instrum ent 

conditions and the shape o f  the analytical spot and can only be accom m odated by the use o f  

a m atrix-m atched reference m aterial.

All calibration m ethods rely on the critical assum ption that the ratio betw een the true 

Pb/U  values and their m easured values in the analysed unknow ns behaves in exactly  the 

sam e w ay as the analogous ratios in the reference standards, fo llow ing the equation:

(P b /U )^  / (P b ‘/ u ^ ) ^  = (Pb/UX,, / (PbVU^)^,, (Eq. 5.1)

where:

(Pb/U)uji^ -  true PbAJ ratio o f an unknown

(Pb*/LJ^)^- measured Pb*/U^ ratio o f  an unknown

(Pb/U)^ij -  true PbAJ ratio o f  a standard (normally determined by TIMS)

(Pb*/U^)^ij -  measured Fb*/U* ratio o f  a standard

Currently, there are tw o m ain approaches to  Pb/U  calibration; a) a tw o-dim ensional 

“pow er law ” calibration and b) the one-dim ensional w eighted-average “̂‘’Pb/^^UO^ ratio 

calibration o f  Stern and A m elin (2003).

S.3.2.2 Power law calibration
The pow er law  calibration w as developed by C laoue-L ong et al. (1995) for zircon and has 

also been successfully  used in m onazite dating (W illiam s et al. 1996) and xenotim e dating 

(Petersson et al. 2001, F letcher e t al. 2004).

The pow er law determ ines the functional relationship betw een the m easured PbVUO^* 

and UO_^VUO^* species (where; n =  {0, 1, 2});

P b V U O ; = a * (U O ^V U O ;)‘> (Eq. 5,2)

Variables a  and h are calibration coefficients calculated for each analytical session based

on the prim ary standard analyses. For zircon, the coefficient b -  2 and this value is stable
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from session to session when the 206pĵ +/238y+ 238yi6Q̂ +/238y+ patios are considered. On the

contrary, in xenotime SIMS dating studies, the parameter b shows more variation (Fletcher 

et al. 2004; Cross, 2009) and its values must be calibrated for every session.

To facilitate regression o f the calibration data, the power law may be used in its logarith

mic form:

Pb"/U O/ = b * ln(UO„VUO^*) + In a (Eq. 5.3)

Fletcher et al. (2004) suggested that only two species o f UO^ should be used when solving 

this equation, in order to increase the efficiency of routine xenotime SIMS analyses. There 

are six possibilities of the correlated ratios (PbVUO^^ vs. UO^^/UO^^) where only two out of 

three possible species (U"̂ , UO^^) are employed. All six options were processed

in the present study.

In zircon SIMS dating studies, coefficient b in Equation 5.3 is believed to be stable be

tween sessions and even between different laboratories (e.g. Williams 1998). The database 

for xenotime SIMS analyses is much smaller, hence it is difficult to assess if coefficient h 

is stable between analytical sessions, different laboratories and instruments (SHRIMP and 

CAMECA).

To calculate Pb/U ratios for the unknown samples. Equation 5.1 and Equation 5.2 were 

combined to yield Equation 5.4:

(206pb/238u)^ = ]/ [a (Eq. 5.4)
where:

(206pb/238jj) -  corrected ratio o f  the unknown
'  'unkn

(206pb+/ 238(j+) -  measured ratio o f  the unknown
'  'unkn

(206pb / 238(jj _  reference TIMS ratio o f  the standard
'  's id

/206pb+ / 270JJQ +\ _  measured ratio o f  the unknown
'  2 'unkn

These “calibrated” Pb/U ratios are henceforth referred to as power-law calibrated isotopic 

ratios.
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5.3.2.3 Weighted average ^®̂ Pb̂ P'’(^^^U'^02)^-based Pb-U calibration

Stem and Amelin (2003) pointed out that during SHRIMP analyses the ra

tios o f  zircon remain stable within uncertainty over the duration o f  an analytical session, 

and even between sessions. Thus, they proposed that the measured 2 0 6p|^t/2 3 8y t  

unknowns can be corrected using the follow ing equation:

(206pb/238y)^^ -  (20<-Pb" / * [(̂ “ Pb / J  (Eq . 5.5)

where;

/ 206pb/23S(j) _  corrected ratio o f  the unknown
'  unkn

(206pb+ / 27oyQ +) _  measured ratio o f  the unknown
'  2 'u n k n

(206pb / 23S(ĵ  _ reference TIMS ratio o f  the standard
'  std

(2()6pb+ / . -  measured ratio o f  the standard
'  2 's td  avc

This one-dimensional method assumes that the unknown behaves in exactly the same way 

as the reference material. It also assumes that the measured P ^P b‘/^™UO *) , ratio remains2 ''std
stable within uncertainty over the whole analytical session, therefore can be averaged to 

reflect the average bias between the measured and true Pb/UO^ ratios (where n =  {0, 1, 2}).

Stem and Amelin (2003) observed that in the case o f  zircons the “̂‘’Pb/^™U02' ratios are 

independent o f  the ratio and hence the raw ®̂®Pb"/̂ ™U0 2  ̂ ratios can be plotted

without considering the ratio. Cross (2009) observed similar uncorrelated be

haviour for these two isotopic ratios in his ion microprobe xenotim e analyses and found this 

calibration scheme preferable to the power-law method.

5.3.2.4 Matrix-effect correction methodology
The principles o f  matrix correction in xenotime follow  the same assumptions as the 

Pb/U calibration, i.e. that the unknowns behave in exactly the same manner as the reference 

material(s).

Fletcher et al. (2004) reviewed the matrix effect in xenotim e caused by variations in U, Th 

and total REE concentrations and suggested that linear correction factors should be sufficient 

for the matrix correction procedures. Cross (2009) investigated the xenotime matrix effect 

further and concluded that differences in U concentrations between standards and unknowns 

have the largest influence, REE discrepancies have a lesser effect, whereas Th variations are
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a minor factor. Both o f these studies utihze matrix correction factors optimised by m inim is

ing the sum o f  square-weighted differences between the corrected ratio for each

standard analysis and their reference values.

In the present study, the same general methodology was applied. M atrix-correction fac

tors were optimised using the Excel Solver tool (Microsoft) based on the relationship be

tween the primary MG-1 standard and the two secondary standards: BS-1 (bracketing low U 

and high ZREE contents) and Z6413 (bracketing high U and low SREE contents).

The procedure has been described by Cross (2009) and follows the solutions proposed by 

Fletcher et al. (2004), introducing only minor improvements in the propagation o f  uncertain

ties. In short, the differences in chemical compositions between the MG-1 reference xeno- 

time and each secondary standard were calculated and then substituted into the equation:

Pb/U^g = (x * AU) + (y * AEREE) + (z * ATh) (E q  5.6)

where:

Pb/U^j: PbAJ (and Pb/Th) mass difference o f  a given secondary standard relative to the primary standard (i.e. 

the matrix effect)

AU, ASREE, ATh: difference in the concentration o f  U , SREE and Th, respectively, between the average 

concentrations in the primary standard and the secondary standard (determined by EPMA)

X, y, z: matrix correction coefficients related to differences in AU, ASREE, ATh, respectively, between the 

primary standard and the secondary standard.

The unknowns in Eq. 5.6, namely the x, y, and z coefficients, were optimised using the 

least square method in Excel Solver (Microsoft) in two steps, increasing the precision o f  the 

optimisation. The matrix correction equation (Eq. 5.7) below was then solved for each o f  the 

unknowns.

• (Pb/U „,) (Eq. 5. 7)

where:

(206pb/238(j : matrix corrected “̂ Pb/^ *̂U

(206pb/238(j)̂ ^̂ ^̂ ^̂  ̂ : Pb/U calibrated “̂ Pb/” *U ratio o f  an unknown (or a secondary standard)

(P b/U ^g): PbAJ mass difference calculated from Eq. 5.6
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A jackknife variance estimation procedure (Caceci 1989) was used to calculate the uncer

tainties associated with the x, y, and z coefficients, and the uncertainties on each o f  the m a

trix-corrected ratios were propagated. In most matrix correction experiments the Th-related 

coefficient was neglected (z = 0).

5.3.3 Concordance

The U-Pb system comprises two long-lived radioactive isotopes, and which yield 

two independent radiometric dates. Age concordance between the two decay schemes is a 

measure o f  the reliability o f  U-Pb dates. A U-Pb age should be concordant if  the sample(s) 

satisfy the following conditions (e.g. Faure, Mensing 2005):

1. The mineral has remamed closed to U and Pb, and their intermediate daughter 

isotopes throughout its history.

2. The composition o f initial Pb (where present) is known accurately.

3. The decay constants o f  and are known accurately.

4. The isotopic composition o f  U is normal and has not been changed by isotope 

fractionation or a natural chain reaction based on induced fission o f

5. Analytical data are accurate and free o f systematic errors.

The first assumption, that the system has remained closed to U, Th and Pb, is rarely satis

fied. The effect o f  loss o f Pb or U and the gain o f U can be assessed by plotting the data on 

one o f  several types o f Concordia diagram (e.g. Ahrens 1955; Wetherill 1956, 1963, Tera, 

Wasserburg 1972).

The Tera-Wasserburg concordia (Tera, Wasserburg 1972) does not require prior knowl

edge o f  the initial ^°^Pb/^°‘‘Pb and ^°^Pb/^°'‘Pb ratios and is ideally suited for plotting data 

measured by the SIMS method. The errors are much more weakly correlated than those as

sociated with measuring the ^°'^Pb/^^^U and °̂®Pb/̂ ^*U isotopic ratios and hence regression o f 

the data is simpler. I f  data are not corrected for initial Pb, they wall define a mixing line that 

intersects the ‘̂’''Pb/^“*Pb axis at a point corresponding to the initial Pb isotopic composition 

(e.g. Williams 1998).

Discordancy is a measure o f deviation from concordance and is defined in this thesis as:
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D iscordancy = (t[^°"Pb/2'>*Pb] - tp®"PbP«U]) / t[^<^^PbF°^Pb] * 100%) (Eq. 5.8)

where:

t['"7pb/2oopb]: '“’Pb/'^Pb age (in Ma) 

t[2 « .p b /2 3 8 U ]: 206pb /23»y  ^ g g

W hen the m easured 206p|,+/204pjjt pajjps w ere below  6 x 10“*, com m on Pb correction p roce

dures w ere considered. D etails o f  those procedures are presented  in A ppendix 5.1. A nalyses 

that em ployed com m on Pb corrections are indicated in the figure and table captions.

5.4 SIMS results for the reference xenotimes

SIM S isotopic data for the reference xenotim es, calibrated using the pow er law (schem es 

A1 and A2) and w eighted average Stern and A m elin m ethod (2003), as well as calculated 

ages are presented in A ppendices A5.2-A5.8.

5.4.1 MG-1 isotopic data quality statistics

The m easured ®̂’Pb/̂ ®*’Pb ratios o f  the MG-1 reference xenotim e y ield  a w eighted average 

value o f  0.05651 ±0.00031 (0.54% , 2o, M SW D  = 0.76). All o f  the MG-1 analyses had v irtu 

ally no “ '*Pb and did not require a com m on Pb correction. Com bined, they y ield  a w eighted 

average ^®^Pb/^“ Pb date o f  469.2 ±9.7 M a (2.1% , M SW D  = 12 ,3  out o f  51 points rejected,). 

C om pared to the reference “̂’Pb/^“*Pb TIM S age o f  M G -1, this date is 4 .8%  younger. S tand

ard deviation o f  the raw  206pj f̂/238y* m easured ratios was 11.5%.

5.4.2 U-Pb calibration

The assessm ent o f  the pow er law U-Pb calibration should be based on several criteria 

(W illiam s 1998):

1. The data array should be as close to linear as possible;

2. The slopes should be indistinguishable between different sessions (w ith som e 

allow ance for scatter due to m atrix  effects);

3. T he data scatter should be m inim al, so that the data set is insensitive to  the choice 

o f  calibration slope.
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Table 5.5 Summary of Pb/U power law calibration parameters for MG-1 

xenotime, based on data from all five SIMS sessions

Plot ID
Calibrated ratio 
(y-axis)

Reference ratio 
(x-axis)

Slope y-intercept R^

A l ln[Pb+/U+] ln[UO+/U+] 3.003 -6.924 0.943
A2 ln[Pb+/U+] ln[U 02+/U +] 1.417 -3.159 0.974
B l ln[Pb+/UO+] ln[U+/UO+] -2.002 -6.918 0.883
B2 ln[Pb+/UO+] ln [U 02+ /U 0+ ] 1.789 -2.169 0.949
Cl ln[Pb+/U 02+] ln[U +/U 02+] -0.417 -3.159 0.762

C2 ln[Pb+/U 02+] ln [U 0+ /U 02+ ] -0.784 -2.173 0.781

Table 5.6. Summary of the Pb/U power law calibration parameters for option A1 

and A2 calculated for individual SIMS sessions

Session Slope y-intercept + - C T  [ % ] M SW D N  total N  rejected

A l calibration option

1-SX 2.8 -6.631 3.7 0.84 7 0
2-SX 2.9 -6.467 3.7 2.32 8 0
3-SX 2.3 -5.484 4.3 2.74 10 0
4-SX 1.45 -3.737 2.1 1.29 16 5
5-SX 1.65 -4.169 2.0 1.30 17 5

A2 calibration option

1-SX 1.4 -3.177 1.9 0.33 7 0
2-SX 1.5 -3.254 2.3 0.83 8 0
3-SX 1.15 -2.701 3.2 1.54 10 0
4-SX 1.1 -2.537 2.8 2.40 16 2
5-SX 1.3 -2.987 2.7 1.58 17 4

Calculated using NORDSIM  standards.xls data evaluation tool (Whitehouse 2010).

All six power calibration options (presented in Table 5.5 and named A l, A2, B l, B2, C l, 

C3 respectively) form reasonably well-fitted linear arrays. Table 5.5 summarizes their re

gression parameters together with the estimates o f the goodness-of-fit (R^) calculated for all 

o f  the SIMS sessions. For the sessions 2-SX through 5-SX (Table 5.6), during which xeno

time overgrowths were also analysed, the best fits are yielded by the calibration options A2 

and A l, with fits o f between 0.97 and 0.94, respectively. Plot A2 (Fig. 5.7), 206pĵ /̂238y+ 

vs. yields not only the highest R  ̂ values but was also the most consistent

throughout all o f  the analytical sessions and had the largest relative dispersion o f  data points 

(Fig. 5.7). The A2 and A l (the latter being typical for zircon studies) calibration schemes 

were chosen for further processing.
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Table 5.6 summarizes the Pb/U calibration coefficients calculated for each analytical session 

separately, based on the analyses o f the primary standard MG-1 and the corresponding measured 

2381J160+/238LI+ (thc A 1-typc calibration) and ratios (the A2-type calibration).

The best-fit regression slopes for different analytical sessions (Table 5.6) vary much more for 

calibration option A 1 (from 1.45 to 2.9, with a standard deviation o f  ~ 66%) than for calibration 

option A2 (from 1.15 to 1.5, with a standard deviation o f -18% ), suggesting that the latter pro

vides a more stable calibration throughout the analytical sessions. The A2 slope value is identi

cal within uncertainty to the slope values reported by Fletcher et al. (2004) and Cross (2009).
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Fig. 5.7 Power law calibration plots for all MG-1 analyses from all five SIMS sessions. Top diagram - option 

A l; bottom diagram - option A2.
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The isotopic ratios calibrated using the weighted average Stern and Amelin (2003) m eth

od are presented in Appendix 5.2. The weighted average Pb-U calibration (Stem, Amelin, 

2003) revealed that isotopic ratios 206pf, /̂27o^238yi6Q^yf 254yQ+/23sy  ̂ correlated with

an value o f  ~ 0.8. This violates one o f  the starting assumptions o f  the weighted average 

method and it was not considered further in this study.

5.4.3 U-Pb calibration and concordance assessment on Tera-Wasserburg 

diagram

Isotopic ratios for BS-1 and Z6413 xenotime plotted onto Tera-Wasserburg (1972) dia

grams prior to matrix corrections (Fig. 5.8, 5.10) demonstrate the effect o f the different U-Pb 

calibrations. Results calibrated using the A2 power law procedure yield the tightest array o f 

data, with the least spread and lowest uncertainties in ^^*U/^“ Pb ratios. The power law cali

bration A 1 yields the widest array o f  ̂ ^*U/ °̂‘’Pb ratios, while the weighted average calibration 

o f Stem  & Amelin (2003) introduces the largest uncertainties.

The xenotime BS-1 data overlap the concordia curve, with their ellipsoid centres distrib

uted rather evenly above and below the concordia (Fig. 5.8). On the contrary, the xenotime 

Z6413 data (Fig. 5.10) demonstrate strong reverse discordance. Concordia-intercept dates are 

given only for the Z6413 standard as insets in the concordia diagrams (Fig. 5.10-5.11). For 

BS-1 xenotime, a regression o f all points typically yields a highly imprecise date due to the 

very low angle at which it intercepts the concordia (e.g. Figs. 5.8, 5.9) and, therefore intercept 

dates were omitted for BS-1. Weighted average °̂‘’Pb/^^*U dates are given on the right side o f  

the concordia diagrams, for both o f the secondary reference xenotimes (Fig. 5.8-5.11).

5.4.4 Matrix correction assessment

A summary o f  the matrix corrections can be found in Table 5.7. The matrix corrections 

are listed separately for the two different types o f matrix correction: (1) the combined U, Th 

and total REE matrix effects, and (2) the combined U and total REE matrix effects (see also 

Appendices A5.6-A5.8). Statistical parameters for the correction involving the Th matrix 

effect indicate a poor model fit and thus are considered not reliable. Therefore type (2), i.e. 

U and total REE matrix correction results are preferred. Cross (2009) reported the same 

conclusions from his studies.
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Table 5.7. Siimmary of matrix correction coefficients

SIMS
session U-related +/- 1 a SREE-related +/-1 o Th-related +/- 1 o Total

uncertainty

Power law calibration A1

2-SX -0.174 -1.3 0.016 2.2 n.a. n.a. 0.9
2-SX -0.181 -1.2 0.015 0.3 0.1 405 404
3-SX -0.110 -12 0.017 26 n.a. n.a. 14
3-SX -0.114 -14 0.015 111 0.1 442 539
4-SX -0.106 -3.1 -0.011 -1.9 n.a. n.a. -5
4-SX -7.439 0.0 -2.625 0.0 108 0.0002 -0.1
5-SX -0.142 -1.6 -0.005 -21 n.a. n.a. -22
5-SX -0.098 0.0 -0.005 -25 -0.007 -0.39 -25

Power law calibration A2

2-SX -0.164 -1.9 0.002 53 n.a. n.a. 51
2-SX -0.186 -0.2 -0.002 -0.4 0.3 119 119
3-SX -0.107 -9 0.002 126 n.a. n.a. 117
3-SX -0.115 -10 -0.004 -241 0.2 106 -145
4-SX -0.114 -1.6 -0.014 -1.9 n.a. n.a. -4
4-SX -7.446 0.0 -2.628 0.0 107.764 0.0001 -0.03
5-SX -0.100 0.0 -0.007 -8.3 n.a. n.a. -8
5-SX -0.080 0.0 -0.006 -9.2 -0.02 -0.07 -9

Weighted average calibration (Stern & Amelin, 2003)
2-SX -0.158 -3.25 0.001 250 n.a. n.a. 246
3-SX -0.089 -9.43 0.001 376 n.a. n.a. 367
4-SX -0.115 -1.76 -0.014 -1.9 n.a. n.a. -4
5-SX -0.140 -1.05 -0.008 -9.0 n.a. n.a. -10

U and LREE-related matrix effects were included in all corrections. Th-related matrix correction coefficient is 

only quoted for power law calibrated data. n.a. -  not applied.

When assessed on a Tera-Wasserburg (1972) concordia, the advantages o f the matrix cor

rection are evident in the case o f  the high-U xenotime Z6413. Z6413 exhibits strong reverse 

discordance prior to correction (Fig, 5,10) and is concordant after the matrix correction (Fig. 

5.11). The effect is less obvious for BS-1 xenotime (compare Fig. 5.8, 5.9) because its U 

contents are only margmally lower than those o f the pnmary reference material M G-1. Anal

ogous matrix mismatch effects were observed by Cross (2009). The xenotime overgrowths 

analysed in this study have U concentrations broadly similar to those o f xenotime MG-1 and 

therefore the matrix effects should be less pronounced than in the case o f  xenotime Z6413 

and should be accounted for using the U and total REE matrix correction procedure.
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5.4.5 Justification of the choice of U-Pb calibration and matrix correction

The final arguments for justifying the choice o f data processing protocol are provided by 

examining the weighted average ages o f  the secondary standards calculated using

the A1 and A2 power law calibrations with and without matrix correction (Fig. 5.12). The 

ages closest to the reference TIMS dates for the secondary standards were obtained using 

the A2 power law calibration with a U  and total REE matrix correction. This is m ost evident 

for xenotime Z6413 where the matrix correction has a very significant effect. In the case 

o f xenotime BS-1, the matrix-corrected ages are similar but the A2 power law calibration 

results in the most symmetric weighted average age with the lowest uncertainty. Therefore, 

the isotopic results for the xenotime overgrowths in this study were processed using the A2 

power law calibration with a U and total REE matrix correction unless otherwise stated.

5.5 SIMS results for unknowns

The extraction o f reliable, accurate and precise SIMS ages o f xenotime overgrowths in 

this project proved difficult. First, the quality o f the U/Pb calibration and the modelling o f  the 

matrix correction coefficients were based on a modest number o f reference xenotime analy

ses and introduced more analytical uncertainty than desired. The ‘̂’’Pb/^°‘’Pb ratios measured 

for the xenotime overgrowths, due to their relatively young age, were not sufficiently precise 

for calculating °̂’Pb/^°^Pb dates and hence °̂‘’Pb/^^*U ratios were used instead.

The results o f  the SIMS analyses o f  xenotime overgrowths are presented in the Appendix: 

before matrix correction (Tables A5.9-A5.10) and after U and total REE matrix correction 

(Tables A 5 .11 -A5.12). Wetherill (Wetherill 1956) and Tera -Wasserburg concordia diagrams 

(T-W concordia; Tera and Wasserburg 1972) were used to identify possible causes for distur

bances to the U-Pb isotopic system observed in the SIMS analyses o f xenotime overgrowths 

and to identify coherent populations among the data.

A common Pb correction was necessary for several analyses o f xenotime overgrowths. 

About half o f  the analyses are characterised by moderate to high discordancy. Two main 

trends causing discordance were identified on the concordia plots (Fig. 5.13, 5.14), an ele

vated common Pb component and a mechanism that caused recent Pb loss (or similar). Only

three discordant analyses (SIMS ID: 37, 57, 118) were interpreted as composite mixtures o f
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Fig. 5.16 Tera-Wasserburg concordia diagram for the xenotime overgrowths from Foohagh Point. Data are 

calibrated using the power law A2 option, corrected for U and total REE matrix effects and corrected for com

mon Pb using the “̂ Pb method. Error ellipsoids are labelled with SIMS ID numbers and colour-coded relative 

to the calculated fraction o f common lead (/^^) with the common Pb composition calculated at 300 Ma o f 

Stacey and Kramers model (1975). The age is calculated based on all data points

a zircon host and a xenotim e overgrowth and/or sub-microscopic zircon inclusions.

To assess a possible common lead component in the discordant data, five groups were 

dis-tinguished based on the fraction o f  common lead calculated assuming a 300 Ma-old 

common lead com position using the Stacey and Kramers (1975) terrestrial Pb isotope evolu

tion model (Fig. 5.17):
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old common lead composition using the Stacey and Kramers (1975) terrestrial Pb isotope evolution model. 

D. - Denshaw. T. - Trusklieve.

On a Tera-Wasserburg concordia (Fig. 5.14 a) high- and moderate-common Pb data 

(groups d and e as defined above) can be easily distinguished. The amount of discordancy is 

significantly lowered by th e“ ‘’Pb common-Pb correction (Fig. 5.13 b, 5.14 b). However this 

correction yields some reversely discordant analyses, particularly for two high-Zr analyses 

(SIMS ID 57, 110) as well as two low-common Pb overgrowths (SIMS ID 124, 125). Re-
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Fig. 5.18 Weighted average plots for xenotime overgrowths from a) Cloghauninchy and b) Hag’s Head. Ages 

are calculated irom data calibrated using the power law A2 option, corrected for U and total REE matrix 

effects and corrected for common Pb using the ^^^Pb method. Error bars are labelled w ith SIMS ID numbers 

and colour-coded relative to the calculated fraction o f common lead (f^^) w ith the common Pb composition 

calculated at 300 Ma o f Stacey and Kramers model (1975).
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Table 5.8. Comparison of the common Pb-corrected weighted average ages of 

selected' xenotimes from Cloghauninchy, Hag’s Head and Foohagh Point

Weighted
Common Pb average
correction age ±  2 o ±  2 a

# Locality method n [Ma] [Ma] [%] M SW D

1 Cloghauninchy 207pb 5 284 12 4.3 1.5
2 Cloghauninchy 204pb 5 284 13 4.6 1 .6

3 Hag's head 207pb 3 300 11 3.6 1.03
4 Hag's head 204pb 3 300 11 3.6 1.01

5 Foohagh Point 207pb 16 280 15 5.3 9.8
6 Foohagh Point 204pb 16 267 22 8 .2 25

‘l l i e  selected analyses correspond to the weighted average plots in Fig. 5.16-5.18.

verse discordance can indicate that the ratios were overcorrected due to an overestimate o f 

the ^®''Pb/ °̂‘’Pb ratio. The common Pb correction does not significantly improve the discor

dancy o f ten analyses (SIMS ID: 23, 36, 58, 60, 62, 76, 87, 89, 117, 118) whose error ellipses 

(at the la  confidence level) remain normally discordant after correction.

The isotopic data were also considered separately for each locality (Fig. 5.15, 5.16). 

Those concordia plots are based on the isotopic ratios corrected for matrix effects (U and 

ZREE) and for common Pb by the “̂‘‘Pb-based method. A comparison o f matrix-corrected, 

weighted-average ages corrected for common Pb (using the ®̂“Pb or ®̂’Pb methods) is sum

marised in Table 5.8 for xenotimes from Cloghauninchy, H ag’s Head and Foohagh Point.

There are two older outliers among the xenotimes from Cloghauninchy (Fig. 5.15 a, 

SIMS ID: 118 and 57). Zr^OVY^O"^ raw ratios o f  these outliers were one to three orders o f  

m agnitude higher than the average values recorded for the remaining samples, which indi

cates that the zircon host and / or zircon inclusions were sputtered during the analyses. Two 

analyses yielding the youngest dates (SIMS ID: 85, 87) were also excluded from further 

regression under the suspicion o f  recent Pb loss. The weighted average °̂’Pb-corrected date 

o f  the rem ainingfive analyses is 284 M a ±  12 Ma (MSWD = 1.5, 2o; Fig. 5.18 a). The “̂'*Pb 

common-Pb corrected date is virtually identical at 284 Ma ± 13 Ma (MSW D = 1.6).

Two analyses from H ag’s Head (SIMS ID: 76, 117) probably also experienced Pb loss 

(Fig. 5.15 b) and were not included in the calculation o f the weighted-average common-Pb
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Fig. 5.19 Weighted average plots for xenotime overgrowths from Foohagh Point. Ages are calculated from

data calibrated using the power law A2 option, corrected for U and total REE matrix effects and corrected for

common Pb using the “̂’ Pb method. Error bars are labelled w ith SIMS ID numbers and colour-coded relative to

the calculated fraction o f common lead with the common Pb composition calculated at 300 Ma o f  Stacey

and Kramers model (1975). a) and b) see text for justification o f the data choice.
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corrected dates. The three remaining analyses yield a weighted average common-Pb 

corrected date o f 300 M a ± 11 M a (MSW D = 1.03, 2o; Fig. 5.18 b). The ®̂‘*Pb common Pb 

corrected date is equivalent, with a slightly lower M SW D value (MSW D = 1.01).

Analyses from Foohagh Point are presented on a Tera-Wasserburg concordia in Fig. 5.16. 

These samples belong to the same ammonoid biozone (R2) as Cloghauninchy. Most o f  the 

error ellipses cluster in the vicinity o f  300 Ma (Fig. 5.16). Analyses 77 and 89 (and to a lesser 

extent 124) are interpreted as reflecting significant Pb loss. The ”̂’Pb-corrected weighted 

average age calculation (excluding the outliers 77, 89) yields a value o f 280 M a ± 15 M a 

(2o; Fig. 5.18 a). The high MSWD o f 9.8 for this calculation suggests that the assigned 

uncertainties are not only analytical, and may indicate the presence o f  additional complexi

ties (such as inheritance or m inor to moderate recent Pb loss). Removal o f further analyses 

with suspected Pb loss (SIMS ID: 37, 58, 62, 63, 83, 84, 124) would yield a more precise 

weighted average “̂'^Pb-corrected date o f 297 ±  M a (2o, MSWD = 2.4; Fig. 5.19 b). In this 

study, however, the larger data set (Fig. 5.19 a) is considered more appropriate due to the 

lack o f  sufficient arguments for the exclusion o f  the data points.

The remaining two single analyses o f xenotime from Trusklieve (Shannon Basin) and 

Denshaw (Pennine Basin) are only plotted on Figures 5.13 and 5.14. Xenotime from the 

stratigraphically older Trusklieve horizon (goniatite biozone R l)  yields a ®̂’Pb-corrected 

date o f  276.6 M a ± 15.1 Ma (2o), whereas the Denshaw xenotime sample, which is strati

graphically younger (goniatite biozone R2) yields a “̂’Pb^-corrected date o f  299.0 Ma ± 16.4 

Ma. The °̂‘'Pb-corrected dates are identical within analytical uncertainty, yielding a date o f 

277 .1 M a ± 15 .3  M a for Trusklieve and 299.2 M a ±  16.6 M a for Denshaw. The uncertainties 

associated with the °̂‘*Pb-corrected dates are marginally (c. 1%) higher than for the “̂''Pb- 

corrected dates.

Xenotime overgrowth dates from different stratigraphic horizons in this study overlap 

within uncertainties so that it is impossible to distinguish between them precisely. The 

weighted average °̂’Pb-corrected date o f the H ag’s Head xenotime samples (biozone R l)  is 

very similar (within uncertainty) to the dates o f  the younger Foohagh Point xenotime sam 

ples (biozone R2). Xenotime samples from Cloghauninchy (biozone R2) also overlap with

these dates, but are biased towards much younger values. It is probable that the Cloghaun-

135



1000

100

10

D  0.1

0.01

0.001
0.1

■  Average 

□  Minimum

■  Maximum

rr
1 10 20 

Th/U ratio of th e  fluid

100
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this study based on assumed Th/U ratios o f  the fluids from which they crystallized.

inchy samples (and to a lesser extent the xenotime samples from Trusklieve) experienced 

more pervasive recent Pb loss than xenotime from the other three localities.

5.6 Discussion 

5.6.1 The effect o f Th-U disequilibrium

U -Pb dating o f minerals characterized by high Th/U ratios can be affected by excess 

“̂*Pb derived from ^̂ ®Th, an intermediate daughter nuclide o f the decay series incor

porated in excess o f its secular equilibrium ratio (Scharer 1984). This effect is particularly 

pronounced for very young minerals (where the excess parentless “ ®Pb is not overwhelmed 

by in-situ ingrown ^°*Pb), and depends on the fractionation between the Th/U ratio in the 

mineral and the magma or fluid (as in the case o f  diagenetic or hydrothermal xenotime over

growths) from which it crystallized.

136



Scharer (1984) postulated that the excess/deficient may be corrected for in mag- 

matic minerals, provided that:

1. The Th/U  ratio o f the whole rock reflects the Th/U ratio o f  the magma from which the 

mineral crystallized.

2. The mineral remained closed with respect to the Th and U systems.

3. The ‘^-U/ '̂*^Pb age o f  a mineral approximates its true age o f  crystallization.

Xenotime overgrowths analysed in this project contain elevated amounts o f  Th, thus the 

presence o f  excess “ '’Pb is a possibility and would yield reversely discordant data (Fig, 5.13, 

5.14).

In order to check the possible influence o f excess °̂‘’Pb on the xenotime overgrowth ages, 

the effect was modelled for different fractionation factors and ages. The exact Th/U ratios 

o f the fluids from which the xenotime overgrowths crystallized are unknown. They could 

be inferred from the Th/U ratios o f the fluid inclusions contained in them, however no such 

data exist. Instead, a range o f  Th/U values published in the literature for brines, riverine and 

oceanic waters was assumed (e.g. Scott 1968; Gonzalez-Alvarez et al. 2010), with Th/U 

ratios o f  1 -10 documented most frequently. This overlaps with the range o f  Th/U ratios docu

mented in the xenotime overgrowths in this study (0.3-11.9, based on the EPMA analyses in 

Table 3.3.2). This indicates that the partition coefficient defined as in Eq. 5.9 is very unlikely.

(K o (T h ) /  K „(U >) =  1 (Eq, 5,9)

First, the fractionation factor defined after S c h ^ e r (1984) as: / =  (Th/U)̂ _̂̂ ^̂ _̂̂ /̂ (Th/U)^^,^, 

was calculated from the known Th/U ratios in the xenotime overgrowths and the assumed 

range o f Th/U values m the fluid (ranging from 0.1-100). The ranges o f the modelled frac

tionation factors (/) for all the xenotime overgrowths are presented in Fig. 5.20. As expected, 

the fractionation factor is smallest (~ 0.4-3.5) where the assumed Th/U ratio o f the fluid is 

similar to the ratios found in the xenotime overgrowths (1-10).

Subsequenfly, relative excess/deficit amounts o f “̂‘’Pb were modelled for different frac

tionation factors if) in the 180-340 Ma age range, following the equation o f Scharer (1984):
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Table 5.9. Th/U disequilibrium  factors calculated for selected xenotim e overgrowths
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-2% 15.5 52 0.065
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' Change = (excess ^°^Pb-corrected age) -  (“°‘'Pb-corTected age) / (^°^Pb-corrected age) * 100% 
^Fractionation factor/f,m;̂ ffaK/ = Th/lJxtn/Th/Unuid (after Scharer 1984).

A'“ Pb = 100%  * [?l238u / >t230rh * (/■- 1) * 1 /(  -  1 ) ]  (Eq. 5. 1 0)

where:

A2«>pb _  relative excess/deficit "̂’Pb (in %)

/ - fractionation factor defined a s /■= (Th/U) / (Th/U). .
J  '  'x c n o tim c  '  'f lu id

T -  “̂ Pb/^’*U age o f  the mineral.

The resulting hyperbolic curves are presented in Fig. 5.21. It is apparent that in most cases 

the excess would not exceed 1%. if  there was a very high Th/U fractionation between 

the fluid and xenotime (e.g./ =  100, which is considered very unlikely), the excess ®̂̂ Pb 

would still amount to less than 6% of the total ®̂*Pb in xenotime of Carboniferous-Early 

Jurassic age.

If It is assumed that Th/U disequilibrium is the only reason for the discordance o f the 

reversely discordant data points (SIMS ID: 34, 57, 59, 86, 110, 124, 125), their calculated 

excess ®̂̂ Pb would amount to between 2-16% of the total “̂̂ Pb (Table 5.9). Some correla

tion may be observed between the Th/U o f these samples and the calculated excess 

the higher the Th/U ratio, the higher the amount of excess “̂®Pb, however the regression fit is 

rather poor (with = 0.22) due to the small spread in data. Nevertheless, such a correlation 

could indicate the applicability o f the excess “̂ Pb correction in these cases. Corresponding
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Fig. 5. 21 Correlation between the relative excess/deficit amounts o f  radiogenic lead (A-‘’'’Pb [%] 

o f the total radiogenic “̂ Pb) and the age o f  the xenotime crystallization for a series o f  different frac

tionation factors/ (Diagram modified from Scharer 1984).

fractionation factors (/) calculated for these analyses range from 50-430, and the equivalent 

Th/U ratios o f the fluids would be 0.004-0.065 (Table 5.9). In general, the inferred Th/U 

ratios o f the fluid responsible for the crystallization o f the Cloghauninchy xenotimes would 

have had higher Th/U ratios than the Foohagh Point fluid (with median values of -  0.05 and 

~ 0.02, respectively).

Under the assumptions stated above, the excess “̂̂ Pb-correction would have a significant 

impact on the calculated ages, in this case making them 2-14% younger compared to the 

®̂'*Pb common-Pb corrected ages (Table 5.9). Due to the lack of reliable Th/U values o f the 

fluids from which the xenotime overgrowths crystallized, the excess ®̂‘*Pb- corrected ages 

presented in Table 5.9 should be treated with caution. It seems more probable that the dis

cordancy of these seven data points results not from U/Th disequilibrium but may have been 

significantly affected by an excessive common Pb correction.
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5.6.2 Interpretation of the SIMS xenotime ages

The extraction o f reliable, accurate and precise SIMS ages o f xenotime overgrowths in 

this project proved to be difficult without employing a common Pb correction.

About half o f  the analyses are characterised by moderate to high discordancy. Two main 

trends causing discordance were identified on the Concordia plots (Fig. 5.13, 5.14), an el

evated common Pb component and a mechanism causing recent Pb loss (or similar). Only 

three analyses (SIMS ID: 37, 57, 118) were interpreted as being discordant due to analysis 

o f  a mixture o f a zircon host and xenotime overgrowth and/or sub-microscopic zircon inclu

sions.

Due to the difficulties associated with “ ’Pb/^“ Pb dating o f  Palaeozoic xenotime (as a 

result o f  the small in-growth o f  radiogenic °̂’Pb in these young samples), “̂̂ Pb/^“'’Pb dates 

are deemed unreliable. Instead, the weighted average ®̂’Pb^-corrected ages for all localities 

with more than one SIMS analysis (i.e. H ag’s Head, Cloghauninchy and Foohagh Point) 

were calculated. These dates are not distinguishable from each other within their analytical 

uncertainties (at the 2o level).

A weighted average °̂’Pb^-corrected age for xenotime samples from all o f  the Irish locali

ties (which are considered not to have been affected by recent Pb loss), yields a value o f 292 

M a ± 12 Ma (± 4.1%, 2o, Fig. 5.22). This age, which corresponds to the Asselian and Sak- 

marian epochs in the lowest Permian (Ogg et al., 2008), can be interpreted as representing 

a phase o f (re-)crystallization o f diagenetic xenotime in both o f the analysed stratigraphic 

levels (corresponding to the R1 and R2 ammonoid biozones). This may be associated with 

fluid flow events at elevated temperatures which affected the Shannon Basin (Fitzgerald et 

al. 1994; Gioodhue, Clayton 1999).

Compared to the Shannon Basin xenotime dates, the only date for the Pennine Basin 

xenotime overgrowth in this study (^“’Pb^-corrected date o f 299.0 Ma ± 16.4 Ma) is closer 

to the expected depositional age o f  the R2 ammonoid zone within its uncertainty (Fig. 5.3).
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5.6.3 Inferred characteristics of the fluids responsible for xenotime 

precipitation and dissolution

The chemical composition (described in Chapter 4) and complex zonation o f  the xeno

time overgrowths visible in the BSE images (e.g. Fig. 3 .12), as well as their “porous” struc

ture support a hypothesis o f  xenotime growth during diagenesis, and subsequent dissolution 

by fluids circulating in the basin during burial. The elevated temperatures o f  the circulating 

fluids, ranging between 250-360°C (Fitzgerald et al. 1994; Goodhue, Clayton 1999) could 

sig-nificantly enhance dissolution and re-precipitation. W hile tem perature and pressure play 

a role in xenotime dissolution, fluid-related etching and alteration o f  xenotime, confirmed 

both in nature and experimentally, has a much greater effect (e.g. Rasmussen 2011; Hether-

ington, Harlov 2008; Hetherington et al. 2010).
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It is highly probable that fluids circulating in the Shannon Basin and the Pennine Basin 

contained such reactive ions capable o f  dissolving xenotime, especially the overgrowths rims. 

Dissolution o f the xenotime matrix can mobilize and remove U atoms (oxidized to 

Hetherington et al. 2010 and references therein). Th atoms dissolved from xenotime would be 

less mobile than U, possibly forming a colloid with insoluble matter suspended in the fluid, 

and could concentrate in the vicinity o f the original xenotime crystallization site. After the 

redox state o f the fluids changed to reducing (e.g. in contact with the organic matter from the 

shales), reprecipitation o f  xenotime on zircon host crystals within the remaining porous xeno

time overgrowths (serving as convenient nucleation sites) may have taken place. Pb lost fi’om 

xenotime structure as well as Pb present in the fluids (including Pb leached from organic-rich 

shales, e.g. Long, Angino 1982) would likely remain in the fluid phase (as observed in mona- 

zite experimental dissolution; Teufel, Heinrich 1997). This mechanism could explain the el

evated Th contents in the analysed xenotime overgrowths, slight discordance o f their isotopic 

ages due to Pb loss as well as mixing o f  ditTerent age domains, resulting in ages younger than 

the presumed age o f first crystallization o f the diagenetic xenotime overgrowths.

5.6.4 Challenges of SIMS dating of authigenic xenotime in Phanerozoic 

rocks

Three main challenges in the ion microprobe dating o f  authigenic xenotime in Phan

erozoic rocks became apparent in this study (the same issues have also been documented 

in the studies o f  Fletcher et al. 2004; Rasmussen 2005 and Cross 2009). First, the existing 

reference xenotimes suffer from heterogeneous U, Th and REE compositions. This study 

shows that it can be difficult to obtain consistent calibration o f U/Pb ratios and that scatter 

o f  the measured ratios may be higher than desirable for precise geochronology. Second, a 

mismatch o f chemical composition between reference xenotime and unknowns, primarily 

in terms o f  their U contents causes pronounced matrix effects. Mismatch in age is probably 

o f less significance. Due to data scatter in the secondary reference materials, a matrix effect 

correction introduces rather large systematic uncertainties. Finally, the major challenge in 

dating authigenic xenotime is finding sufficiently large, chemically hom ogeneous as well as 

isotopically undisturbed samples for dating.
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Rims and crusts o f  xenotime on detrital zircon grains are ubiquitous in sedimentary ba

sins, yet are most commonly overlooked due to their small size (< 3 |im) and their similar 

optical characteristics to those o f  zircon. In the rare cases when their dimensions approach 

or exceed 10 |im (which are at present boundary conditions for reliable ion microprobe U-Pb 

dating), they often display complex chemical zonation due to possible prolonged or pulsed 

crystallization from fluids o f  different chemistries (e.g. Kositcin et al. 2003; Rasmussen 

2005). Rarely are these zones large enough to yield SIMS analyses capable o f discriminating 

between the different age domains (Vallini et al. 2002). Xenotime is also easily dissolved by 

brines and/or acidic solutions (e.g. Harlov et al. 2005) and tends to develop “porous” tex

tures with multiple inclusions o f  quartz, uraninite, thorite (Vallini et al. 2002; Forster 2006).

It is considered good practice in zircon dating to avoid such altered, inhomogeneous crys

tals, however, given the difficulties in obtaining good quality authigenic xenotimes, these re

quirements cannot always be fulfilled in xenotime geochronology. In the present study, xeno

times with very complicated textures have been dated, yielding variable common Pb contents 

(Fig. 5.17) and weighted average ages with a ± 4% precision at a 95% confidence level (2o).

When plotted on the Tera-Wasserburg concordia (Fig. 5.14), these data are not always con

cordant. The presence o f  a common Pb component (possibly associated with the “porous”, 

inclusion-rich textures) is common (Fig. 5.17), while some degree o f Pb loss is also likely. 

Th-U disequilibrium effects are likely to be minor, but it is not always possible to resolve 

between all o f  the factors causing discordance with confidence. It is postulated, however, that 

especially in the case o f  such small and complex xenotime crystals, SIMS remains the most 

suitable dating method, yielding more accurate and more precise data than electron micro

probe total Pb (“chemical” ) dating (Hetherington et al. 2008). In fact, the cost and availability 

o f  a high-performance electron microprobe system suitable for total Pb chemical xenotime 

dating (such as the Cameca Ultrachrone facility at Amherst, Massachusetts) is comparable to 

a SIMS dating facility, and would require analytical spots o f »  10 jam (preferably > 20 p,m) 

to obtain a desirable precision. Moreover, the presence o f  common Pb demonstrated above 

would make chemical dating inappropriate. The LA-ICP-MS method seems to be a promising 

alternative, even though it normally requires much more material; recently, ages
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with precision similar to those obtained by ID-TIMS have been obtained from xenotime 

from leucogranites (Liu et al. 2011). Promising LA-ICP-MS results for xenotimes from the 

present study are presented and discussed in the Chapter 6.

5.7 Conclusions

This is the first reported study o f authigenic xenotime overgrowths on zircon grains us

ing the Cameca ims-1280 ion microprobe. The capabilities o f  the instrument (especially 

the micro channel-plate secondary ion imaging facility) proved to be well suited for dating 

Phanerozoic low-temperature xenotime. The unpublished pioneering analytical protocol o f 

W hitehouse (personal communication), combining the use o f  mono- and multi-collection 

modes, removed the problem o f  excess ion counts in the vicinity o f  mass 204 (Fletcher et al. 

2004), which has previously only been achieved by using the reverse-geometry ion micro

probe SHRIMP-RG (Cross 2009).

The set o f three reference xenotime crystals, BS-1, MG-1 and Z6413, was found to be 

reasonably well matched to the xenotime overgrowths analysed in this study, bracketing the 

U, Th and REE contents o f  the unknowns. However, it would be desirable to use less chemi

cally heterogeneous reference materials that match not only the chemistry but also the age 

o f the unknowns. No such reference xenotimes have been identified so far. The power-law 

206pb+/238y+ yg 238yi6Q2+/238y + calibration scheme was found superior to the U-Pb calibration 

method o f Stem and Amelin (2003), yielding slope values o f  ~ 1.4, similar to those reported 

by other researchers (Fletcher et al. 2004; Cross 2009).

The matrix effect correction broadly followed the procedures applied earlier by Fletcher

et al. (2004) and Cross (2009), and similar to the conclusions o f  Cross (2009), yielded the

best results when only U  and SREE (not Th) contents were considered. Even when corrected

for matrix effects, many o f  the data are discordant when plotted on the Tera-Wasserburg con-

cordia. The discordance results from a variety o f  possible factors: a) calibration problems,

b) the presence o f  common Pb (Fig. 5.17), c) “mixed” analyses o f xenotime and a zircon

hosts, d) possible Th/U disequilibrium and e) lead loss.SIMS dating o f  xenotime overgrowths

in this project yielded a combined weighted average “̂’Pb-corrected date o f  292 M a±  12 Ma

(± 4.1%, M SW D = 2.4, 2o). This date, which corresponds to the Asselian and Sakmarian

144



epochs in the Earliest Permian (Ogg et al. 2008), can be interpreted as possible (re-) crystal

lization o f  diagenetic xenotime in both o f  the analysed stratigraphic levels (corresponding 

to the RI and R2 ammonoid biozones; Menning et al. 2006). Ages calculated for individual 

horizons and localities cannot be confidently distinguished within analytical uncertainty. 

This Early Permian crystallization event may be associated with high-temperature fluid-flow 

events which affected the Shannon Basin (Fitzgerald et al. 1994; Goodhue, Clayton 1999). 

Based on a single date o f xenotime from Denshaw in the Pennine Basin (299.0 M a ± 16.4 

Ma, ®̂’Pb^-corrected), which, within its uncertainty, is closer to the expected depositional 

age o f  the R2 ammonoid zone, it can be tentatively inferred that the lower maximum tem 

peratures attained in the Pennine Basin did not cause significant Pb loss. The Pennine Basin 

xenotime overgrowths are potentially a good dating target for future geochronological stud

ies o f  diagenesis and fluid flow.The small dimensions o f  the xenotime overgrowths and their 

chemical complexity resulting from fluid-related dissolution and reprecipitation on zircon 

host grains are thus two o f  the most important limitations in U-Pb xenotime geochronology 

at present. The lack o f  homogeneous reference xenotimes and matrix effects (which are only 

being beginning to be fully understood) are other restricting factors. More systematic studies 

are necessary to achieve an accuracy and precision in dating authigenic xenotime approach

ing that o f  zircon.
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6 LA-ICP-MS dating of xenotime overgrowths

6.1 Introduction

The aim o f  this part o f the project was to investigate the applicability and limitations o f 

the U-Pb diagenetic/hydrothermal xenotime chronometer to dating Palaeozoic sedimentary 

rocks using a laser ablation system linked to an ICP mass spectrometer.

Laser-ablation inductively-coupled-plasma mass spectrometry (LA-ICP-M S) offers an 

alternative approach to in situ U-Th-Pb dating o f  zircon and other accessory minerals, in

cluding xenotime (e.g. Beccaletto et al. 2007; Wall at al. 2008; Liu at al. 2 0 II). The U-Pb 

LA-ICP-MS technique has been evolving rapidly since mid-1980s (Kosler, Sylvester 2003 

and references therein). The major advantages o f  the LA-ICP-MS approach are: no require

ment for the matrix correction (although the use o f  matrix-matched reference materials is 

recommended), the lower cost and wider availability o f the systems compared to ion mi- 

croproba systems, combined with a significantly shorter analysis time and faster sample 

throughput. The introduction o f  shorter wavelength lasers (213 or 193 nm in the ultraviolet 

spectrum), shorter laser pulse widths (pico- and femtosecond pulses are now achievable) 

and more sensitive mass spectrometers has facilitated the acquisition o f progressively more 

precise and accurate results which, at least for zircon, are approaching the precison and ac

curacy o f  the ion microprobe (Kosler, Sylvester 2003).

Despite the rapid progress o f this technique, some difficulties are still only partially re

solved, including the laser-induced, depth-dependent fractionation o f refractory element 

pairs such as Pb/U (Gunther, H attendorf 2001). Another difficulty is the larger analyte vol

ume required in LA-ICP-MS, as although the 2D-spatial resolution o f  the LA-IPC-M S is 

similar to that o f  the ion microprobe, the depth o f the analysis pit is often significantly larger 

(10-20 nm vs 1-2 |am). Nevertheless, sample consumption has been systematically lowered 

during the past 10 years (e.g. Cottle et al. 2009; Johnston et al. 2009). Commonly used 

remedies to overcome laser-induced, depth-dependent fractionation include external refer

ence material bracketing (sample-standard bracketing) which can be sometimes combined

with internal standardization using a tracer solution to account for instrument drift as well
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as down-hole fractionation correction (e.g. Kosler, Sylvester 2003). One o f  the most effec

tive strategies for minimizing the U/Pb fractionation is ensuring a very low ( «  1) aspect 

ratio between the diameter o f  the ablation crater and its depth. For example, the single-shot 

laser-ablation methodology pioneered by Cottle et al. (2009) has proved successful in lower

ing sample consumption and minimising the ablation crater depth, which ultimately lowers 

inter-element fractionation, yielding more precise and accurate U-Pb data.

One o f  the major drawbacks in the in situ U-Pb isotopic dating o f  xenotime is the lack 

o f  homogeneous, well characterised reference materials. As seen in Section 5.2.2, there are 

only three well characterised reference xenotimes that reasonably match the composition 

o f  the authigenic xenotime overgrowths (i.e. BS-1, MG-1 and Z6413). Klotzli et al. (2007) 

have also proposed a new Plochwald xenotime standard for use in LA-ICP-MS studies.

The first attempt at in situ dating o f small xenotime overgrowths on zircon by LA-ICPMS 

was undertaken by Wall et al. (2008) on material from carbonatite dykes using polished thin 

sections. Beccaletto et al. (2007) analysed mounts o f  xenotime separates from schists while 

Liu et al. (2011) dated xenotime grains separated from leucogranites and granites using a 193 

nm ArF laser ablation system coupled to an Agilent quadrupole ICP-MS, obtaining results 

with a precision comparable to that o f  ion microprobe dating.

6.2 Experiment 1 (Vienna)

6.2.1 Methods and materials
The first attempts in this project at dating xenotime overgrowths by LA-ICP-M S were

undertaken in collaboration with P ro f Urs Klotzli and Dr Eva Klotzli at the Department o f  

Lithospheric Research at the University o f  Vienna. The procedures broadly followed those 

published in Klotzli et al. (2007). A Nu Instruments Nu-Plasma® High-Resolution Multi- 

Collector ICP-MS linked to a New Wave Research® (ESI) UP193SS 193 nm solid-state la

ser ablation system was employed. Faraday collectors were used to measure ^^^Th,

235y, 205JI 203JI yyiqiie 207pb, 2<>''(pt)-Hg) Were m easured on electron m ultipliers.

Analyses were performed using He as the carrier gas. The laser was set to produce rasters 

With a 5-10 |am spot size and a variable raster length, depending on the size o f  the over-
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growths. A scan speed o f 1 |im /s and a repetition rate o f 10 Hz was employed and the fluence 

on the sample was around 5.2 J/cm ^

The regression o f  the results was performed using the “LamTooi-UPb” recalculation util

ity o f  Kosler (2007). Raw signal intensities were corrected for a gas blank (40 s signal 

acquisition) prior to sample analysis. The instrumental mass bias on U/Pb ratios was cor

rected for using the power law and employing the 205j|/203'y’| 233y/205'p| ratios measured

from the tracer solution which was continuously aspirated during sample analysis. Standard 

bracketing using the Plochwald reference xenotime was also applied (Klotzli et al. 2007). 

The samples comprised separates o f  grains o f zircon with xenotime overgrowths from five 

sandstones (no. 1, 6, 10, 12, 27 and 57; Fig. 6.1) which were mounted in epoxy along with 

the reference Plochwald xenotime (Klotzli et al. 2007).

6.2.2 Results

The major analytical obstacle was the extremely small size o f  the xenotime overgrowths, 

typically < 6 fim. Because o f this laser rastering was necessary to obtain sufficient material 

for analysis. In total, 62 traverses were analysed in the six samples. Most o f  the rasters were 

configured so that they started in the zircon host, continued through the “long axis” o f  the 

xenotime overgrowth and out into the epoxy. “Clean” xenotime analyses were deemed im

possible due to the small volume o f  the xenotime overgrowths and the high risk o f  overlap 

onto the zircon host. This mixed-phase raster approach was intended to facilitate obtaining 

reliable xenotime ages from the raw isotope intensities.

Unfortunately, the acquired signals proved too complex to be resolved and no reliable age 

data were collected. Fig. 6.2 shows the results o f two representative analyses: a) a raster path 

from zircon, through xenotime and into epoxy and back (with the SEM image o f  the sample 

illustrated in Fig. 6.2 c), and b) a raster path along the overgrowth, starting and ending in 

epoxy (with the SEM image o f  the sample illustrated in Fig. 6.2 c). The instrumental blank 

intervals are marked in box no. I while the xenotime sample intervals are marked in box no. 

2. It should be noted that the transition between analyses o f the different phases is not sharp. 

Due to the lack o f  clear age “plateaux”, acquisition o f reliable geochronological data was 

deemed impossible.
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6.3 Experiment 2 (NIGL)

6.3.1 Samples and standards

Similar xenotime overgrowths on detrital zircon grains from the Upper Carboniferous 

Shannon Basin in Ireland were also selected for the next attempt at LA-ICP-M S dating. 

These included xenotime overgrowths (Fig. 6.1) from the R1 goniatite zone (samples no. 

2 and 3 -  Bridges o f Ross, no. 7 -  Trusklieve) and the R2 goniatite zone (sample no. 12 -  

Foohagh Point), corresponding to the Kinderscoutian and M arsdenian, respectively.

The xenotimes were assumed to have grown during the early diagenetic phase o f  their 

host sandstones (317-315 Ma) with a possible influence o f hot advective fluid-related post- 

diagenetic processes associated with the elevated palaeo-temperatures (250-360°C) docu

mented from the Shannon Basin (Fitzgerald et al. 1994; Goodhue, Clayton 1999).

The xenotimes were previously identified using optical and scanning electron microscopy 

combined with EDS microanalysis. However, no electron m icroprobe (WDS) data were ob

tained for the crystals analysed in this study as samples with such data were prioritized for 

ion microprobe dating. Sample no. 12 was also dated by ion microprobe. It is characterised 

by complex chemical zonation (e.g. Fig. 3.12-3.13), and this complex chemical zonation 

may be present in all o f  the samples dated in NIGL. Following the poor results o f  experi

ment I (Vienna), the main criterion for xenotime selection was the size o f  the over-growths 

so as to provide enough material for ablation. Only xenotime overgrowths larger than 6 |jm  

in diameter and without fractures or large inclusions were selected.

External standardization was necessary during analysis to correct for the instrumental 

mass discrimination and laser-induced elemental fractionation in order to achieve precise 

and accurate age data. The three reference xenotime crystals used were BS-1 and MG-1 (de

scribed in the SIMS section 5.2.2) and the NIGL in-house FC-1 xenotime. The FC-1 isotopic 

and chemical data are presented in Table 6.1.

6.3.2 Methods

The experiments described here were conducted over two days at the Natural Environ

ment Research Council Isotope Geosciences Laboratory (NIGL), UK, in collaboration with

Dr M atthew Horstwood. Reference xenotimes (BS-1, MG-1 and FC-1) were mounted as free
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Table 6.1. TIM S isotopie ratios and U and Th contents for FC-1 reference xenotim e'

2 0 7 p b /2 0 6 p b  2 0 6 p b /2 3 8 j j  2»’ p b * /^ ® ‘ p b *  2 0 6 p b * /2 3 8 j j

________________________________________________Ippm] [ppm] [ppm|_______

0.05193 0.00845 0.04717 0.00842 21739 3261 172 0.15

1 Data from M. Horstwood (personal communication). Asterisk (♦) indicate that a common lead 

correction has been applied to the ratio. U, Th and Pb contents are given in ppm.

grains on sticky tape covering the top o f a 25-mm epoxy disc. Fragments o f thin s containing 

xenotime overgrowths selected for the experiments were mounted horizontally on two glass 

slides, using a putty-like adhesive (Blu-Tack™).

The reference xenotime mount and one o f  the sample mounts were placed inside an abla

tion cell in a New Wave Research® (ESI) UP193SS 193 nm solid-state laser ablation system. 

The ablation spot size used ranged from 8-10 (im. The laser was set to continuous mode at a 

5 Hz frequency over 10 s with the fluence set to 2,4-2.6 J/cm^. The analyses were conducted 

using He as a carrier gas.

The laser system was linked to a Nu Instruments Nu-Plasma® High-Resolution Multi- 

Collector ICP-MS. The instrumental set-up broadly followed that described in Cottle et al. 

(2009). Faraday collectors were used to measure “̂ Tl, “̂''Tl and “̂ Hg while “̂’Pb,

^®̂ Pb and “̂''(Pb-Hg) were measured on electron muhipliers. A natural Tl-^^^U solution was 

continuously aspirated into the plasma via a desolvating nebuliser to correct for instrumental 

mass bias and to monitor plasma-induced inter-elemental fractionation. Prior to analysis, 

the ion counter gain was determined by measuring the 205'j'|.203j| Faraday cups and

then by peak switching the “̂ Tl through the three ion counters. Total gain variation was ~ 

1% (2o) per day. External standard bracketing was also used to normalise larger variations 

should they occur during the analytical session.

Analytical runs commenced with two 30 s background measurements: instrument zero 

and an ‘on-peak’ zero, which were subtracted online from the raw counts to give a baseline- 

subtracted isotope intensity. The T1 and peaks had only the instrument zero subtracted. 

Dead-time corrections were applied to the measurements from the three electron multipli-
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ers. A time-response delay (tau) correction was performed online for the Faraday detectors. 

The inter-elemental Pb/U normalisation employed a xenotime reference material (FC-1 for 

analyses 175-197 from the first session and BS-1 for analyses 514-537 from the second ses

sion) and was performed using an Excel spreadsheet. Propagation o f  uncertainties on the iso

topic ratios follows the procedures described by Horstwood (2008). Because o f  the difficulty 

in obtaining reliable °̂‘*Pb measurements due to Hg in the argon gas supply, a “ ^Pb-based 

common Pb correction was perfonned instead o f  a “̂'‘Pb-based correction, as described in 

A ppendixA5.1.

After the isotopic analyses, selected grains were carbon coated and imaged using a low- 

pressure Tescan Mira scanning electron microscope at the Centre o f  M icroscopy and M icro

analysis, Trinity College Dublin, with an operating voltage o f 5 kV and a working distance 

o f  ~ 10 mm. A mixed secondary electron and back-scattered electron detection mode was 

employed to facilitate the simultaneous imaging o f  sample topography and back scattered- 

electron characteristics.

6.3.3 Results

Despite the small dimensions o f the xenotime overgrowths and the difficulty o f under

taking in situ analyses in thin sections (precise targeting o f  the laser beam using the low- 

magnification laser ablation microscope is challenging), the ablation process was successful 

in most cases. In Fig. 6.3 various ablation pits are shown.

Some o f the ablation craters have regular shapes with clearly defined edges and little 

evidence o f melt condensation and are positioned entirely inside xenotime (Fig. 6.3 a-c). In 

other cases, some overlap onto quartz or zircon occurred (Fig. 6.3 d-h). Under the same laser 

conditions, ablation o f xenotime proceeds faster than in zircon and much faster than in quartz 

based on the SEM images. This indicates better absorption o f  the 193 nm U V beam by xeno

time compared to optically transparent phases such as quartz or more refi'actory phases such 

as zircon. For example, inside the ablation pit in Fig. 6.3 b there is quartz at the bottom o f  the 

ablation pit while in Fig. 6.3 d, e, g, h, ablated quartz can be seen on the walls o f the craters. 

In Fig. 6.3 f  on the left side o f  the crater there is an almost vertical zircon face. As can be seen 

below, analyses with some overlap onto quartz can still yield reasonable isotopic ages.
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xtmZ r n

Fig. 6.3 SEM-SE images o f laser ablation pits in xenotime overgrowths from thin sections from Bridges o f 

Ross (sample 2) and Foohagh Point (sample 12). a, b, g) Grain 12.03.09 - three pits in one overgrowth, c) Grain 

02.02.01. d) Grain 12.02.06 -  LA ID 190. e, f) Grain 12.03.03 -  LA ID 193, 194. h) Grain 12.03.04 -  LA ID 

197. Scale bars = 5 |im.
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6.3.3.1 Isotopic analyses

Twenty-eight xenotime overgrowths from five thin sections were analysed in two ses

sions. The isotopic results and calculated ages are presented in Table 6.2 and are plotted on 

the Tera-Wasserburg Concordia diagram (Fig. 6.4). Nine analyses were rejected from further 

consideration due to overlaps onto zircon grains which was detected by real-time monitoring 

o f the ^°''Pb/^®^Pb ratio and the U signal intensity during analysis. These composite zircon- 

xenotime analyses yield mixed ages (analyses LA ID : 175-180, 514-516),

In Fig. 6.4 b several error ellipses sit above the concordia suggesting the presence o f  a 

common Pb component. The ^°^Pb/^^*U ages were thus corrected for common “̂''Pb/^“ Pb us

ing the “̂’'Pb correction method (Table 6.2). The 19 analyses selected above yield a weighted 

average ^°^Pb-corrected age o f  290.9 M a ± 5.5 Ma (2o; Fig. 6.5 a). The elevated MSWD 

o f  2.4 suggests that the assigned uncertainties are not only analytical and may indicate the 

presence o f  additional complexities. These complexities could include mixing between two 

age populations (zircon-xenotime mixtures or two diagenetic xenotime age populations) or 

minor to moderate recent Pb loss.

The data were split into two groups according to their depositional ages (based on the go- 

niatite biostratigraphy). Eight analyses o f xenotimes from the older R1 biozone (Fig. 6.5 b) 

yield an age o f 289.3 M a ± 7 .9  Ma (2o) with a slightly lower M SW D o f 1.7, while 11 analy

ses from the R2 biozone (all from Foohagh Point; Fig. 6.5 c) yield a weighted average age 

o f  292.0 Ma ± 8.7 Ma with a higher MSWD o f  3.0. While the MSW D decreased in the case 

o f  the RI biozone, it increased in the R2 biozone results. It is thus not possible to distinguish 

between the xenotime ages from these two biozones within their analytical uncertainties.

6.4 Discussion and conclusions

The data from the second experiment at NIGL suggest that it is possible to obtain precise 

and accurate isotopic dates from single spot (~ 8-10 |am in diameter) analyses o f  Phanero- 

zoic xenotime overgrowths on detrital zircon grains in thin section using a 193 nm solid-state 

Nd:YAG laser system linked to a high-resolution multi-collector ICP-MS.

On the contrary, the first experiment (Vienna) showed that it is impractical to conduct ras-
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Table 6.2. Results of the U-Pb LA-ICP-MS analyses of xenotime overgrowths

|% | |% | |% | |\1 a | |M a | | \ I a | |IVIa| IMal |M al |M a | | \ f a | |% |

B.R. 175 02.02 0.5592 3.00 0.0668 2.32 0.7733 0.0607 1.90 628.0 41.0 417.0 18.7 451.0 21.6 414.1 18.9 34
B.R. 176 02.02 7.2605 12.70 0.1662 10.46 0.8241 0.3169 7.19 3555.0 110.7 990.9 189.4 2144.0 204.6 681.2 150.6 72
B.R. 177 02.02 0.5571 3.16 0.0664 2.50 0.7906 0.0608 1.93 633.0 41.6 414.6 20.0 449.7 22.7 411.6 20.2 34
B.R. 178 02.02 7.7327 6.06 0.1429 5.37 0.8852 0.3924 2.82 3880.1 42.5 861.2 86.0 2200.4 103.6 504.7 59.0 78
B.R. 179 02.02 6.3923 3.42 0.1300 2.41 0.7051 0.3566 2.43 3735.4 36.9 787.9 35.7 2031.2 58.4 496.3 30.0 79
B.R. 180 02.02 8.3081 5.46 0.1460 5.15 0.9421 0.4126 1.83 3955.8 27.5 878.7 84.0 2265.2 94.5 492.3 53.2 78
B.R. 181 02.02 0.3512 2.42 0.0479 2.35 0.9718 0.0531 0.57 334.1 12.9 301.9 13.8 305.6 12.7 301.6 14.0 10
F.P. 190 12.02 0.3493 3.34 0.0472 2.48 0.7418 0.0537 2.24 357.2 50.5 297.3 14.4 304.2 17.4 296.8 14.5 17
F.P. 191 12.03 0.2985 2.64 0.0429 2.62 0.9905 0.0505 0.36 216.2 8.4 270.8 13.9 265.2 12.3 271.2 14.0 -25
F.P. 192 12.03 0.3386 3.01 0.0472 2.83 0.9382 0.0520 1.04 284.5 23.8 297.6 16.4 296.1 15.4 297.7 16.6 -5
F.P. 193 12.03 0.3687 2.41 0.0499 2.31 0.9580 0.0536 0.69 353.2 15.6 314.0 14.2 318.7 13.1 313.6 14.3 11
F.P. 194 12.03 0.3720 3.10 0.0480 2.92 0.9419 0.0563 1.04 462.5 23.1 302.0 17.2 321.1 16.9 300.5 17.3 35
F.P. 197 12.03 0.3022 2.34 0.0435 2.28 0.9745 0.0504 0.52 214.8 12.1 274.3 12.2 268.1 10.9 274.7 12.3 -28
B.R. 514 03.02 15.6877 4.00 0.5317 3.98 0.9966 0.2140 0.33 2936.1 5.3 2748.5 175.9 2858.0 73.6 2619.9 262.5 6
B.R. 515 03.02 0.4848 3.53 0.0599 3.45 0.9784 0.0587 0.73 557.7 15.9 374.7 25.1 401.4 23.1 372.5 25.3 33
B.R. 516 03.02 0.4347 3.95 0.0528 3.70 0.9382 0.0597 1.37 591.9 29.6 331.9 23.9 366.5 24.0 329.1 24.0 44
B.R. 517 03.02 0.3595 3.17 0.0462 3.07 0.9701 0.0565 0.77 470.7 17.0 291.0 17.5 311.8 16.9 289.4 17.5 38
F.P. 520 12.03 0.3406 2.43 0.0474 2.40 0.9848 0.0521 0.42 291.4 9.7 298.4 14.0 297.6 12.5 298.5 14.1 -2
F.P. 521 12.03 0.3395 2.41 0.0472 2.38 0.9867 0.0521 0.39 291.6 9.0 297.5 13.8 296.8 12.3 297.5 14.0 -2
F.R 522 12.03 0.3314 2.46 0.0455 2.43 0.9871 0.0529 0.39 322.8 8.9 286.7 13.6 290.7 12.3 286.4 13.7 11
F.R 523 12.03 0.3393 2.52 0.0468 2.42 0.9593 0.0526 0.71 313.2 16.2 294.6 13.9 296.7 12.9 294.4 14.0 6



Table 6.2. Results of the U-Pb LA-ICP-MS analyses of xenotinie overgrowths (cont.)

|% | |% | |% | | \1 a | | \ I a | | \ f a | |!V1a| | \ I a | | \ l a | |IV1a| |IMa| |% |

P.P. 524 12.03 0.4606 13.72 0.0476 12.84 0.9359 0.0702 4.83 935.4 99.1 299.5 74.7 384.7 84.3 292.8 74.2 68
T. 529 07.01 0.4095 2.48 0.0447 2.46 0.9922 0.0664 0.31 818.1 6.5 282.2 13.6 348.5 14.5 277.1 13.5 66
T. 530 07.01 0.3430 2.56 0.0473 2.54 0.9936 0.0526 0.29 311.0 6.6 298.0 14.8 299.4 13.2 297.8 14.9 4
T. 531 07.01 0.3433 2.53 0.0471 2.50 0.9887 0.0529 0.38 324.7 8.6 296.5 14.5 299.7 13.1 296.2 14.6 9
T. 533 07.01 0.3352 2.46 0.0459 2.44 0.9925 0.0530 0.30 329.0 6.8 289.1 13.8 293.5 12.5 288.8 13.9 12
T. 534 07.01 0.3559 2.65 0.0460 2.56 0.9658 0.0561 0.69 456.9 15.3 289.9 14.5 309.2 14.0 288.5 14.6 37
T. 537 07.01 0.3306 2.83 0.0439 2.74 0.9694 0.0546 0.69 395.6 15.6 277.1 14.9 290.0 14.2 276.1 14.9 30

Isotopic ratios calibrated for the instrument mass discrimination and laser-induced depth-dependent and plasma-induced fractionation of U and Pb using an external standard 
bracketing method (analyses 175-197 calibrated against FC-1 xenotime, analyses 514-537 calibrated against BS-1 xenotime). The ratios are not corrected for common Pb.

' Localities: B.R. -  Bridges of Ross, P.P. -  Foohagh Point, T. -  Trusklieve.
 ̂Rho -  error correlation calculated as: [(Err ^°"Pb/” ’U)^ +  (Err “ ®Pb/"^"U)  ̂-  (Err °̂’Pb/-“®Pb) ]̂ / [2 * (Err ^°"Pb/” ’U) ♦ (Err ““ Pb/” *U)],

3 ^°^Pb-corrected age, assuming present-day common Pb composition o f Stacev and Kramers (1975).
'' Discordancy = (t|-°"Pb/-“ Pb] -  t[^“ Pb/^^*U]) /  t[^“’Pb/^“ Pb]) * 100%.
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ters from the zircon host into the xenotime and epoxy since de-convolution o f  the isotopic 

signals is not straightforward and needs to take into account the precise rate o f transport 

o f  the ablated material into the plasma. It is thus strongly advised to use the rastering laser 

mode in xenotime analysis only if  there is no danger o f  overlap onto the host zircon phase.

The scanning electron m icroscope images o f the laser ablation pits (Fig. 6.3) document 

differing rates o f  xenotime, zircon and quartz ablation using the 193 nm wavelength laser 

and the in-house NIGL low volume ablation cell. Out o f these three mineral phases, xeno

time seems to ablate easiest, followed by zircon and quartz. This phenomenon may be used 

to the analyst’s advantage when a small overlap onto one o f  these undesired phases is una

voidable. In such cases overlap onto quartz is clearly preferable compared to overlap onto 

zircon since it does not nominally contain U, Th and radiogenic Pb. Analyses which were 

composite xenotime -  quartz mixtures yet were o f acceptable quality include analyses LA 

ID: 190, 197 (Fig. 6.3 d and 6.3 h, respectively).

6.4.1 Interpretation of the LA-ICP-MS xenotime ages

Out o f  the 28 xenotime analyses, nine had to be rejected due to incorporation o f a zircon 

component during ablation. Around two-thirds o f  the accepted data-points appear concordant 

within the assigned uncertainties (Fig. 6.4 b). The remaining one-third o f  the analyses plot 

mostly above the Tera-Wasserburg concordia and their normal discordancy is interpreted as 

a result o f  incorporation o f  common Pb. Two data points (no. 191, 197) are reversely dis

cordant, i.e. their ^®''Pb/ ‘̂’̂ Pb ratios are lower than expected for their ^̂ *U/ “̂ Pb ratios. Their 

°̂’Pb signals were average (0.29 mV and 0.20 mV, respectively) as compared to the other 

unknowns, whose “̂’Pb signals ranged from 0.02 to 1.14 mV. These two analyses produced 

ablation pits characterised by uneven pit topography and both overlap onto quartz.

All o f the results were corrected for the common Pb component using the Stacey and 

Kramers (1975) model and assuming a present-day ^°'^Pb/^°^Pb ratio o f  0.834. The “̂’Pb based 

common Pb correction assumes initial concordance and this assumption is hard to validate. 

Nevertheless, the ®̂’Pb-corrected dates acquired from these xenotimes correspond well with 

the SIMS dates presented in Chapter 5.

As can be seen from the weighted average age plots in Fig, 6.5, the results calculated sepa-
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rately for each o f the two goniatite biozones, R1 and R2, cannot be distinguished within their 

analytical uncertainties. Thus, the combined ^°Tb-corrected date of 290.9 M a±  5.5 Ma (2a, 

Fig. 6.5 a) is selected as the preferred age for crystallization of the xenotime over-growths. Its 

MSWD o f 2.4 is slightly elevated above the value acceptable for this number o f data points at 

the 95% probability level (-0.6-1.6; Wendt, Carl 1991), and implies that some factors beyond 

or in addition to analytical uncertainties may contribute to the observed data scatter.

Several explanations can be taken into consideration. The experimental conditions, with 

the small spots used and the relatively low fluence required to control the ablation of the 

small amount o f xenotime material available limited the amount o f the ^°^Pb detected by the 

ICP-MS. Another possibility for the minor data scatter (and possibly minor reverse discord

ance in two analyses) is the difference in ablation between the standard reference xenotimes 

and the unknowns when quartz was ablated into the mass spectrometer. Samples standard

ized using FC-I xenotime display more scatter than those standardized with BS-1 xenotime. 

This indicates a matrix effect due to the mismatch between the reference material and the 

unknowns. A more systematic study is needed to examine this phenomenon in detail. Finally, 

minor or moderate recent Pb loss could also be considered a factor.

The combined age yielded by the LA-ICP-MS analyses is indistinguishable from the 

combined weighted mean SIMS ®̂’Pb-corrected age from the Shannon Basin (292 Ma ± 12 

Ma, 2o; see Chapter 5). The interpretation of both sets of data is the same. The 290.9 Ma ± 

5.5 Ma age of the xenotime overgrowths on zircon obtained in the present study corresponds 

to the Asselian and Sakmarian epochs in the Earliest Permian (Ogg et al. 2008) and is young

er than the expected stratigraphic age o f the sandstones in which the xenotime crystallised 

(317.2-315 Ma; Menning et al. 2006; Ogg et al. 2008).

The xenotime age is thus interpreted as possible multiphase (re-) crystallization o f origi

nally diagenetic xenotime in both o f the analysed horizons (which correspond to goniatite 

biozones Rl and R2). The Early Permian crystallization was probably associated with high- 

temperature fluid-flow events which affected the Shannon Basin (Fitzgerald et al. 1994; 

Goodhue, Clayton 1999) and can supports the hypothesis that active fault systems and hy- 

draulically induced fracture zones facilitated vertical hot fluid flow that locally affected heat

distribution patterns (Corcoran, Clayton 2001).
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6.4.2 Future analytical perspectives

LA-ICP-MS dating o f  xenotime overgrowths in this study proved to be a very successful 

technique, capable o f  yielding results that are comparable to the ion microprobe ages, yield

ing even more precise dates. The high level o f  precision in the LA-ICP-MS results may be 

due to the different methodology employed in the uncertainty propagation. For example, ma

trix correction similar to the one applied in the ion microprobe approach is unnecessary (it 

IS enough to use a matrix-matched reference material; Liu et al. 2011) and thus a significant 

pool o f  extended uncertainty is made redundant. This simplified form o f data reduction, the 

wider availability o f  the LA-ICP-M S laboratories and the lower operating costs are signifi

cant advantages over ion microprobe dating o f  xenotime.

In this view, more experiments on authigenic xenotime LA-ICP-MS dating should be 

encouraged. Some single-pulse (e.g. Cottle et al. 2009) tests using the BS-1, FC-1 and MG-1 

xenotime reference materials have been successfully conducted in collaboration with Dr 

Matthew Horstwood and will be published at a later stage.
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7 Discussion and conclusions

7.1 Summary of the geochronological results

During the course o f this study several isotopic dates have been obtained (Fig. 7.1) from 

two Upper Carboniferous basins that have experienced different palaeotemperatures; the 

Shannon Basin (250-360°C, Fitzgerald at al. 1994; Goodhue, Clayton 1999) and the Pennine 

Basin (~ 140°C, Pearson, Russell 2000). Re-Os dating of Marsdenian organic-rich shales 

yielded two dates that are younger than the time of deposition: 306.8 ± 6 Ma (2 o, MSWD 

= 3.0) for the B. gracilis Marine Band (Noah Dale, Pennine Basin) and 316.4 ± 8.6 Ma (2 

o, MSWD = 47) for the B. hilinguis Marine Band (Spanish Point, Shannon Basin). Ad

ditionally, three highly imprecise Re-Os ages o f ca. 290 Ma (289 ± 83 Ma, 288 ±2 1 0  Ma 

and 289 ± 130 Ma, for St. Brendan’s Well, Cross and Denshaw, respectively; 2o) are in

terpreted to represent Re-Os system resetting, possibly during post-depositional fluid-flow 

events related to Variscan orogenesis. The authigenic xenotime U-Pb chronometer yielded 

two statistically indistinguishable weighted average "̂^Pb common Pb-corrected ages; 292 

± 12 Ma (2 o, MSWD = 2.4) from the SIMS dating experiments and 290.9 ±5.5  Ma (2 o, 

MSWD = 2.4) from the LA-ICP-MS work. The authigenic xenotime dates are interpreted as 

representing (re-)crystallization of diagenetic xenotime in the Shannon and Pennine Basins. 

In the Shannon Basin, this age may reflect the high-temperature fluid flow event inferred by

Fig. 7.1 (next page) Isotopic dates obtained in this study in relation to the stratigraphical positions o f  the 

sampled sedimentary rocks. In the columns Pennine Basin and Shannon Basin sampled black shales are 

marked with black squares while xenotime positions are marked with orange circles. The yellow  and orange 

bars between these columns represent the stratigraphical range o f  the xenotime samples used to calculate the 

combined U-Pb ages. General correlation o f  epochs, stages and substages after Ogg et al. (2008). Precise dates 

in the A ge column after Pointon et al. (2012). Ammonoid biozones after Ramsbottom et al. (1978), Waters et al. 

(2011). Re-Os ages: S.B.W. -  St. Brendan’s Well: 289±83 Ma; C. -  Cross: 288±210 Ma; S.P. -  Spanish Point: 

3 16.4±8.6 Ma; N .D. -  Noah Dale: 305.8±6 Ma; D. -  Denshaw: 289±130 Ma. U-Pb ages: SIMS -  292±12 Ma; 

LA-ICP-MS -  290.9±5.5 Ma.
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Goodhue and Clayton (1999). Although the xenotime ages were obtained from two differ

ent stratigraphic levels (the Kinderscoutian and M arsdenian goniatite biozones R1 and R2, 

respectively) in two separate sedimentary basins, discriminating between them temporally is 

not feasible within analytical uncertainty (at the 95% confidence level).

7.2 Answers to the research questions of this thesis

One o f the primary objectives o f  this project was to test whether precise and accurate Re- 

Os and U-Pb authigenic xenotime depositional dates can be acquired from a basin subjected 

to significantly elevated palaeotemperatures (in excess o f  300°C) such as the Shannon Basin. 

Only one ORS Re-Os date (316.4 ± 8.6 Ma) from the Spanish Point Bilinguites bilmguis 

M arine Band approaches this condition and is indistinguishable from the Geologic Time 

Scale 2008 age for this early Marsdenian horizon (Ogg et al. 2008), and is also in agreement 

with the recent CA-ID-TIM S zircon ages o f Pointon et al. (2012), ca. 321 Ma (Fig. 7.1).

The other Re-Os date (306.8 ± 6 Ma) was obtained from the lowermost Marsdenian hori

zon o f  the Noah Dale borehole m the Pennine Basin. Although apparently precise (± 1.96%, 

2o), this date is younger than the estimates from the Geologic Time Scale 2008 (Ogg et al. 

2008) and those o f  Pointon et al. (2012), ca. 321 Ma (Fig. 7.1). Hence post-depositional 

resetting is inferred in this case, which could record the very early stages o f  diagenesis dur

ing which hydrothermal fluid flow (~ 140°C; Pearson, Russell 2000) may have adversely 

affected the Re-Os systematics and hence the true depositional age.

All o f  the authigenic xenotime U-Pb ages, as well as the two Re-Os ages from the Shan

non Basin (St. Brendan’s Well and Cross) and the B. bilinguis M arine Band age from Den- 

shaw (Pennine Basin) are much younger than the estimates o f the Geologic Time Scale 2008 

(Ogg et al. 2008) or those o f  Pointon et al. (2012) and have been linked to post-depositional 

fluid events, possibly occurring in pulses, which were caused by the northward advance o f 

the Variscan front (Waters et al. 1994; Graham 2009).

The SIMS and LA-ICP-MS U-Pb dating work on authigenic xenotime overgrowths in 

this project yielded reasonably precise ages. However, they do not overlap (within 2 o un

certainty) with the depositional age o f the Kinderscoutian and M arsdenian sandstones in

165



which the xenotimes crystallized. Based on the complex zoning textures preserved in the 

dated xenotime crystals and their chemical compositions, the U-Pb ages have been inter

preted to represent a phase o f  prolonged growth o f  xenotime, commencing in the early stages 

o f  diagenesis, when pyrite framboids crystallized, but before the pervasive crystallization 

o f phyllosilicates (such as illite and chlorite), and lasting until the advective fluid event(s) 

(Fitzgerald et al. 1994; Goodhue, Clayton 1999). Due to the small dimensions o f  the xeno

time overgrowths, it was impossible to date separate compositional domains in the over

growths, which could possibly record discrete crystallization events (Vallini et al. 2002, 

2005; Rasmussen et al, 2011).

7.3 Comparison of the Re-Os and authigenic xenotime dates

To my knowledge, no studies have been undertaken where Re-Os ORS and U-Pb authi

genic xenotime dates have been directly compared from the same stratigraphic levels.

In theory, when applied to a given sedimentary succession, the Re-Os ORS geochronom 

eter should yield ages that are slightly older than the U-Pb authigenic xenotime geochro

nometer, as the Re-Os ORS chronometer reflects deposition rather than diagenesis (Ravizza, 

Turekian 1989; Creaser et al. 2002; Rasmussen 2005 and references therein). Instead, with 

the exception o f  the Spanish Point Re-Os date, which is interpreted as approximating the 

true age o f  deposition, the other Re-Os ages document the eflFects o f  disturbance to the Re- 

Os systems, due to hydrothermal fluid flow and/or oxidative weathering to various degrees 

(minor disturbance in the case o f the Noah Dale samples and major disturbance in the cases 

o f  the Cross, St. Brendan’s Well and Denshaw ORS samples, respectively). W hen integrated, 

the two geochronometers seem to record a spectrum o f  events, ranging from close to deposi- 

tional ages (Re-Os), through the progressive stages o f diagenesis (both methods) and crystal

lization o f  xenotime at elevated temperatures approaching incipient metamorphic conditions 

(U-Pb authigenic xenotime). Despite the apparent negative results (i.e. the majority o f  the 

ages obtained do not record the true depositional age o f the sedimentary rocks examined), 

the results provide insights into the post-diagenetic history o f  these Phanerozoic sedimentary 

basins. Moreover, this study provides a warning for the interpretation o f  older, fossil-free
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sedimentary units (e.g. Neoproterozoic glacial rocks). In particular it demonstrates that ap

parently precise Re-Os ORS isochrones (as in the case o f  Noah Dale shales) can be obtained, 

yet the ages are clearly inaccurate and the low degree o f  data scatter on the isochron is ob

scuring a real disturbance to the Re-Os system. Additional chemical analyses to exclude oxi

dative weathering o f  prospective samples as well as sound geological arguments are needed 

before such Re-Os dates can be interpreted as depositional.

7.4 Difficulties encountered over the course of the project

Several difficulties were encountered during the course o f this project. Two well character

ised sedimentary basins with a high-resolution biostratigraphical framework were selected. 

Both basms contain numerous organic-rich shales with characteristic goniatite assemblages. 

Organic matter, however, is extremely vulnerable to oxidative weathering, particularly when 

exposed to meteoric waters (e.g. Jaffe et al. 2002), and the majority o f  the sections consid

ered for the Re-Os dating were found to be weathered and hence unsuitable for the Re-Os 

geochronology. Rock drilling was also attempted when sampling the Cross, Spanish Point 

and Denshaw sections but due to the fissile nature o f  the marine bands, the drill cores ob

tained were often broken and unsuitable for subsequent diamond plate grinding which is a 

necessary step in Re-Os sample preparation. If fresh ORS sections are not available, it is 

recommended to use drill core material whenever possible (as was done in the case o f  the 

Noah Dale borehole). Re-Os dating using drill core material is currently considered good 

practice (Kendall et al. 2006, 2009b; Rooney et al. 2010).

Locating suitable dating targets for U-Pb authigenic xenotime geochronometry proved 

very challenging due to the scarcity o f material o f  sufficient size and quality for in situ U-Pb 

dating. A significant portion o f the project was dedicated to the identification o f suitable 

xenotime dating targets, and the major criterion for the selection o f  xenotime overgrowth 

samples for geochronology was size, preferentially above 10 pm  in diam eter Because rela

tively few xenotime overgrowths (out o f > 500 documented) were sufficiently large, those 

containing cracks and multiple chemical zones had to be accepted. Approximately 25% of 

xenotime overgrowths selected and processed for geochronology were damaged during
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drilling o f the thin sections. The spatial resolution o f  both the SIMS or LA-ICP-MS methods 

was not sufficient to date separately different domains in the overgrowths. Consequently, the 

ages obtained are the “weighted average age” o f  all the growth zones present in the xenotime 

overgrowths, some o f  which may be discordant or possess elevated common Pb levels.

Finally, it is recommended that a thorough pilot study is undertaken prior to commencing 

research based on the Re-Os ORS and U-Pb authigenic xenotime geochronometers. Only 

positive identification o f multiple dating targets o f suitable quality along with investigation 

o f  possible hydrothermal fluid effects can facilitate obtaining meaningful results that docu

ment the deposition and/or diagenetic history o f a given sedimentary basin.

7.5 Analytical techniques and instrumentation

A polarizing microscope method developed in this project was shown to be capable o f 

correctly identifying xenotime overgrowths in about 90%. This is a noteworthy low-budget 

alternative to scanning thin sections using an electron microscope. Additionally, selFrag® 

electrodynamic disaggregation technique allowed xenotime overgrowths from hard silica- 

cemented sandstones to be successfully separated.

Due to the challenging, experimental nature o f  this project, state-of-the-art mass spec

trometry analytical techniques were employed and proved capable o f  obtaining precise 

results. This was especially relevant in the authigenic xenotime U-Pb dating work due to 

the very small dimensions o f  these Palaeozoic overgrowths. U-Pb geochronometry o f  such 

young crystals usually requires relatively large analyte volumes due to the low levels o f ra

diogenic ingrowth o f  ̂ °’Pb. If the xenotime samples are small, then only the most precise and 

sensitive instruments should be used. In this project, the recently developed Cameca ims- 

1280 ion microprobe has been used to date crystals with a beam diameter lower than 10 ^im. 

A secondary ion microscope (which is not present in the SHRIMP II ion microprobe) was 

found to be invaluable for precise positioning o f the ion beam over the very small xenotime 

crystals.

Equally, the Nu Instruments MC-ICP-MS spectrometer coupled to a New Wave® solid- 

state 193 nm laser ablation system was found suitable for dating the small xenotime over-
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growths in situ. The LA-ICP-MS approach was found superior to SIMS due to the simpli

fied form o f data reduction that does not require matrix correction, wider availability o f  the 

LA-ICP-MS laboratories and lower operating costs. Finally, the procedures employed in the 

isotopic laboratories at Durham University, combined with their TRITON® thermal ionisa

tion mass spectrometer ensured obtaining high quality Re-Os isotopic data.

7.6 Contribution to the geochronology of deposition

The results o f  this project demonstrate the advantages o f  a bi-radioisotope approach to 

dating sedimentation. Even though it is often impossible to retrieve accurate depositional 

ages, the philosophy o f  employing more than one isotopic system (such as the Re-Os ORS 

and U-Pb authigenic xenotime geochronometers) to constrain the geological history o f  a 

sedimentary basin yields a much broader perspective on basin history. Therefore, more thor

ough research in this subject is encouraged, and it would be beneficial to test the above 

methods in sedimentary basins o f  varying age and tectonic setting, to assess further their 

robustness. An emphasis should be placed on the development o f  LA-ICP-M S protocols 

for xenotime dating as they make matrix correction (required in SIMS dating) redundant. 

Further well-documented xenotime reference materials are necessary in order to improve the 

precision o f  the SIMS analyses.

7.7 Challenges for the future

Not all the questions posed at the start o f  this study have been answered sufficiently dur

ing this project. This was because o f  the lack o f  xenotime overgrowths on zircons which 

were large enough for U-Pb dating, the scarcity o f  truly pristine organic-rich shales as well 

as financial constraints that hindered obtaining more Re-Os and U-Pb dates. M ore samples 

were analysed from the Shannon Basin than from the Pennine Basin, Future studies should 

be more equally balanced to facilitate a better comparison between basins that have experi

enced different palaeotemperatures. Basins relatively unaffected by fluid flow would provide 

ideally suitable sedimentary successions, allowing a more critical assessment o f  the m ulti

radioisotope approach to dating sedimentation.
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Over the course o f  the project several new avenues o f  research have been opened up in 

the development o f the authigenic xenotime geochronometer. These include new techniques 

o f  sample preparation for SIMS and LA-ICP-MS analyses, such as electrodynamic selective 

fragmentation (selFrag®) and techniques for the mounting o f loose grains for LA-ICP-MS 

analyses. In ion microprobe xenotime dating studies, experimentation would be beneficial 

to develop further reliable routine analytical protocols for high-precision isotope analysis 

o f overgrowths smaller than 10 |am (which constitute the majority o f xenotime overgrowths 

found in sedimentary basins worldwide; e.g. Vallini et al. 2002). Routine LA-ICP-MS pro

tocols for small authigenic xenotime overgrowths, especially those in Phanerozoic sedimen

tary rocks with low “̂'^Pb contents, are also desirable. The results o f  low-volume single-pulse 

(e.g. Cottle et al. 2009) LA-ICP-MS experiments undertaken at NIGL (NERC Isotope Geo

sciences Laboratory, Keyworth, UK) seem very promising and will be published at a later 

stage. Electron microprobe protocols for reliable, accurate and precise chemical characteri

sation o f small xenotimes are also necessary, particularly as complex inter-element interfer

ences are involved. These precise EPMA data are required to characterise the matrix correc

tions in the U-Pb SIMS dating work. Last but not least, well characterised, homogeneous 

xenotime reference materials with compositions which match the range o f  typical chemi

cal compositions commonly encountered in diagenetic xenotime overgrowths are urgently 

needed for both ion microprobe and LA-ICP-MS geochronology.

The goals and ethos o f  the EARTHTIME initiative (www.earth-time.org), a community- 

based international scientific initiative aimed at sequencing Earth history through the integra

tion o f  high-precision geochronology (primarily U-Pb and ‘’“Ar/^’Ar dating) and quantitative 

chronostratigraphy, need to be adopted by researchers working with other geochronological 

systems, such as the sedimentary geochronometers used in this project. Such intercalibra

tion studies need to take place in sedimentary basins that have high-resolution biostratigra

phy and ash layers amenable to U-Pb zircon and ‘“’Ar/^’Ar dating, and should ideally encom 

pass a range o f thermal maturation and fluid-flow histories.
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9 Appendices

A2.1. Summary of all the main sampling localities in the project

Sample # Locality GPS Lithology

21-30 St. Brendan's Well N53 01.814 W9 16.483 ORS
33-40, 145-151 Spanish start N52 50.853 W9 26.810 ORS
41-50 Cross N52 36.239 W9 48.556 ORS
59-64 Denshaw N53 36.306 W2 00.005 ORS
SSK2680-SSK2716 Noah Dale borehole N53 41.558 W1 58.362 ORS
1 Ross N52 35.044 W9 52.688 ssn
12 Foohagh Point N52 40.255 W9 41.711 ssn
13 Spanish Point N52 50.870 W9 26.805 ssn
83 Carrickfadda near Killard N52 44.969 W9 34.801 ssn
84 Carrowmore Point N52 46.059 W9 29.885 ssn
94 Cream Point N52 52.098 W9 25.868 ssn
174 Doonlicky N52 40.616 W9 40.591 ssn
2-4 Ross Bridge N52 35.51 1 W9 52.427 ssn

5-6 Kilbaha Bay N52 34.272 W9 51.133 ssn

7-10 Trusklieve N52 37.856 W9 46.803 ssn
27-28 Hags Head N52 56.893 W9 28.109 ssn
81-82 Kilkee Diamond Pt. N52 40.881 W9 40.249 ssn
85-89 Cloghauninchy D N52 47.123 W9 29.202 ssn

90-93 Tromracastle A & B N52 48.539 W9 29.564 ssn
57-58 Langsett N53 53.144 W2 04.922 ssn

GPS - Global Positioning System coordinates (WGS 1984 datum). 
ORS - organic-rich shale sample for the Re-Os dating, 
ssn - sandstone sample for xenotime dating.
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Table A3.1. List of thin sections for xenotime studies

Basin Locality Biozone Sample ID TS ID Xtm measured

Shannon Bridges o f  Ross Rl 02 02 19

Shannon Bridges o f  Ross Rl 03 02 27

Shannon C arrickfadda Rl 83 01 0

Shannon Carrow m ore Point Rl 84 01 0

Shannon Cloghauninchy R2 85 01 0

Shannon Cloghauninchy R2 86 01 0

Shannon Cloghauninchy R2 87 01 0

Shannon Cloghauninchy R2 88 02 0

Shannon Cloghauninchy R2 88 03 13

Shannon Cloghauninchy R2 88 04 16

Shannon Cloghauninchy R2 88 05 8

Shannon Cloghauninchy R2 88 06 5

Shannon Cloghauninchy R2 88 07 12

Shannon Cloghauninchy R2 88 08 13

Shannon Cloghauninchy R2 88 09 6

Shannon Cloghauninchy R2 88 10 0

Shannon Cloghauninchy R2 89 01 0

Shannon Cream Point Rl 94 01 0

Shannon Cross Rl 50 02 6

Shannon Cross Rl 50 03 0

Shannon Cross Rl 50 04 3

Shannon Cross Rl 50 05 2

Shannon Cross Rl 50 06 1

Shannon Cross Rl 50 07 2

Shannon Cross Rl 50 08 4

Shannon Cross Rl 50 09 10

Shannon Doonlici<y R2 176 01 3

Shannon Doonlicky R2 176 02 1

Shannon Foohagh Point R2 12 02 18

Shannon Foohagh Point R2 12 03 8

Shannon Foohagh Point R2 12 04 12

Shannon Foohagh Point R2 12 05 12

Shannon Foohagh Point R2 12 06 9

Shannon Foohagh Point R2 12 07 4

Shannon Foohagh Point R2 12 08 9

Shannon Foohagh Point R2 12 09 6

Shannon Foohagh Point R2 12 10 9

Shannon Foohagh Point R2 12 11 3

Shannon Foohagh Point R2 12 12 7

Shannon Foohagh Point R2 172 02 26

Shannon Foohagh Point R2 172 03 10

Shannon Foohagh Point R2 173 01 0

Shannon Foohagh Point R2 173 02 2

Shannon Foohagh Point R2 175 01 26

Shannon Foohagh Point R2 175 02 24

Shannon Hag's Head R1/R2 27 02 18



Table A3.1. List of thin sections for xenotime studies (cont.)

B asin L ocality Biozone S am ple  ID T S  ID X tm  m easu red

Shannon Hag's Head R1/R2 27 03 1

Shannon Hag's Head R1/R2 27 04 21

Shannon Hag's Head R I/R 2 27 05 3

Shannon Hag's Head R1/R2 27 06 3

Shannon Hag's Head R1/R2 27 07 1

Shannon Hag's Head R1/R2 27 08 18

Shannon Hag's Head R1/R2 27 09 5

Shannon Hag's Head R I/R 2 27 10 8

Shannon Hag's Head R1/R2 27 11 0

Shannon Hag's Head R1/R2 28 02 11

Shannon K ilbaha Bay R1 05 02 24

Shannon K iibaha Bay Rl 05 03 11

Shannon K ilbaha Bay R1 05 04 2

Shannon K ilbaha Bay Rl 05 05 3

Shannon K ilbaha Bay Rl 06 02 17

Shannon Kilkee Rl 81 01 0

Shannon Kilkee Rl 82 01 0

Shannon Spanish Point R2 13 02 10

Shannon Spanish Point R2 13 03 2

Shannon Spanish Point R2 13 04 2

Shannon Spanish Point R2 95 01 0

Shannon Spanish Point R2 96 01 0

Shannon Spanish Point R2 97 01 0

Shannon Spanish Point R2 98 01 0

Shannon Spanish Point R2 99 01 0

Shannon T rom racastle R2 90 01 0
Shannon Trom racastle R2 91 01 0

Shannon Trom racastle R2 92 01 0

Shannon T rom racastle R2 93 01 0
Shannon Trusklieve Rl 07 01 6

Shannon Trusklieve Rl 08 02 9

Shannon Trusklieve Rl 08 03 0

Shannon Trusklieve Rl 08 04 3

Pennine D enshaw R2 80 02 4

Pennine D enshaw R2 80 03 6

Pennine D enshaw R2 80 04 0

Pennine D enshaw R2 141 01 0

Pennine D enshaw R2 141 02 0

Pennine Langsett W estphalian 57 02 4

Pennine Langsett W estphalian 57 03 0

Pennine Langsett W estphalian 57 04 0
Pennine Langsett W estphalian 57 05 0

Localities TS/Locality Sam ples TS G rains
Total count 16 5.5 37 88 528

Shannon Basin 14 5.6 34 79 514

ber o f  zircon grains overgrow n by xenotim e considered in the area estim ates
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Table A3.2. Number of thin sections per locality 

Basin Locality Biozone No. TS

Shannon B ridges o f  Ross R1 2

Shannon Carricicfadda Rl 1

Shannon C arrow m ore Point Rl 1

Shannon C ream  Point R l 1

Shannon C ross Rl 8

Shannon K iibaha Bay Rl 5

Shannon Kiiicee Rl 2

Shannon Trusiclieve Rl 4

Shannon H ag's Head R I/R 2 11

Shannon C loghauninchy R2 13

Shannon D oonlicky R2 2

Shannon Foohagh Point R2 17

Shannon Spanish Point R2 8

Shannon T rom racastle R2 4

Pennine D enshaw R2 5

Pennine Langsett W estphalian 4

Total count 16 88

Shannon Basin count 14 79

Rl 24

R1/R2 11

R2 44

192



Table A3.3. Number of cores drilled from individual thin sections

Basin Locality Sam ple ID TS ID No. cores drilled

Shannon K ilbaha Bay 05 05 2

Shannon K ilbaha Bay 05 04 4

Shannon K ilbaha Bay 05 03 6

Shannon Trusklieve 08 04 4

Shannon Foohagh Point 12 06 2

Shannon Foohagh Point 12 08 2

Shannon Foohagh Point 12 11 3

Shannon Foohagh Point 12 09 4

Shannon Foohagh Point 12 07 4

Shannon Foohagh Point 12 10 4

Shannon Foohagh Point 12 05 5

Shannon Foohagh Point 12 04 7

Shannon Foohagh Point 12 12 7

Shannon Spanish Point 13 04 2

Shannon Spanish Point 13 03 3

Shannon Hag's Head 27 07 2

Shannon Hag's Head 27 03 2

Shannon Hag's Head 27 09 2

Shannon Hag's Head 27 04 3

Shannon Hag's Head 27 05 4

Shannon Hag's Head 27 06 4

Shannon H ag's Head 27 11 6

Shannon Hag's Head 27 10 6

Shannon Hag's Head 27 08 10

Shannon Cross 50 06 1

Shannon Cross 50 03 1

Shannon Cross 50 07 2

Shannon Cross 50 05 2

Shannon Cross 50 08 3

Shannon Cross 50 09 10

Shannon C loghauninchy 88 08 4

Shannon C loghauninchy 88 07 5

Shannon C loghauninchy 88 05 6

Shannon C loghauninchy 88 06 6

Shannon C loghauninchy 88 03 11

Shannon C loghauninchy 88 04 11

Shannon C loghauninchy 88 09 8

Pennine Denshaw 80 09 8

Total count 8 38 176

Shannon Basin count 7 37 168
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A4.1. Chemical WDS analyses of reference xenotime crystals

# 1 2 3 4 5 6 7 8 9

Mount m l ml ml ml ml ml ml ml ml

Standard BS-1 BS-1 MG-1 MG-1 MG-1 MG-1 MG-1 MG-1 MG-1

WDS# 151 152 139 140 141 142 143 146 153

Oxide contents in wt%

Si0 2 0.25 0.24 0.13 0.14 0.16 0.16 0 . 2 1 0.15 0.15

P 2 O 5 33.25 34.08 35.49 36.04 35.79 35.91 35.69 35.37 35.89

CaO 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 2 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 2

Y2 O 3 44.30 44.33 47.90 47.78 48.87 49.44 50.16 48.12 49.09

Sni2 0 3 0.60 0.69 0.64 0.65 0 . 6 8 0.74 0.54 0.74 0.73

EU2 O 3 0.24 0.23 0.34 0.37 0.42 0.39 0.32 0.40 0.42

Gd2 0 3 3.32 3.51 3.91 4.13 3.76 3.70 3.20 4.11 4.09

T b 2 0 , 0.82 0.78 0.85 0.79 0.67 0 . 6 8 0.62 0.77 0.76

0y20, 6 . 6 6 6.09 5.87 5.89 5.08 4.97 4.78 5.63 5.44

H0 2 O 3 1.34 1.26 1 . 1 1 1 . 1 0 1 . 0 1 0.96 0.99 1.04 1.04

Er203 3.75 3.86 2.15 2.15 2.19 2.18 2.32 2.15 2.17

I'nijOj 0.51 0.56 0 . 2 2 0.25 0.26 0.23 0.25 0.25 0.23

YbjOj 2.53 2.71 0.75 0.75 0.71 0.67 0.74 0.69 0 . 6 8

I-U2 O 3 0.25 0.32 0.09 0 . 1 0 0.05 0 . 1 0 0 . 1 1 0 . 1 2 0.13

rho. 0 . 2 1 0.34 0.07 0.08 0.06 0.08 0.07 0.07 0.06

UO 2 0.03 0.05 0.09 0 . 1 1 0 . 1 1 0.09 0 . 1 1 0.09 0.09

Total 98.08 99.06 99.62 100.35 99.84 100.31 100.12 99.71 100.99
S R E E 17.46 17.45 13.87 14.09 12.91 12.73 12.08 13.84 13.66
Th/U 7.0 6 . 8 0 . 8 0.7 0.5 0.9 0 . 6 0 . 8 0.7

Cations per formula unit (based on 4 oxygen atoms)
Si 0.009 0.008 0.004 0.005 0.005 0.005 0.007 0.005 0.005

P 0.971 0.980 0.990 0.995 0.990 0.989 0.984 0.987 0.987

Ca 0 . 0 0 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 1

V 0.813 0.801 0.840 0.829 0.850 0.856 0.869 0.844 0.848

Sm 0.007 0.008 0.007 0.007 0.008 0.008 0.006 0.008 0.008

Eu 0.003 0.003 0.004 0.004 0.005 0.004 0.004 0.005 0.005

Gd 0.038 0.040 0.043 0.045 0.041 0.040 0.035 0.045 0.044

Tb 0.009 0.009 0.009 0.008 0.007 0.007 0.007 0.008 0.008

Dy 0.074 0.067 0.062 0.062 0.053 0.052 0.050 0.060 0.057

Ho 0.015 0.014 0 . 0 1 2 0 . 0 1 1 0 . 0 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 1 1 0 . 0 1 1

Er 0.041 0.041 0 . 0 2 2 0 . 0 2 2 0 . 0 2 2 0 . 0 2 2 0.024 0 . 0 2 2 0 . 0 2 2

Tm 0.005 0.006 0 . 0 0 2 0.003 0.003 0 . 0 0 2 0.003 0.003 0 . 0 0 2

Yb 0.027 0.028 0.008 0.007 0.007 0.007 0.007 0.007 0.007

Lu 0.003 0.003 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1

Th 0 . 0 0 2 0.003 0 . 0 0 1 0 . 0 0 1 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 0

U 0 . 0 0 0 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1

Total 2.016 2.010 2.005 2.002 2.005 2.005 2.008 2.007 2.007
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A4.1. Chemical WDS analyses of reference xenotime crystals (cont.)

# 1 0 1 1 1 2 13 14 15 16 17 18

M ount m l ml m l m 2 m 2 m 2 m 2 m 2 m 2

Standard MG-I Z 64I3 Z 64I3 BS-1 BS-1 BS-1 BS-1 MG-1 MG-1

W DS# 154 147 148 116 117 119 1 2 1 105 106

Oxide contents in wt%
SiOj 0.15 0.60 0.76 0.24 0.24 0.30 0.31 0 . 2 1 0.18

P2O 5 35.70 34.21 34.72 33.37 33.63 33.36 33.00 35.88 34.98

CaO 0 . 0 1 0.03 0 . 0 2 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 0 0 . 0 2 0 . 0 2

Y 2O 3 49.00 45.46 45.12 44.46 44.79 43.74 43.79 50.64 49.84

SmjOs 0.67 0.15 0.14 0.63 0.55 1 . 1 0 1.08 0.48 0.61

EU2 O 3 0.40 0 . 0 2 0 . 0 2 0.24 0 . 2 0 0.33 0.30 0.29 0.35

GdaOj 3.76 1.13 1.08 3.41 3.18 4.10 4.12 2.92 3.27

TbjO j 0.70 0.38 0.37 0.87 0.84 0.84 0 . 8 6 0.58 0.64

Dy^O, 5.41 4.21 4.14 6.53 6.60 6.06 6.25 4.66 4.76

II0 2 O 3 1.08 1.04 1 . 0 0 1.33 1.35 1.25 1.27 1.03 1 . 0 2

Er2 0 a 2 . 2 1 4.21 4.20 3.73 3.81 3.53 3.57 2.27 2 . 2 0

rm 2 0 3 0 . 2 2 0.73 0.75 0.56 0.53 0.50 0.51 0.26 0 . 2 2

Yb2()3 0 . 6 8 5.50 5.55 2.41 2.55 2.47 2.45 0.84 0.80

I-U2 O 3 0.08 0.79 0.82 0.26 0.27 0.27 0.24 0 . 1 0 0.08

rh 0 2 0.07 0 . 2 2 0.27 0.19 0 . 1 1 0.46 0.46 0.06 0.13

UO 2 0.07 1 . 2 1 1.59 0.03 0 . 0 1 0.04 0.05 0.13 0 . 1 0

Total 1 0 0 . 2 1 99.89 100.55 98.27 98.66 98.36 98.26 100.37 99.20

I  REE 13.24 15.88 15.80 17.42 17.34 17.82 18.00 11.70 12.15

Th/U 0.9 0 . 2 0 . 2 5.7 1 1 . 6 12.3 9.0 0.4 1.3

C ations per formula unit (based on 4 oxygen atom s)
Si 0.005 0 . 0 2 0 0.025 0.008 0.008 0 . 0 1 0 0 . 0 1 1 0.007 0.006

P 0.987 0.972 0.977 0.972 0.973 0.972 0.967 0.985 0.978

Ca 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1

Y 0.852 0.812 0.798 0.814 0.815 0.801 0.806 0.874 0.876

Sm 0.008 0 . 0 0 2 0 . 0 0 2 0.007 0.006 0.013 0.013 0.005 0.007

Eu 0.004 0 . 0 0 0 0 . 0 0 0 0.003 0 . 0 0 2 0.004 0.004 0.003 0.004

Gd 0.041 0.013 0 . 0 1 2 0.039 0.036 0.047 0.047 0.031 0.036

Tb 0.008 0.004 0.004 0 . 0 1 0 0.009 0.009 0 . 0 1 0 0.006 0.007

Dy 0.057 0.046 0.044 0.072 0.073 0.067 0.070 0.049 0.051

Ho 0 . 0 1 1 0 . 0 1 1 0 . 0 1 1 0.015 0.015 0.014 0.014 0 . 0 1 1 0 . 0 1 1

Er 0.023 0.044 0.044 0.040 0.041 0.038 0.039 0.023 0.023

Tm 0 . 0 0 2 0.008 0.008 0.006 0.006 0.005 0.005 0.003 0 . 0 0 2

Yb 0.007 0.056 0.056 0.025 0.027 0.026 0.026 0.008 0.008

I.u 0 . 0 0 1 0.008 0.008 0.003 0.003 0.003 0.003 0 . 0 0 1 0 . 0 0 1

Th 0 . 0 0 1 0 . 0 0 2 0 . 0 0 2 0 . 0 0 1 0 . 0 0 1 0.004 0.004 0 . 0 0 0 0 . 0 0 1

U 0 . 0 0 1 0.009 0 . 0 1 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1

Total 2.007 2.008 2.003 2.016 2.015 2.014 2.017 2.008 2 . 0 1 2
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A4.1. Chemical WDS analyses of reference xenotime crystals (cont.)

# 19 2 0 2 1 2 2 23 24 25 26 27

Mount m2 m 2 m 2 m2 ml m 2 m 2 m 2 m 2

Standard MG-1 MG-1 MG-1 MG-1 MG-1 MG-1 Z6413 Z6413 Z6413

W DS# 107 108 109 1 1 1 149 118 113 114 115

Oxide contents in wt%
Si0 2 0.17 0.18 0.13 0.17 0.18 0.17 0.62 0.63 0.61

P2 O5 35.74 35.36 35.35 35.29 35.45 35.75 34.87 34.63 34.75

CaO 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 2 0 . 0 2 0 . 0 2

Y2 O 3 48.61 48.04 48.77 48.03 49.09 50.28 45.51 45.14 45.01

Sm 2 0 3 0.71 0.80 0.69 0.78 0.70 0.51 0.15 0.14 0.15

EU2 O 3 0.43 0.38 0.41 0.40 0.36 0.29 0.04 0 . 0 0 0 . 0 1

Gd2 0 3 4.07 4.63 4.14 4.66 3.55 2.96 1.07 1.08 1 . 0 2

Tb203 0.76 0.83 0.84 0.83 0.70 0.60 0.40 0.38 0.39

Dy203 5.36 5.67 5.59 5.66 4.98 4.72 4.16 4.12 4.19

H0 2 O3 1 . 0 1 1 . 0 1 1.04 1 . 0 2 1.06 0.94 1.04 1.05 1.06

Ef203 2.18 2.05 2.13 2.07 2 . 2 2 2.29 4.31 4.26 4.29

Tm 2 0 3 0.27 0.24 0.24 0.26 0.25 0.25 0.73 0.74 0.77

Vb203 0.62 0 . 6 8 0.62 0.64 0.71 0 . 8 8 5.61 5.56 5.56

I.U2 O 3 0 . 1 0 O. 1 1 0 . 1 2 0.06 0 . 1 0 0 . 1 2 0.81 0.84 0.83

IhO , 0.08 0.16 0.06 0.15 0.09 0.15 0 . 2 0 0 . 2 2 0 . 2 2

UO2 0 . 1 2 0 . 1 1 0.09 0 . 1 1 0.08 0.13 1.25 1.29 1 . 2 2

Total 100.24 100.26 1 0 0 . 2 2 100.14 99.53 100.05 100.79 1 0 0 . 1 0 1 0 0 . 1 0

S R E E 13.50 14.27 13.77 14.25 12.74 11.81 16.02 15.89 15.97

Th/lJ 0.7 1.5 0.7 1.3 1 . 1 1 . 1 0 . 2 0 . 2 0 . 2

Cations per formula unit (based on 4 oxygen atoms)
Si 0.006 0.006 0.004 0.006 0.006 0.006 0 . 0 2 1 0 . 0 2 1 0 . 0 2 0

P 0.989 0.984 0.983 0.984 0.986 0.986 0.979 0.978 0.981

Ca 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1

Y 0.845 0.841 0.853 0.842 0.858 0.871 0.803 0.802 0.799

Sm 0.008 0.009 0.008 0.009 0.008 0.006 0 . 0 0 2 0 . 0 0 2 0 . 0 0 2

Eu 0.005 0.004 0.005 0.004 0.004 0.003 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

Gd 0.044 0.050 0.045 0.051 0.039 0.032 0 . 0 1 2 0 . 0 1 2 0 . 0 1 1

Tb 0.008 0.009 0.009 0.009 0.008 0.006 0.004 0.004 0.004

Dy 0.056 0.060 0.059 0.060 0.053 0.050 0.044 0.044 0.045

Ho 0 . 0 1 0 0 . 0 1 1 0 . 0 1 1 0 . 0 1 1 0 . 0 1 1 0 . 0 1 0 0 . 0 1 1 0 . 0 1 1 0 . 0 1 1

Er 0 . 0 2 2 0 . 0 2 1 0 . 0 2 2 0 . 0 2 1 0.023 0.023 0.045 0.045 0.045

Tm 0.003 0 . 0 0 2 0 . 0 0 2 0.003 0.003 0.003 0.008 0.008 0.008

Yb 0.006 0.007 0.006 0.006 0.007 0.009 0.057 0.057 0.057

Lu 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0.008 0.008 0.008

Th 0 . 0 0 1 0 . 0 0 1 0 . 0 0 0 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 2 0 . 0 0 2 0 . 0 0 2

U 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0.009 0 . 0 1 0 0.009

Total 2.005 2.008 2.009 2.008 2.007 2.007 2.004 2.004 2.003
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A4.2. Chemical WDS analyses of xenotime overgrowths

# 1 2 3 4 5 6 7 8 9 1 0 1 1

M ount m l m2 m 2 m 2 m 2 ml ml m l m l m l m l

TS 88.03 88.04 88.04 88.04 88.05 88.05 88.05 88.05 88.05 88.06 88.07

Spot 9.1 9.1 9.1 25.1 1 . 1 5.1 8 . 1 1 0 . 1 1 0 . 2 4.1 1 2 . 1

W D S # 59 79 80 78 1 0 0 40 45 53 54 46 38

Oxide wt%

AI2 O 3 b.d. b.d. b.d. b.d. 0 . 0 2 b.d. b.d. b.d. b.d. b.d. b.d.

SiOj 1.52 1 . 2 1 1.42 1.48 1.82 1.33 0.26 1.59 1.43 1.47 1.27

P 2O 5 33.74 33.56 33.44 32.70 32.61 33.50 35.35 33.18 33.33 32.78 32.90

CaO 0.42 0.34 0.18 0.32 0.24 0 . 2 0 0.04 0.49 0 . 2 0 0.32 0.49
FeO 0.09 0.28 0.13 0.08 1.08 0 . 0 1 0.06 0.32 0.06 0.07 0 . 2 2

Y 2 O 3 41.77 37.75 39.44 37.96 40.25 39.33 42.93 41.34 40.64 40.76 36.59
ZrOz 0 . 2 0 b.d. b.d. b.d. 0.09 b.d. b.d. 0.39 b.d. b.d. b.d.
SmzOj 0.78 1.06 1.06 1 . 0 2 0.77 1.03 0.70 0.67 0.92 0.94 1.13

EU2 O 3 0.44 0.73 0.70 0.58 0.49 0.70 0.33 0.40 0.60 0.58 0.74

0 d2 0 3 3.16 6 . 1 2 5.54 5.95 4.34 5.52 3.60 3.10 4.67 4.44 6 . 6 6

Tb , 0 3 0 . 8 6 1.35 1.24 1.30 1.06 1.27 0.83 0.82 1 . 1 2 1 . 1 0 1.38

0 y 2 0 , 6.78 8 . 2 0 8 . 1 0 7.91 7.30 8.25 6.67 6.57 7.69 7.39 8.17
1 i0 2 O 3 1.33 1.32 1.40 1.24 1.34 1.32 1.34 1.36 1.40 1.29 1.23

Er203 3.44 2.91 3.16 2.91 3.20 3.08 3.98 3.53 3.27 3.22 2.79
Tni2 0 3 0.44 0.40 0.40 0.38 0.36 0.42 0.56 0.50 0.43 0.45 0.38
Yb2 C) 3 2 . 1 0 1.49 1.59 1.47 1.95 1.64 3.04 2.28 1.95 1.78 1.31
I-U2 O 3 0.28 0 . 2 1 0 . 2 1 0 . 2 0 0.25 0 . 2 1 0.36 0.35 0 . 2 0 0.25 0.17

Th ( ) 2 1.30 3.33 1.99 2.40 1 . 6 6 1.97 0 . 1 1 1.48 1.41 1.47 4.07

UO 2 0.25 0.45 0.48 0.48 0.32 0.44 0.05 0.23 0.41 0.35 0.34
Total 98.90 100.71 100.48 98.38 99.15 1 0 0 . 2 2 1 0 0 . 2 1 98.60 99.73 98.66 99.84

Cations per tbrmula unit (based on 4 oxygen atoms)

A1 - - - - 0 . 0 0 1 - - - - - -

Si 0.051 0.041 0.048 0.051 0.062 0.045 0.009 0.054 0.049 0.050 0.044
P 0.963 0.968 0.961 0.960 0.943 0.964 0.997 0.954 0.959 0.953 0.962
Ca 0.015 0 . 0 1 2 0.007 0 . 0 1 2 0.009 0.007 0 . 0 0 1 0.018 0.007 0 . 0 1 2 0.018
Fe 0.003 0.008 0.004 0 . 0 0 2 0.031 - 0 . 0 0 2 0.009 0 . 0 0 2 0 . 0 0 2 0.006
Y 0.749 0.684 0.712 0.701 0.731 0.712 0.761 0.747 0.735 0.745 0.673
Zr 0.003 - - 0 . 0 0 1 - 0.006 - -
Sm 0.009 0 . 0 1 2 0 . 0 1 2 0 . 0 1 2 0.009 0 . 0 1 2 0.008 0.008 0 . 0 1 1 0 . 0 1 1 0.013
Eu 0.005 0.008 0.008 0.007 0.006 0.008 0.004 0.005 0.007 0.007 0.009

Gd 0.035 0.069 0.062 0.068 0.049 0.062 0.040 0.035 0.053 0.051 0.076
Tb 0.010 0.015 0.014 0.015 0.012 0.014 0.009 0.009 0.013 0.012 0.016
Dy 0.074 0.090 0.089 0.088 0.080 0.090 0.072 0.072 0.084 0.082 0.091
Ho 0.014 0.014 0.015 0.014 0.015 0.014 0.014 0.015 0.015 0.014 0.014
Er 0.036 0.031 0.034 0.032 0.034 0.033 0.042 0.038 0.035 0.035 0.030
Tm 0.005 0.004 0.004 0.004 0.004 0.004 0.006 0.005 0.005 0.005 0.004
Yb 0.022 0.015 0.016 0.016 0.020 0.017 0.031 0.024 0.020 0.019 0.014
Lu 0.003 0.002 0.002 0.002 0.003 0.002 0.004 0.004 0.002 0.003 0.002
Th 0.010 0.026 0.015 0.019 0.013 0.015 0.001 0.011 0.011 0.011 0.032
U 0.002 0.003 0.004 0.004 0.002 0.003 - 0.002 0.003 0.003 0.003
Total 2.009 2.005 2.007 2.007 2.025 2.005 2.000 2.015 2.009 2.014 2.007
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A4.2. Chemical WDS analyses of xenotime overgrowths (cont.)

# 12 13 14 15 16 17 18 19 20 21

Mount m2 m2 m2 m2 m2 m2 m2 m2 m2 m2

TS 12.04 12.04 12.04 12.05 12.05 12.05 12.05 12.05 12.05 12.05

Spot 2.1 6.1 6.2 1.1 1.2 2.1 2.1 4.1 8.1 8.2

W D S # 95 89 87 81 82 85 86 84 76 77

Oxide wt%

AI2O3 b .d . b .d . b .d . b .d . b .d . b .d . b .d . b .d . b .d . b .d .

S i0 2 0.60 1.46 0.62 0.36 0.36 0.46 0.28 0.23 0.19 0.53

P2O5 33.91 33.84 33.80 33.62 34.66 33.92 34.94 35.04 34.64 34.65

C a O 0.09 0.27 0.14 0.29 0.10 0.12 0.02 0.03 0.03 0.07

F eO 0.12 0.01 0.14 b .d . b .d . 0.04 0.16 0.09 0.11 0.15

Y2O3 36.71 42.81 38.59 33.88 39.26 40.16 41.43 41.29 42.00 40.93

Z rO , b .d . 0.07 b .d . b .d . b .d . b .d . b .d . b .d . b .d . b .d .

Sm 203 1.41 0.71 1.08 2.02 1.32 0.69 0.63 0.86 0.62 0.61

EU2O3 0.68 0.42 0.71 1.19 0.68 0.38 0.42 0.57 0.39 0.35

G d 203 9.56 3.39 7.64 11.44 8.96 6.62 6.07 7.08 5.91 5.75

T b jO j 1.83 0.92 1.42 1.96 1.56 1.34 1.17 1.32 1.14 1.22

l ) y 203 8.88 7.15 7.91 8.65 8.25 7.66 7.30 7.58 7.32 7.46

H02O3 1.23 1.27 1.26 1.23 1.28 1.21 1.28 1.26 1.31 1.26

ErjOj 2.61 3.41 3.06 2.33 2.92 3.18 3.44 3.24 3.55 3.35

T m20j 0.38 0.45 0.42 0.39 0.40 0.41 0.48 0.44 0.51 0.45

Y b jO , 1.39 2.10 1.95 1.25 1.61 1.94 2.35 1.85 2.50 2.21

LU2O3 0.18 0.22 0.26 0.17 0.21 0.28 0.30 0.27 0.35 0.25

T h O j 0.65 0.27 1.09 1.09 0.42 0.95 0.25 0.21 0.22 1.01

UO2 0.50 0.19 0.22 0.35 0.37 0.34 0.22 0.12 0.14 0.45

Total 100.73 98.96 100.31 100.22 102.36 99.70 100.74 101.48 100.93 100.70

Cations per formula unit (based on 4 oxygen atoms)

A1 - - - - - - - - - -

Si 0.021 0.049 0.021 0.013 0.012 0.016 0.009 0.008 0.006 0.018

P 0.984 0.963 0.979 0.991 0.985 0.982 0.992 0.991 0.987 0.986

Ca 0.003 0.010 0.005 0.011 0.004 0.004 0.001 0.001 0.001 0.003

Fe 0.003 - 0.004 - - 0.001 0.004 0.003 0.003 0.004

Y 0.669 0.766 0.702 0.628 0.702 0.731 0.739 0.734 0.752 0.732

Zr - 0.001 - - - - - - -

Sm 0.017 0.008 0.013 0.024 0.015 0.008 0.007 0.010 0.007 0.007

Eu 0.008 0.005 0.008 0.014 0.008 0.004 0.005 0.007 0.004 0.004

Gd 0.109 0.038 0.087 0.132 0.100 0.075 0.067 0.078 0.066 0.064

Tb 0.021 0.010 0.016 0.022 0.017 0.015 0.013 0.014 0.013 0.013

Dy 0.098 0.077 0.087 0.097 0.089 0.084 0.079 0.082 0.079 0.081

Ho 0.013 0.014 0.014 0.014 0.014 0.013 0.014 0.013 0.014 0.013

Er 0.028 0.036 0.033 0.025 0.031 0.034 0.036 0.034 0.038 0.035
Tm 0.004 0.005 0.004 0.004 0.004 0.004 0.005 0.005 0.005 0.005

Yb 0.015 0.022 0.020 0.013 0.016 0.020 0.024 0.019 0.026 0.023

Lu 0.002 0.002 0.003 0.002 0.002 0.003 0.003 0.003 0.004 0.003

Th 0.005 0.002 0.008 0.009 0.003 0.007 0.002 0.002 0.002 0.008

U 0.004 0.001 0.002 0.003 0.003 0.003 0.002 0.001 0.001 0.003

Total 2.003 2.010 2.007 2.002 2.005 2.005 2.003 2.004 2.007 2.002
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A4.2. Chemical WDS analyses of xenotime overgrowths (cont.)

# 2 2 23 24 25 26 27 28 29 30 31

Mount m l m 2 ml ml ml m l m l m 2 m 2 m2

TS 12.08 12.09 1 2 . 1 1 1 2 . 1 1 1 2 . 1 1 1 2 . 1 1 1 2 . 1 1 1 2 . 1 2 1 2 . 1 2 1 2 . 1 2

Spot 6 . 1 2 . 1 1 . 1 1 . 1 1 . 1 2 . 1 3.1 5.1 5.1 5.1

W D S # 43 74 65 6 6 67 52 37 96 98 99

Oxide wt% 

M 2 O 3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.

SiOz 0.34 0 . 2 2 0.27 0.45 0.16 0 . 2 2 0.37 0.35 0.34 0.36

P3O 5 34.83 35.07 34.25 33.90 34.98 34.78 34.55 35.06 35.43 34.91

CaO 0.03 0.03 0.14 0.05 0 . 1 0 0 . 0 2 0.06 0.08 0 . 1 0 0.03

FeO 0.26 0 . 1 2 0 . 0 1 b.d. b.d. 0.03 0 . 0 2 0.17 0.06 0.08

Y 2O 3 42.76 41.00 39.20 38.27 41.34 43.89 42.55 42.72 42.29 42.06

ZrOj b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.

SmjOj 0.55 0.79 0 . 8 8 1.49 0.78 0.32 0.41 0.42 0.63 0.50

EU2O3 0.40 0.50 0.49 0.81 0.43 0.26 0.31 0.32 0.43 0.32

GdjOj 5.84 6.96 7.26 8.95 6 . 8 8 4.21 4.84 5.47 5.42 5.42

TbjOj 1.19 1.34 1.45 1.64 1.40 0.99 1.17 1 . 2 2 1.17 1.09

Dy^Os 7.30 7.62 7.84 8.40 7.79 7.00 7.40 7.47 7.63 7.03

H0 2 O3 1.29 1 . 2 0 1.29 1.27 1.25 1.29 1.33 1.23 1.33 1.30

ErzOj 3.34 3.23 3.04 2.74 3.17 3.74 3.33 3.23 3.30 3.61

Tm20i 0.45 0.48 0.43 0.41 0.48 0.53 0.45 0.42 0.41 0.50
Yb2 C) 3 1.98 1 . 8 8 2 . 0 0 1.55 1.95 2.65 2 . 2 0 1 . 8 6 1.80 2.52

LU2 O 3 0.25 0.26 0.25 0 . 2 1 0.25 0.38 0.27 0.28 0.19 0.34

ThOj 0.34 0.38 0.85 0.49 0.50 0.28 0.30 0.49 0.54 0.36

UO2 0.08 0.13 0.25 0.36 0.16 0.23 0.19 0.24 0.13 0 . 2 0

Total 101.23 1 0 1 . 2 1 99.90 100.99 101.62 100.82 99.75 101.03 1 0 1 . 2 0 100.63

Cations per formula unit (based

A1 -  -

on 4 oxygen atoms)

Si 0 . 0 1 1 0.007 0.009 0.015 0.005 0.007 0 . 0 1 2 0 . 0 1 2 0 . 0 1 1 0 . 0 1 2

P 0.984 0.994 0.991 0.981 0.991 0.984 0.986 0.988 0.994 0.990

Ca 0 . 0 0 1 0 . 0 0 1 0.005 0 . 0 0 2 0.004 0 . 0 0 1 0 . 0 0 2 0.003 0.004 0 . 0 0 1

Fe 0.007 0.003 - - - 0 . 0 0 1 0 . 0 0 1 0.005 0 . 0 0 2 0 . 0 0 2

Y 0.759 0.730 0.713 0.696 0.736 0.781 0.764 0.757 0.746 0.750

Zr - - - - - - - - - -

Sm 0.006 0.009 0 . 0 1 0 0.018 0.009 0.004 0.005 0.005 0.007 0.006

Eu 0.005 0.006 0.006 0.009 0.005 0.003 0.004 0.004 0.005 0 .004

Gd 0.065 0.077 0.082 0 . 1 0 1 0.076 0.047 0.054 0.060 0.060 0 .060

Tb 0.013 0.015 0.016 0.018 0.015 0 . 0 1 1 0.013 0.013 0.013 0 . 0 1 2

Dy 0.078 0.082 0.086 0.092 0.084 0.075 0.080 0.080 0.081 0.076

Ho 0.014 0.013 0.014 0.014 0.013 0.014 0.014 0.013 0.014 0.014

Er 0.035 0.034 0.033 0.029 0.033 0.039 0.035 0.034 0.034 0.038

Tm 0.005 0.005 0.005 0.004 0.005 0.006 0.005 0.004 0.004 0.005

Yb 0 . 0 2 0 0.019 0 . 0 2 1 0.016 0 . 0 2 0 0.027 0.023 0.019 0.018 0.026

Lu 0.003 0.003 0.003 0 . 0 0 2 0.003 0.004 0.003 0.003 0 . 0 0 2 0.003

Th 0.003 0.003 0.007 0.004 0.004 0 . 0 0 2 0 . 0 0 2 0.004 0.004 0.003

U 0 . 0 0 1 0 . 0 0 1 0 . 0 0 2 0.003 0 . 0 0 1 0 . 0 0 2 0 . 0 0 1 0 . 0 0 2 0 . 0 0 1 0 . 0 0 1

Total 2.009 2 . 0 0 2 2 . 0 0 2 2.006 2.004 2.007 2.005 2.005 2 . 0 0 0 2.003
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A4.2. Chemical WDS analyses of xenotime overgrowths (cont.)

# 32 33 34 35 36 37 38 39 40

M ount m2 m2 m l m l m l m l m l m l m2

TS 5.03 5.03 8.04 8.04 27.03 27.04 27 .06 27 .07 27 .08

Spot 6.1 6.1 3.1 3.2 1.1 27.1 7.1 2.1 9.1

W D S # 92 93 55 56 49 48 42 41 90

O xide wt%

AI2O 3 b.d. b.d. b.d. 0 . 0 1 b.d. b.d. b.d. b.d. b.d.

SiO j 0.70 0.77 0.54 0.62 0.95 0.46 0.53 0.27 0.23

P2O 5 34 .76 36 .08 34 .54 34.17 33.53 34.13 35.31 34 .78 34.88

CaO 0.05 0 .09 0.07 0.09 0.32 0.13 0.04 0.02 0.06

FeO 0.15 0.24 0 .07 0.18 b.d. 0.02 0.03 0 .07 0.19

Y 2O 3 41 .09 43 .54 42.45 40 .87 40.13 39.77 42.95 40.61 42.05

ZrOj b.d. b.d. b.d. b.d. 0.31 b.d. b.d. b.d. b.d.

Sm203 0.89 0.82 1.18 1.24 0.88 1.08 0.37 0.56 0.71

EU2O 3 0.78 0.74 0.57 0.37 0.53 0.45 0.27 0.35 0.43

G d2 0 3 7.27 6.52 5.60 6.37 4.11 7.22 4.22 5.86 5.55

TbjOj 1.35 1.18 1.05 1.22 1.01 1.39 0.99 1.14 1.14

Dy203 7.84 7.11 6.83 7.28 7.32 7.80 6.92 7.10 7.54

H0 2 O 3 1.20 1.30 1.19 1.16 1.32 1.27 1.34 1.30 1.36

Er203 2.87 3.10 2.93 3.06 3.39 3.16 3.65 3.47 3.42

T m 2 0 3 0.38 0.43 0.37 0.41 0.45 0.45 0.49 0.52 0.48

Yb203 1.36 1.70 1.55 1.74 2.21 2.01 2.45 2.53 2.12

LU2O 3 0.16 0.22 0.23 0.25 0.29 0.25 0.30 0.36 0.26

T hO , 0.24 0.97 0.08 0.06 0.42 1.20 0.66 0.39 0.45

U O 2 0.02 0.09 0.22 0.18 0.20 0.26 0.38 0.24 0.12

Total 101.11 104.90 99 .47  99 .28  

Cations per formula unit (based on 4 oxygen atom s)

97 .37 101.05 100.90 99 .57 100.99

Al - - - - - - - - -

Si 0.023 0.025 0.018 0.021 0.033 0.016 0.018 0 .009 0.008

P 0.983 0.980 0.985 0.983 0 .977 0.980 0 .990 0.997 0.989

Ca 0.002 0.003 0.003 0.003 0.012 0.005 0.001 0.001 0.002

Fe 0 .004 0.006 0.002 0.005 - 0.001 0.001 0.002 0.005

Y 0.730 0.743 0.761 0.739 0.735 0.718 0.757 0.732 0.749

Zr - - - - 0.005 - - - -

Sm 0.010 0.009 0 .014 0.015 0.010 0.013 0.004 0 .007 0.008

Eu 0.009 0.008 0 .007 0 .004 0.006 0.005 0.003 0 .004 0.005

Gd 0.080 0.069 0.063 0.072 0.047 0.081 0.046 0 .066 0.062

Tb 0.015 0.012 0.012 0.014 0.011 0.015 0.011 0.013 0.013

Dy 0.084 0.074 0 .074 0 .080 0.081 0.085 0.074 0 .077 0.081

Ho 0.013 0.013 0.013 0.013 0 .014 0.014 0.014 0 .014 0.014

Er 0.030 0.031 0.031 0.033 0 .037 0.034 0.038 0 .037 0.036

Tm 0.004 0.004 0 .004 0.004 0.005 0.005 0.005 0.005 0.005

Yb 0.014 0 .017 0 .016 0.018 0.023 0.021 0.025 0 .026 0.022

Lu 0.002 0.002 0.002 0.003 0.003 0.003 0.003 0 .004 0.003

Th 0.002 0.007 0.001 - 0.003 0.009 0.005 0.003 0.003

U - 0.001 0 .002 0.001 0.002 0.002 0.003 0.002 0.001

Total 2.005 2.006 2.005 2 .007 2.005 2.006 1.999 1.998 2.006



A4.2. Chemical WDS analyses of xenotime overgrowths (cont.)

# 41 42 43 44 45 46 47 48 49

Mount m2 m2 m2 m2 m2 m2 m2 m2 ml
TS 27.08 27.08 27.08 27.08 27.08 27.09 27.09 50.05 80.03
Spot 25.1 26.1 26.2 G.l G.2 7.1 7.1 2.1 4.1
W D S# 73 71 72 102 101 69 70 75 47

Oxide wt% 

AI2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.06 b.d.

SiOs 0.27 0.50 0.33 0.35 0.20 0.28 1.19 3.70 0.47

P2O5 35.44 33.68 34.42 34.59 34.86 34.81 33.05 32.74 33.52
CaO 0.12 0.23 0.03 0.10 0.04 0.09 0.23 0.47 0.22

FeO 0.11 0.13 0.14 0.23 0.06 0.08 0.13 0.66 0.05

Y2O3 40.54 36.53 40.17 39.09 40.45 42.02 35.64 39.87 36.01

ZrOj b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d.
Sm203 0.99 1.47 0.90 1.07 0.76 0.63 1.35 0.56 1.54
EU2O3 0.48 0.55 0.65 0.70 0.59 0.44 0.77 0.35 0.77
Gd203 6.86 9.08 7.60 8.10 7.65 5.54 8.65 3.55 9.62

'l'b203 1.31 1.62 1.29 1.38 1.31 1.18 1.55 0.88 1.79
7.73 8.33 7.37 7.70 7.35 7.29 8.36 6.50 8.48

X 0 0 1.32 1.25 1.28 1.27 1.22 1.25 1.24 1.24 1.20

Er203 3.06 2.70 3.21 3.12 3.25 3.31 2.69 3.35 2.62
1 m2()3 0.43 0.42 0.44 0.41 0.46 0.46 0.39 0.42 0.39
Yb2C)3 1.95 1.62 1.92 1.81 1.93 2.22 1.50 2.14 1.47
LU2O3 0.19 0.22 0.24 0.23 0.24 0.30 0.18 0.28 0.18
ThO: 1.05 2.21 0.33 1.19 0.44 0.71 2.99 1.18 1.71

UO2 0.14 0.37 0.09 0.10 0.06 0.15 0.49 0.12 0.31
Total 101.99 100.91 100.41 101.44 100.87 100.76 100.40 98.09 100.35
Cations per formula unit (based on 4 oxygen atoms)

Al _  _  _  _ 0.002
Si 0.009 0.017 0.011 0.012 0.007 0.009 0.041 0.124 0.016
P 0.996 0.981 0.988 0.988 0.994 0.988 0.967 0.927 0.983
Ca 0.004 0.008 0.001 0.004 0.001 0.003 0.009 0.017 0.008
Fe 0.003 0.004 0.004 0.006 0.002 0.002 0.004 0.018 0.001
Y 0.716 0.669 0.725 0.702 0.725 0.750 0.656 0.710 0.664
Zr - - - - - - - - -

Sm 0.011 0.017 0.011 0.012 0.009 0.007 0.016 0.006 0.018
Eu 0.005 0.006 0.008 0.008 0.007 0.005 0.009 0.004 0.009
Gd 0.076 0.104 0.085 0.091 0.085 0.062 0.099 0.039 0.110
rb 0.014 0.018 0.014 0.015 0.014 0.013 0.018 0.010 0.020
Dy 0.083 0.092 0.080 0.084 0.080 0.079 0.093 0.070 0.095
Ho 0.014 0.014 0.014 0.014 0.013 0.013 0.014 0.013 0.013
Er 0.032 0.029 0.034 0.033 0.034 0.035 0.029 0.035 0.028
Tm 0.004 0.005 0.005 0.004 0.005 0.005 0.004 0.004 0.004
Yb 0.020 0.017 0.020 0.019 0.020 0.023 0.016 0.022 0.016
Lu 0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.003 0.002

Th 0.008 0.017 0.003 0.009 0.003 0.005 0.024 0.009 0.013
U 0.001 0.003 0.001 0.001 - 0.001 0.004 0.001 0.002
Total 1.999 2.004 2.005 2.004 2.002 2.004 2.003 2.016 2.004
b.d. -  below detection limit
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A4.3. Correlation of the SIMS and WDS analytical spot IDs

SIMS ID Locality Biozone Sample ID Thin section ID WDS ID

32 Foohagh Point R2 12 12.09 74

33 Hag's Head R1 27 27.08 73

34 Foohagh Point R2 12 12.05 81, 82

35 Foohagh Point R2 12 12.05 81, 82

36 Foohagh Point R2 12 12.05 76, 77

37 Foohagh Point R2 12 12.05 76, 77

51 Foohagh Point R2 12 12.05 84

57 Cloghauninchy R2 88 88.05 116

58 Foohagh Point R2 12 12.04 95

59 Foohagh Point R2 12 12.12 96, 98, 99

60 Foohagh Point R2 12 12.12 96, 98, 99

61 Foohagh Point R2 12 12.04 87, 89

62 Foohagh Point R2 12 12.04 87, 89

63 Foohagh Point R2 12 12.05 85, 86

64 Hag's Head R1 27 27.08 101, 102

76 Hag's Head R1 27 27.06 42

77 Foohagh Point R2 12 12.08 43

83 Foohagh Point R2 12 12.11 65, 66, 67

84 Foohagh Point R2 12 12.07 41

85 C loghauninchy R2 88 88.03 59

86 C loghauninchy R2 88 88.05 54

87 Cloghauninchy R2 88 88.05 53

88 C loghauninchy R2 88 88.06 46

89 Foohagh Point R2 12 12.11 52

109 Trusklieve R1 8 8.04 55, 56

110 C loghauninchy R2 88 88.07 38

116 C loghauninchy R2 88 88.05 40

117 Hag's Head R1 27 27.04 48

118 C loghauninchy R2 88 88.05 45

119 D enshaw R2 80 80.03 47

120 Foohagh Point R2 12 12.11 37

124 Foohagh Point R2 12 12.11 52

125 C loghauninchy R2 88 88.06 46

152 Hag's Head R1 27 27.08 72
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Appendix A5.1. Common lead correction procedures

In geochronology', an analyst is prim arily interested in radiogenic lead isotopes 

(com entionally  denoted by *): “°^Pb*, ^°*Pb* accum ulated from in situ decay o f  U and

Th in the xenotnTie. However, the SIM S analysis o f  the sputtered area contains an adm ixture 

o f  radiogenic Pb and so called “com m on Pb” derived from tw o other sources:

•  contam inating Pb burned o ff  from the m ount surface and the gold coat

•  non-radiogenic initial Pb incorporated in the xenotim e.

All m easures w ere taken to keep the surface com m on Pb at m inim um  levels by:

•  careful removal o f  EPM A carbon coating

•  thorough cleaning the m ount surface prior to gold sputtering

•  ensuring the gold m aterial is clean

•  careful clean handling o f  the gold-coated m ount using clean gloves

•  pre-sputtering to rem ove the coating before starting analysis.

Com m on Pb incorporated in the structure o f  xenotim e cannot be avoided. Due to the porous 

structure and small size o f  the xenotim e overgrow ths it was often im possible to avoid these 

areas o f  potentially high levels o f  com m on Pb.

Two different com m on Pb correction m ethods were applied (but never at the sam e time, so 

that no data point was corrected tw ice for the com m on Pb). The ‘“''Pb correction m ethod was 

applied to facilitate the selection o f  reliable coherent populations o f  analyses that would form 

the basis o f  w eighted-average calculated ages o f  the dated horizons. The selection w as 

perform ed on the Tera-W asserburg plots o f  the ^°‘*Pb-corrected data. Then, relevant isotopic 

ratios o f  the selected analyses, uncorrected for com m on Pb, w ere processed through the “°^Pb 

com m on Pb correction method. The “°*Pb/^^*U ages calculated from these corrected ratios 

form ed the basis for calculating the w eighted average ^°^Pb-corrected ages.

The same com m on Pb correction procedures were applied to the pow er law calibrated and 

m atrix corrected ratios. The final w eighted average "°^Pb-corrected ages, w hich w ere also 

corrected for m atrix effects, arc considered m ost reliable in this thesis.
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*̂’̂ Pb-correction procedure

The equations presented here are considered standard in geochronology and have been 

sourced from the work of Claoue-Long (1994).

1. Decide on the common Pb composition. Here, the present-day Stacey and Kramers 
(1975) common Pb composition was chosen with the values representing the 
presumed xenotime overgrowth crystallization age of 300 Ma: ^°^Pb/“°''Pb = 18.236, 
207pb/204pb = j5^^03 and °̂’Pb/^“ Pb = 0.8556.

2. Calculate the fraction of common Pb:

where c denotes the assumed common Pb composition, and m denotes the measured ratio.

Eq. A5.1

3. Calculate the radiogenic ratio:

Eq. A5.2

4. Calculate the radiogenic ^°'^Pb*/-°*Pb* ratio:

Eq. A5.3

5. Calculate the radiogenic °̂’Pb*/^^^U ratio:

2 0 7 p ^ . 2 0 7 p ^ *  Z S S y

2 3 5  ̂  2 3 8  y ■̂7̂7----- * Eq.A5.42 0 6 p ^ *  2 3 5 y  T

where the ratio is a constant calculated from the abundances of these two isotopes

and equals 137.88.
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207Pb-correction procedure

T his m ethod is based on the assum ption that the U-Pb system  in the analysed sam ple is 

concordant and that any excess "°’Pb can be attributed to the assum ed com m on Pb 

com ponent. The equations presented below are sources from the w ork o f  Chew et al. (2011). 

The fraction o f  com m on “°*Pb is calculated as follows:

'=PbJ

f  — /207pu\ /207pu,\ Eq. A5.5

'y(\'7 ‘JOft
The '  Pb*/“ Pb* is an expected ratio o f  the radiogenic Pb isotopes calculated from the 

constant ratio o f  and an estim ated age (t) o f  the sam ple by:

^ P b *  _
( e ' * 2 3 8 t  — i )

Eq. A5.6

The radiogenic ■°*Pb*/“^*U ratios are then calculated from Eq. A5.2. W illiam s (1998) proved 

that this correction is relatively insensitive to small errors in the estim ated age. The assum ed 

age in this work was then arbitrarily chosen as t = 300 M a for xenotim e overgrow ths. When 

the concordance o f  the data is not considered an inevitable condition, this m ethod allow s to
^06 ”̂38estim ate the radiogenic ■ Pb*/" U ages with the highest accuracy.
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Table A5.2. Raw and calibrated (using Stern and Amelin (2003) method) SIMS isotopic data for the reference xenotimes

Session

SR
M

M
ount

SIM
S 

ID

o
o^

T 3
a -

c”+

(raw)

o’
g

o
O'

■ 0
O '

C_
O'o

1J

(raw)
1-SX BS-1 3 7 0.2071 4.06 0.0708
1-SX BS-1 3 8 0.1970 3.21 0.0719
1-SX BS-1 3 13 0.1971 3.00 0.0689
1-SX BS-1 3 14 0.1873 3.28 0.0710
1-SX BS-1 3 19 0.1933 4.64 0.0708
1-SX BS-1 3 20 0.1841 5.74 0.0706
1-SX BS-1 3 27 0.4795 1.95 0.0903
1-SX BS-1 3 28 0.3151 3.29 0.0710
2-SX BS-1 2 40 0.4518 3.25 0.0880
2-SX BS-1 2 41 0.4785 2.89 0.0909
3-SX BS-1 2 54 0.4976 1.59 0.0952
3-SX BS-1 2 55 0.3465 4.32 0.0784
3-SX BS-1 2 69 0.4498 1.23 0.0931
3-SX BS-1 2 70 0.3515 4.64 0.0819
4-SX BS-1 1 80 0.5214 1.53 0.0936
4-SX BS-1 1 81 0.5335 1.55 0.0968
4-SX BS-1 1 98 0.5456 1.98 0.0915
4-SX BS-1 1 99 0.6302 1.48 0.0963
4-SX BS-1 1 104 0.5602 1.49 0.0950
4-SX BS-1 1 105 0.5196 1.94 0.0942
5-SX BS-1 1 113 0.5158 2.38 0.0933
5-SX BS-1 1 114 0.5340 1.51 0.0912
5-SX BS-1 1 129 0.4310 1.38 0.0825
5-SX BS-1 1 130 0.5527 1.56 0.0909

00 00

MG-1 (calibrated) [Ma]

4.67 0.0676 2.17 0.0827 5.15 512.3 52.7
3.63 0.0676 2.17 0.0839 4.23 519.5 43.9
3.40 0.0676 2.17 0.0805 4.03 499.0 40.3
3.76 0.0676 2.17 0.0830 4.34 513.9 44.6
5.25 0.0676 2.17 0.0828 5.68 512.5 58.2
6.41 0.0676 2.17 0.0825 6.77 510.9 69.1
2.24 0.0676 2.17 0.1055 3.13 646.3 40.4
4.66 0.0676 2.17 0.0829 5.14 513.6 52.8
3.86 0.0871 1.61 0.0798 4.18 495.0 41.4
3.18 0.0871 1.61 0.0824 3.56 510.5 36.3
1.94 0.0856 1.03 0.0878 2.19 542.7 23.8
5.17 0.0856 1.03 0.0723 5.27 450.2 47.5
1.63 0.0856 1.03 0.0859 1.93 531.0 20.5
5.16 0.0856 1.03 0.0756 5.26 469.5 49.4
1.97 0.0860 0.67 0.0860 2.08 531.8 22.1
2.05 0.0860 0.67 0.0889 2.15 549.3 23.7
2.39 0.0860 0.67 0.0840 2.48 520.2 25.8
1.83 0.0860 0.67 0.0885 1.95 546.7 21.3
1.81 0.0860 0.67 0.0872 1.93 539.1 20.8
2.41 0.0860 0.67 0.0865 2.50 535.0 26.8
2.90 0.0846 0.75 0.0870 3.00 537.9 32.2
2.03 0.0846 0.75 0.0851 2.16 526.5 22.7
1.72 0.0846 0.75 0.0770 1.88 478.0 18.0
2.05 0.0846 0.75 0.0848 2.18 524.8 22.9



1
±
3
3
3
3
3
3
3
3
3
3
3
2
2
2
2
1
1
J_
3
3
3
3
3
3
3

Table A5.2. (cont.)

; ID 2 0 6 p ^ y 3 8 ^ j+

(raw)

lo (% ) ‘06pb72^*U'^O2^

(raw)

lo (% ) 206p^,+ ^238y l6Q ^+

MG-1 average'

la (% ) 2 0 6 p b /2 3 8 ^

(calibrated)

la (% )

134 0.5259 2.82 0.0917 3.46 0.0846 0.75 0.0855 3.54
136 0.5318 1.48 0.0923 1.98 0.0846 0.75 0.0861 2.11

3 0.4108 1.73 0.1558 2.13 0.0676 2.17 0.1820 3.04
4 0.2327 0.85 0.1344 1.09 0.0676 2.17 0.1570 2.43
9 0.3631 2.23 0.1537 2.83 0.0676 2.17 0.1795 3.57

10 0.4467 1.11 0.1576 1.45 0.0676 2.17 0.1841 2.61
15 0.3697 1.76 0.1494 2.07 0.0676 2.17 0.1745 3.01
16 0.7143 0.92 0.1813 1.14 0.0676 2.17 0.2118 2.46
21 0.5340 1.88 0.1619 2.26 0.0676 2.17 0.1892 3.14
22 0.4867 1.71 0.1595 1.99 0.0676 2.17 0.1863 2.95
23 0.5708 3.47 0.1679 3.95 0.0676 2.17 0.1961 4.51
24 0.3838 6.69 0.1400 7.84 0.0676 2.17 0.1636 8.13
29 0.5598 5.47 0.1781 6.33 0.0676 2.17 0.2080 6.69
44 1.1224 1.15 0.2189 1.43 0.0871 1.61 0.1985 2.15
45 1.1632 0.94 0.2219 1.15 0.0871 1.61 0.2012 1.98
67 0.7653 5.47 0.1990 6.60 0.0856 1.03 0.1836 6.68
68 1.0085 0.89 0.1956 1.22 0.0856 1.03 0.1805 1.60

100 1.3899 1.03 0.2273 1.37 0.0860 0.67 0.2089 1.52
101 1.2505 0.79 0.2197 1.64 0.0860 0.67 0.2018 1.77
135 1.5875 0.30 0.2241 0.64 0.0846 0.75 0.2092 0.98

5 0.1919 1.91 0.0644 2.46 0.0676 2.17 0.0752 3.29
6 0.2673 2.12 0.0705 2.58 0.0676 2.17 0.0823 3.38

11 0.2509 1.95 0.0703 2.30 0.0676 2.17 0.0821 3.17
12 0.2224 1.59 0.0666 2.19 0.0676 2.17 0.0778 3.08
17 0.1940 2.06 0.0637 2.49 0.0676 2.17 0.0744 3.31
18 0.2714 1.63 0.0722 1.99 0.0676 2.17 0.0844 2.95
25 0.1797 2.81 0.0636 3.22 0.0676 2.17 0.0743 3.89
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session SRM Mount SIMS ID 2 0 6 p b + /2 3 8 u +

(raw)
la (% )

Table A5.2.

2 0 6 p b + / 2 3 8 ^ l 6 o ^ +

(raw)

(cont.)

la (% )

1-SX MG-1 3 26 0.2129 3.47 0.0690 4.14
2-SX MG-1 2 30 0.1905 3.60 0.0640 4.13
2-SX MG-1 2 31 0.3828 0.92 0.0832 1.22
2-SX MG-1 2 38 0.4546 1.92 0.0883 2.46
2-SX MG-1 2 39 0.3794 2.70 0.0817 3.08
2-SX MG-1 2 42 0.4787 1.04 0.0893 1.18
2-SX MG-1 2 43 0.5169 0.91 0.0902 1.30
2-SX MG-1 2 46 0.4145 1.81 0.0866 2.06
2-SX MG-1 2 47 0.4370 1.13 0.0877 1.33
3-SX MG-1 2 48 0.3857 1.68 0.0870 1.96
3-SX MG-1 2 49 0.3228 2.31 0.0786 2.53
3-SX MG-1 2 50 0.3962 1.32 0.0860 1.51
3-SX MG-1 2 52 0.4251 1.34 0.0864 1.66
3-SX MG-1 2 53 0.3995 1.29 0.0854 1.45
3-SX MG-1 2 56 0.3566 5.45 0.0819 6.12
3-SX MG-1 2 65 0.4436 2.35 0.0864 2.65
3-SX MG-1 2 66 0.4543 1.79 0.0834 2.50
3-SX MG-1 2 71 0.5442 0.82 0.0873 1.10
3-SX MG-1 2 72 0.3116 4.34 0.0786 4.93
4-SX MG-1 1 73 0.4517 1.19 0.0865 1.44
4-SX MG-1 1 74 0.4741 1.38 0.0895 1.68
4-SX MG-1 1 75 0.4432 1.04 0.0889 1.37
4-SX MG-1 1 78 0.4485 1.45 0.0852 1.72
4-SX MG-1 1 79 0.4275 1.09 0.0857 1.35
4-SX MG-1 1 82 0.4850 1.52 0.0900 1.76
4-SX MG-1 1 90 0.5248 1.10 0.0969 2.33
4-SX MG-1 1 91 0.4485 2.26 0.0832 2.62
4-SX MG-1 1 92 0.4237 2.56 0.0834 3.02

-“ P b7” *U'^02" lo (% ) la (% )  Age^
MG-1 average' (calibrated) [Ma]

2o (%)

0.0676 2.17 0.0806
0.0871 1.61 0.0580
0.0871 1.61 0.0754
0.0871 1.61 0.0801
0.0871 1.61 0.0741
0.0871 1.61 0.0810
0.0871 1.61 0.0818
0.0871 1.61 0.0785
0.0871 1.61 0.0795
0.0856 1.03 0.0803
0.0856 1.03 0.0725
0.0856 1.03 0.0793
0.0856 1.03 0.0797
0.0856 1.03 0.0788
0.0856 1.03 0.0755
0.0856 1.03 0.0797
0.0856 1.03 0.0769
0.0856 1.03 0.0805
0.0856 1.03 0.0725
0.0860 0.67 0.0795
0.0860 0.67 0.0823
0.0860 0.67 0.0816
0.0860 0.67 0.0783
0.0860 0.67 0.0787
0.0860 0.67 0.0827
0.0860 0.67 0.0890
0.0860 0.67 0.0764
0.0860 0.67 0.0766

4.67 499.4 46.7
4.44 363.5 32.2
2.02 468.6 18.9
2.94 496.5 29.2
3.47 460.6 32.0
1.99 501.8 20.0
2.06 506.6 20.9
2.62 487.0 25.5
2.08 493.3 20.6
2.21 497.7 22.0
2.73 451.2 24.7
1.83 492.0 18.0
1.95 494.2 19.3
1.78 489.1 17.4
6.21 469.5 58.3
2.85 494.3 28.1
2.71 477.7 25.9
1.51 499.3 15.1
5.04 451.0 45.5
1.59 492.9 15.7
1.81 509.6 18.4
1.52 506.0 15.4
1.85 485.7 17.9
1.51 488.5 14.7
1.88 512.1 19.3
2.42 549.6 26.6
2.71 474.9 25.7
3.09 476.1 29.4
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S ession SRM M ount SIM S ID 206pbV2^*U"
(raw)

Table A5.2. (cont.)

la (% )  -“'’PbV^^^U'^O;" lo ( % )  
(raw)

2 0 6 p jj^y 2 3 8 y l6 Q ^^

MG-1 average'
la (% ) 2 0 6 p b /2 3 8 y

(calibrated)
la (% ) A ge-

[M a]
2 a  (%)

4 -S X MG-1 1 93 0.4691 1.08 0 .0839 1.32 0 .0 8 6 0 0 .67 0 .0 7 7 0 1.48 47 8 .4 14.2

4 -S X MG-1 1 94 0 .5 3 8 8 0.86 0.0868 1.06 0 .0860 0 .67 0 .0798 1.26 494 .8 12.4
4-SX MG-1 1 95 0 .4365 3 .47 0 .0769 3.93 0 .0860 0 .67 0 .0706 3.99 43 9 .8 35.1
4-SX MG-1 1 96 0 .4 6 7 2 1.15 0 .0838 1.44 0 .0860 0 .67 0 .0 7 7 0 1.59 47 8 .0 15.2
4 -S X MG-1 1 97 0 .4446 3 .04 0 .0847 4.73 0 .0860 0 .67 0 .0778 4.78 48 3 .2 46 .2
4-SX MG-1 1 102 0 .4886 1.57 0.0853 1.90 0 .0860 0 .67 0 .0784 2.01 486 .3 19.6
4-SX MG-1 1 103 0 .4405 0.86 0.0850 0.99 0 .0 8 6 0 0 .67 0.0781 1.20 484 .8 11.6
5-SX MG-1 1 106 0 .4555 0.61 0 .0827 0.76 0 .0846 0.75 0 .0 7 7 2 1.07 47 9 .2 10.2

5 -S X MG-1 1 107 0 .4276 2.74 0 .0840 3.32 0 .0846 0.75 0 .0783 3.40 48 6 .2 33.1
5-SX MG-1 1 108 0 .4 6 8 7 1.11 0 .0850 1.23 0 .0846 0.75 0 .0793 1.44 492.1 14.1
5 -S X MG-1 1 111 0 .4 4 1 0 0.90 0 .0829 1.06 0 .0846 0.75 0 .0 7 7 4 1.30 480.5 12.5
5-SX MG-1 1 112 0.4861 0 .8 9 0 .0850 1.08 0 .0846 0.75 0 .0793 1.32 4 9 1 .9 12.9
5-SX MG-1 1 115 0 .4 8 9 0 3 .04 0 .0878 4.01 0 .0846 0.75 0 .0 8 2 0 4.08 50 7 .9 41 .4
5-SX MG-1 1 121 0 .4486 1.09 0 .0839 1.35 0 .0846 0.75 0 .0783 1.55 4 8 5 .7 15.0
5-SX MG-1 1 122 0 .4 2 7 9 1.90 0.0871 2.36 0 .0846 0.75 0 .0813 2.47 503 .8 24 .9
5 -S X MG-1 1 123 0 .4 9 8 7 1.37 0 .0820 1.79 0 .0846 0.75 0 .0765 1.94 47 5 .2 18.4

5-SX MG-1 1 126 0 .5 1 0 0 0.78 0.0863 1.03 0.0846 0.75 0 .0805 1.27 49 9 .2 12.7
5-SX MG-1 1 127 0 .4 0 8 4 1.37 0 .0807 1.62 0.0846 0 .75 0 .0753 1.78 468 .0 16.7
5-SX MG-1 1 128 0 .5 3 9 2 0.75 0.0895 1.04 0 .0846 0 .75 0 .0835 1.28 51 6 .9 13.2
5-SX MG-1 1 131 0 .5428 1.18 0.0893 1.35 0 .0846 0 .75 0 .0833 1.54 516.1 15.9
5 -S X MG-1 1 132 0 .4 5 9 7 1.85 0 .0852 2.45 0 .0846 0.75 0 .0795 2.57 493.1 25.3

5 -SX MG-1 1 133 0 .4 5 2 9 1.11 0 .0838 1.52 0 .0846 0.75 0 .0 7 8 2 1.70 4 8 5 .4 16.5
5 -SX MG-1 1 137 0 .5 0 0 7 0.85 0 .0836 1.03 0 .0846 0.75 0 .0780 1.27 484 .3 12.3
5 -SX MG-1 1 138 0 .4 9 2 8 1.87 0 .0874 2.48 0 .0846 0.75 0 .0815 2 .59 505 .3 26 .2

SRM  -  standard reference material -  xenotim e.
' Values calculated for each analytical session  as w eighted average o f  raw MG-1 ratios w ith relative uncertainties at l a  level.
2 206pjj^238y calculated from the calibrated ratio, w ithout com m on Pb or matrix corrections.
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Table A5.3. SIM S results for xenotimes BS-1 and Z6413 after power law Pb/U calibration (schem e A l) , not corrected for m atrix effects

SIM
S 

ID

e
-4

•V
c

c

SI

|% 1

u
oe

c

a

1% |

7>3-©
e
-4

■0

s
O'

SI

|% |

> § TO ^  n “  O'
Ut

r

|M a |

H-K>
a

|M a |

tw ^
« 5

r

IM al

H-NJ
SI

|M a |

> s

"0
O'

|M a |

H-

a

|M a |

>  o  3  

n " ,

fbQ.

|M a |

H-
a

[M aj

D
iscordancy 

sS

7 0.6739 8.71 0.0793 2.31 0.2654 0.0616 8.40 523.1 91,2 492,2 22.8 660,2 110,9 489,3 23,0 25
8 0.7620 8.75 0.0832 2.49 0.2851 0.0664 8.39 575.2 100,6 515,5 25,7 818,6 137,3 509,8 25,9 37

13 0.6253 8.84 0.0783 2.46 0.2786 0.0579 8.49 493.2 87,2 485,8 23,9 527,7 89,6 485,1 24,1 8
14 0.6649 9.99 0.0916 2.48 0.2481 0.0527 9.68 517.6 103,4 564,9 28,0 314,0 60,8 569,4 28,5 -80
19 0.6959 14.63 0.0844 3.19 0.2177 0.0598 14.28 536,3 157,0 522,4 33,3 596,0 170,3 521,1 34,3 12
20 0.6847 16.45 0.0954 2.79 0.1694 0.0521 16.21 529,6 174,2 587,1 32,7 288,8 93,6 592,6 34,5 -103
27 0.7046 5.99 0.0882 2.59 0.4324 0.0579 5.40 541,5 64,9 545.1 28,2 526,3 56,8 545,5 27,9 -4
28 0.4348 9.80 0.0571 2.98 0.3040 0.0552 9.33 366,6 71,8 357.8 21,3 422,2 78,8 357,1 21,4 15
40 0.6064 4.87 0.0758 2.31 0.4732 0.0580 4.29 481,3 46,9 470.8 21,7 531,6 45,7 469,9 21,4 11
41 0.5876 5.25 0.0761 2.31 0.4395 0.0560 4.72 469,4 49,3 472.9 21,8 452,3 42.7 473,2 21,6 -5
54 0.6779 5.07 0.0857 3.03 0.5974 0.0574 4.07 525,5 53.3 530.1 32,1 505,7 41,1 530,5 31,6 -5
55 0.4948 5.46 0.0646 3.15 0.5767 0.0555 4.46 408,1 44.6 403.8 25,4 432,8 38,6 403,4 25,1 7
69 0.7343 4.15 0.0876 2.99 0.7210 0.0608 2.87 559,1 46,4 541.5 32,4 631,5 36,3 539,8 31,6 14
70 0.5925 6.20 0.0742 3.10 0.5004 0.0579 5.36 472,5 58,6 461.2 28,6 527,6 56,6 460,2 28,2 13
80 0.6256 4.27 0.0847 2.60 0.6091 0.0535 3.38 493,4 42,1 524.4 27,2 351,7 23,8 527,2 26,9 -49
81 0.6739 4.05 0.0876 2.60 0.6417 0.0558 3.11 523,1 42,4 541.6 28,1 443,2 27.5 543,3 27.7 -22
98 0.7048 4.81 0.0845 2.61 0.5425 0.0605 4.04 541,7 52,1 523.1 27,3 620,6 50,2 521,3 26,8 16
99 0.6953 4.09 0.0873 2.60 0.6350 0.0578 3.16 536,0 43,8 539.3 28,0 521,9 33,0 539,6 27,5 -3

104 0.6522 4.60 0.0846 2.62 0.5694 0.0559 3.78 509,8 46,9 523.8 27,4 447,7 33,9 525,1 27,0 -17
105 0.6769 5.13 0.0854 2.62 0.5110 0.0575 4.41 524,9 53,9 528.2 27,7 510,5 45.0 528,5 27.3 -3
113 0.6700 4.59 0.0868 2.02 0.4393 0.0559 4.12 520,7 47,8 536.9 21,7 450,3 37,1 538,4 21,4 -19
114 0.7041 3.77 0.0889 2.02 0.5340 0.0574 3.19 541,3 40,9 549.1 22,1 508,4 32,4 549,8 21,8 -8
129 0.5733 4.10 0.0728 2.02 0.4920 0.0571 3.57 460,1 37,8 453.0 18,3 495,7 35,4 452,4 18,0 9



Table A5.3 (cont.)
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SIM
S 

ID

O
■8

c

a

|% |

f
•V

X
c

a

|% |

t :3"O
e

KJ

■0
O '

a

|% |

>  g 
o r e  ^

5
'Jt

|M a|

H-s>
a

|M a|

>  1 (TO ^

i
w
ae

|M a|

H-s>
a

|M a|

>  S
JQ

i
s

-0
O '

|M a|

H-s>
a

|M a|

ri ^1 

!?Q.

|M a|

tf
a

|M a|

D
iscordancy 

o?

BS-1 130 0.6623 4.80 0.0850 2.02 0.4211 0.0565 4.35 516.0 49.5 526.0 21.3 472.1 41.1 527.0 21.1 -11
134 0.6914 4.40 0.0845 2.22 0.5041 0.0593 3.80 533.6 47.0 522.9 23.2 579.9 44.1 521.9 22.8 10
136 0.6758 3.94 0.0843 2.02 0.5120 0.0582 3.39 524.3 41.3 521.6 21.1 535.8 36.3 521.4 20.7 3

Z6413 3 2.0981 2.28 0.2134 2.15 0.9419 0.0713 0.77 1148.2 52.4 1246.8 53.6 966.4 14.8 1264.0 52.7 -29
4 2.2889 2.56 0.2356 2.15 0.8384 0.0705 1.40 1208.9 61.9 1363.6 58.6 942.1 26.3 1393.2 58.5 -45
9 2.1606 2.34 0.2189 2.18 0.9300 0.0716 0.86 1168.4 54.7 1275.9 55.5 974.4 16.8 1295.2 54.8 -31

10 1.9681 2.27 0.1985 2.14 0.9437 0.0719 0.75 1104.6 50.2 1167.5 50.1 982.9 14.8 1177.8 49.0 -19
15 2.0891 2.29 0.2070 2.14 0.9369 0.0732 0.80 1145.2 52.4 1213.0 52.0 1019.0 16.3 1224.7 51.0 -19
16 1.8353 2.19 0.1835 2.14 0.9770 0.0725 0.47 1058.2 46.4 1086.1 46.6 1001.1 9.4 1090.4 45.3 -8
21 1.8486 2.36 0.1860 2.20 0.9289 0.0721 0.88 1062.9 50.3 1099.8 48.3 988.0 17.3 1105.6 47.1 -11
22 1.8624 2.31 0.1893 2.15 0.9308 0.0714 0.84 1067.8 49.2 1117.4 48.0 968.1 16.3 1125.2 46.8 -15
23 2.0775 2.58 0.2068 2.28 0.8813 0.0728 1.22 1141.4 59.0 1211.9 55.2 1009.7 24.6 1224.0 54.1 -20
24 2.0187 3.07 0.1990 2.18 0.7104 0.0736 2.16 1121.8 69.0 1170.1 51.1 1029.5 44.5 1178.1 50.1 -14
29 2.2574 2.79 0.2222 2.20 0.7880 0.0737 1.72 1199.1 67.0 1293.6 57.0 1032.6 35.5 1310.9 56.3 -25
44 1.9091 2.29 0.1928 2.23 0.9714 0.0718 0.54 1084.3 49.7 1136.4 50.6 980.9 10.7 1144.8 49.4 -16
45 1.9088 2.26 0.1904 2.23 0.9859 0.0727 0.38 1084.2 49.1 1123.8 50.2 1005.5 7.6 1130.1 48.9 -12
67 1.8089 4.02 0.1790 3.71 0.9216 0.0733 1.56 1048.7 84.4 1061.7 78.7 1021.6 31.9 1063.7 76.4 -4
68 1.7555 3.10 0.1768 2.96 0.9532 0.0720 0.94 1029.2 63.9 1049.4 62.1 986.6 18.5 1052.4 60.3 -6

100 2.0520 2.63 0.2062 2.61 0.9944 0.0722 0.28 1133.0 59.5 1208.7 63.2 990.5 5.5 1221.6 61.9 -22
101 1.9513 2.63 0.1949 2.61 0.9895 0.0726 0.38 1098.9 57.9 1148.0 59.9 1002.9 7.6 1156.0 58.4 -14
135 2.0831 2.06 0.2087 2.04 0.9927 0.0724 0.25 1143.3 47.1 1221.7 50.0 997.4 5.0 1235.2 49.0 -22

Isotopic ratios calibrated for Pb-U discrimination effect using the power law method ( ''UO/” *U vs. "“ Pb/-^*U).
(Err “̂ Pb/^^*U)^ ■ (Err ‘̂”Pb/-°®Pb)^] /  [2 * (Err “̂’Pb/^” U) ♦ (Err "“ Pb/^^*U)]. Discordancy = (t[^°’P b /- '^ b ]  - 1[̂

Rho - error correlation calculated as: [(Err “°^Pb/^^^U)^ ■ 
*U]) / t[^“W °® P b ]) ♦ 100%.
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Table ASA SIMS results for xenotimes BS-1 and Z6413 after power law Pb/U calibration (scheme A2), not corrected for m atrix  effects
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“
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|Ma|

D
iscordancy 

^

7 0.7441 8.65 0.0876 2.08 0.2404 0.0616 8.40 564.8 97.8 541.4 22.5 660.2 110.9 539.1 23.0 18
8 0.8350 8.64 0.0912 2.07 0.2399 0.0664 8.39 616.4 106.5 562.7 23.3 818.6 137.3 557.4 23.9 31
13 0.6872 8.73 0.0860 2.05 0.2350 0.0579 8.49 531.1 92.8 531.9 21.8 527.7 89.6 532.0 22.3 -0.8
14 0.6652 9.89 0.0916 2.03 0.2055 0.0527 9.68 517.8 102.4 565.1 23.0 314.0 60.8 569.6 23.7 -80
19 0.7430 14.46 0.0901 2.24 0.1551 0.0598 14.28 564.2 163.1 556.3 25.0 596.0 170.3 555.5 27.1 7
20 0.6567 16.41 0.0915 2.59 0.1575 0.0521 16.21 512.6 168.3 564.1 29.2 288.8 93.6 569.0 31.1 -95
27 0.7024 5.74 0.0880 1.94 0.3374 0.0579 5.40 540.3 62.0 543.6 21.0 526.3 56.8 543.9 21.0 -3
28 0.5663 9.62 0.0743 2.32 0.2416 0.0552 9.33 455.6 87.6 462.2 21.5 422.2 78.8 462.8 21.9 -9
40 0.6381 4.89 0.0797 2.33 0.4775 0.0580 4.29 501.1 49.0 494.5 23.1 531.6 45.7 493.9 22.8 7
41 0.6277 5.34 0.0813 2.50 0.4681 0.0560 4.72 494.7 52.8 503.9 25.2 452.3 42.7 504.7 24.9 -11
54 0.6936 5.18 0.0877 3.21 0.6190 0.0574 4.07 534.9 55.4 541.8 34.8 505.7 41.1 542.5 34.1 -7
55 0.5668 5.58 0.0741 3.36 0.6010 0.0555 4.46 455.9 50.9 460.5 30.9 432.8 38.6 460.9 30.4 -6
69 0.7268 4.29 0.0867 3.19 0.7431 0.0608 2.87 554.7 47.6 536.1 34.2 631.5 36.3 534.4 33.4 15
70 0.6207 6.57 0.0777 3.79 0.5771 0.0579 5.36 490.3 64.4 482.3 36.6 527.6 56.6 481.6 35.9 9
80 0.6357 4.42 0.0861 2.84 0.6433 0.0535 3.38 499.6 44.2 532.5 30.3 351.7 23.8 535.6 29.8 -51
81 0.6853 4.21 0.0891 2.84 0.6745 0.0558 3.11 530.0 44.6 550.4 31.2 443.2 27.5 552.3 30.7 -24
98 0.6994 4.97 0.0839 2.89 0.5817 0.0605 4.04 538.5 53.5 519.3 30,0 620.6 50.2 517.5 29.4 16
99 0.7007 4.26 0.0879 2.86 0.6706 0.0578 3.16 539.2 45.9 543.3 31.0 521.9 33.0 543.7 30.4 -4
104 0.6712 4.74 0.0871 2.86 0.6038 0.0559 3.78 521.4 49.5 538.4 30.8 447.7 33.9 540.0 30.3 -20
105 0.6873 5.26 0.0867 2.87 0.5450 0.0575 4.41 531.2 55.9 536.0 30.7 510.5 45.0 536.5 30.3 -5
113 0.6772 4.93 0.0878 2.70 0.5475 0.0559 4.12 525.1 51.8 542.4 29.3 450.3 37.1 544.1 28.8 -20
114 0.6684 4.18 0.0844 2.70 0.6461 0.0574 3.19 519.7 43.5 522.3 28.2 508.4 32.4 522.5 27.7 -2.7
129 0.6219 4.47 0.0790 2.69 0.6017 0.0571 3.57 491.0 43.9 490.0 26.4 495.7 35.4 489.9 25.9 1.15



Table A5.4 (cont.)

l% l |% | |% | |M a | |IV1a| |M a | |IV1a| |IMa| |IV1a| IMal IMal |% |

130 0.6478 5.12 0.0832 2.70 0.5265 0.0565 4.35 507.1 51.9 514.9 27.8 472.1 41.1 515.7 27.4 -9
134 0.6983 4.66 0.0853 2.70 0.5792 0.0593 3.80 537.8 50.1 527.9 28.5 579.9 44.1 526,9 28.0 9
136 0.6882 4.33 0.0858 2.70 0.6234 0.0582 3.39 531.7 46.1 530,7 28.7 535.8 36.3 530,6 28.1 0.95
3 1.9750 2.05 0.2009 1.90 0.9274 0.0713 0.77 1107.0 45.3 1179,9 44.8 966.4 14.8 1192,0 43.9 -22
4 1.9932 2.36 0.2051 1.90 0.8060 0.0705 1.40 1113.2 52.5 1202.8 45.7 942.1 26.3 1217.9 45.0 -28
9 2.0436 2.10 0.2070 1.91 0.9119 0.0716 0.86 1130.2 47.4 1213.0 46.4 974.4 16.8 1227.1 45.5 -24
10 1.9569 2.05 0.1974 1.91 0.9303 0.0719 0.75 1100.8 45.1 1161.4 44.3 982.9 14.8 1171.3 43.3 -18
15 1.9932 2.07 0.1975 1.91 0.9224 0.0732 0.80 1113.2 46.1 1162.1 44.4 1019.0 16.3 1170.1 43.4 -14
16 1.9850 1.96 0.1991 1.90 0.9710 0.0725 0.47 1110.4 43,5 1170.3 44.4 1001.1 9.4 1179.9 43.4 -17
21 1.8976 2.09 0.1910 1.90 0.9085 0.0721 0.88 1080.3 45.2 1126.5 42.9 988.0 17.3 1133.9 41.8 -14
22 1.9087 2.10 0.1940 1.92 0.9156 0.0714 0.84 1084.1 45.4 1142.8 43.8 968 1 16.3 1152.2 42.9 -18
23 1.9642 2.40 0.1956 2.06 0.8606 0.0728 1.22 1103.3 52.9 1151.4 47.5 1009.7 24.6 1159.2 46.4 -14
24 1.8033 3.04 0.1778 2.14 0.7026 0.0736 2.16 1046.7 63.6 1054.9 45.1 1029.5 44.5 1056.2 43.9 -2.5
29 2.1748 2.76 0.2141 2.16 0.7823 0.0737 1.72 1173.0 64.8 1250.6 54.0 1032.6 35.5 1264.3 53.2 -21
44 1.9645 2.40 0.1984 2.33 0.9739 0.0718 0.54 1103.4 52.9 1166.6 54.5 980.9 10.7 1176.9 53.3 -19
45 1.9934 2.36 0.1989 2.33 0.9870 0.0727 0.38 1113.3 52.6 1169.3 54.5 1005.5 7.6 1178.6 53.2 -16
67 1.9387 3.75 0.1919 3.41 0.9094 0.0733 1.56 1094.5 82.1 1131.6 77.2 1021.6 31.9 1137.6 75.3 -11
68 1.7856 3.33 0.1805 3.19 0.9595 0.0720 0.94 1040.2 69.2 1069.8 68.3 986.6 18.5 1074.0 66.4 -8
100 2.0715 2.85 0.2082 2.84 0.9953 0.0722 0.28 1139.4 64.9 1219.2 69.1 990,5 5.5 1232.9 67.8 -23
101 2.0211 2.95 0.2019 2.92 0.9916 0.0726 0.38 1122.6 66.2 1185.5 69.3 1002.9 7.6 1196.1 67.8 -18
135 1.9559 2.74 0.1959 2.72 0.9958 0.0724 0.25 1100.5 60.2 1153.4 62.8 997.4 5.0 1162.0 61.4 -16

Isotopic ratios calibrated for Pb-U discrimination effect using the power law method (■’'\J02 /‘^*U vs. ^®*Pb/^^*U). Rho -  error correlation calculated as: [(Err ^°^Pb/^^'U)^ + 
(Err “̂ Pb/-^*U)" - (Err "°"Pb/-“ Pb)^] /  [2 * (Err '̂’’Pb/^” U) ♦ (Err “̂ Pb/"^*U)]. Discordancy = (t[^°’Pb/"®^b] - t[^°®Pb/'^"U]) / t[^'”Pb/‘“ Pb]) * 100%.
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Table A5.5. SIMS results for xenotimes BS-1 and Z6413 after Stern & Amelin (2003) Pb/U calibration, not corrected for matrix effects
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7 0.7024 9.85 0.0827 5.15 0.5225 0.0616 8.40 540.2 106.5 512.2 52.7 660.2 110.9 509.7 51.7 22.4
8 0.7680 9.39 0.0839 4.23 0.4502 0.0664 8.39 578.6 108.7 519.4 43.9 818.6 137.3 514.0 43.0 36.6

13 0.6431 9.40 0.0805 4.03 0.4293 0.0579 8.49 504.3 94.8 499.1 40.3 527.7 89.6 498.7 39.8 5.4
14 0.6026 10.61 0.0830 4.34 0.4091 0.0527 9.68 478.9 101.6 514.0 44.6 314.0 60.8 517.0 44.3 -63.7
19 0.6826 15.37 0.0828 5.68 0.3696 0.0598 14.28 528.3 162.4 512.8 58.3 596.0 170.3 511.4 57.7 14.0
20 0.5924 17.56 0.0825 6.77 0.3853 0.0521 16.21 472.4 165.9 511.0 69.2 288.8 93.6 514.4 68.8 -77.0
27 0.8423 6.24 0.1055 3.13 0.5009 0.0579 5.40 620.4 77.4 646.6 40.4 526.3 56.8 649.1 39.8 -22.9
28 0.6315 10.66 0.0829 5.14 0.4826 0.0552 9.33 497.0 105.9 513.4 52.8 422.2 78.8 514.8 52.1 -21.6
40 0.6387 5.99 0.0798 4.18 0.6974 0.0580 4.29 501.5 60.1 494.9 41.4 531.6 45.7 494.4 40.5 6.9
41 0.6362 5.91 0.0824 3.56 0.6022 0.0560 4.72 500.0 59.1 510.4 36.3 452.3 42.7 511.3 35.7 -12.9
54 0.6945 4.62 0.0878 2.19 0.4748 0.0574 4.07 535.5 49.5 542.5 23.8 505.7 41.1 543.1 23.5 -7.3
55 0.5534 6.91 0.0723 5.27 0.7632 0.0555 4.46 447.2 61.8 450.0 47.4 432.8 38.6 450.2 46.6 -4.0
69 0.7199 3.46 0.0859 1.93 0.5580 0.0608 2.87 550.6 38.1 531.2 20.5 631.5 36.3 529.5 20.1 15.9
70 0.6040 7.52 0.0756 5.26 0.7003 0.0579 5.36 479.8 72.1 469.8 49.4 527.6 56.6 469.0 48.4 11.0
80 0.6348 3.97 0.0860 2.08 0.5237 0.0535 3.38 499.1 39.6 531.8 22.1 351.7 23.8 534.7 21.8 -51.2
81 0.6836 3.78 0.0889 2.15 0.5697 0.0558 3.11 528.9 40.0 549.0 23.6 443.2 27.5 550.8 23.3 -23.9
98 0.7004 4.74 0.0840 2.48 0.5232 0.0605 4.04 539.0 51.1 520.0 25.8 620.6 50.2 518.2 25.3 16.2
99 0.7052 3.71 0.0885 1.95 0.5249 0.0578 3.16 541.9 40.2 546.7 21.3 521.9 33.0 547.1 20.9 -4.7

104 0.6719 4.24 0.0872 1.93 0.4540 0.0559 3.78 521.9 44.3 539.0 20.8 447.7 33.9 540.5 20.5 -20.4
105 0.6857 5.07 0.0865 2.50 0.4932 0.0575 4.41 530.2 53.8 534.8 26.8 510.5 45.0 535.2 26.3 -4.8
113 0.6711 5.10 0.0870 3.00 0.5879 0.0559 4.12 521.4 53.2 537.8 32.2 450.3 37.1 539.2 31.7 -19.4
114 0.6739 3.85 0.0851 2.16 0.5605 0.0574 3.19 523.1 40.3 526.5 22.7 508.4 32.4 526.8 22.3 -3.6
129 0.6063 4.04 0.0770 1.88 0.4655 0.0571 3.57 481.2 38.8 478.2 18.0 495.7 35.4 477.9 17.7 3.5
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BS-l 130 0.6606 4.87 0.0848 2.18 0.4479 0.0565 4.35 515.0 50.2 524.7 22.9 472.1 41.1 525.6 22.6 -11.1

134 0.6996 5.19 0.0855 3.54 0.6815 0.0593 3.80 538.6 55.9 528.9 37.4 579.9 44.1 528.0 36.6 8.8
136 0.6905 3.99 0.0861 2.11 0.5296 0.0582 3.39 533.1 42.6 532.4 22.5 535.8 36.3 532.4 22.1 0.6

Z6413 3 1.7896 3.14 0.1820 3.04 0.9698 0.0713 0.77 1041.7 65.4 1077.9 65.6 966.4 14.8 1083.2 63.6 -11.5
4 1.5255 2.81 0.1570 2.43 0.8675 0.0705 1.40 940.7 52.8 940.1 45.8 942.1 26.3 940.0 44.2 0.2
9 1.7719 3.67 0.1795 3.57 0.9722 0.0716 0.86 1035.2 76.0 1064.2 76.0 974.4 16.8 1068.4 73.5 -9.2

10 1.8249 2.72 0.1841 2.61 0.9610 0.0719 0.75 1054.4 57.3 1089.3 56.9 982.9 14.8 1094.5 55.1 -10.8
15 1.7608 3.11 0.1745 3.01 0.9664 0.0732 0.80 1031.1 64.1 1036.9 62.3 1019.0 16.3 1037.7 60.2 -1.8
16 2.1183 2.50 0.2118 2.46 0.9823 0.0725 0.47 1154.8 57.8 1238.4 60.9 1001.1 9.4 1252.3 59.3 -23.7
21 1.8802 3.26 0.1892 3.14 0.9632 0.0721 0.88 1074.1 70.0 1117.0 70.1 988.0 17.3 1123.5 68.0 -13.1
22 1.8333 3.07 0.1863 2.95 0.9616 0.0714 0.84 1057.5 64.9 1101.3 65.0 968.1 16.3 1107.8 63.0 -13.8
23 1.9697 4.67 0.1961 4.51 0.9653 0.0728 1.22 1105.2 103.3 1154.3 104.1 1009.7 24.6 1162.0 101.1 -14.3
24 1.6594 8.42 0.1636 8.13 0.9664 0.0736 2.16 993.1 167.2 976.8 158.9 1029.5 44.5 974.5 153.0 5.1
29 2.1130 6.91 0.2080 6.69 0.9685 0.0737 1.72 1153.0 159.3 1218.2 163.0 1032.6 35.5 1228.9 158.6 -18.0
44 1.9657 2.22 0.1985 2.15 0.9696 0.0718 0.54 1103.9 49.1 1167.3 50.3 980.9 10.7 1177.2 48.9 -19.0
45 2.0167 2.01 0.2012 1.98 0.9821 0.0727 0.38 1121.1 45.1 1181.8 46.7 1005.5 7.6 1191.4 45.4 -17.5
67 1.8549 6.86 0.1836 6.68 0.9738 0.0733 1.56 1065.2 146.2 1086.6 145.2 1021.6 31.9 1089.8 140.4 -6.4
68 1.7924 1.86 0.1805 1.60 0.8628 0.0720 0.94 1042.7 38.7 1069.7 34.2 986.6 18.5 1073.6 33.2 -8.4

100 2.0785 1.55 0.2089 1.52 0.9839 0.0722 0.28 1141.7 35.3 1223.0 37.2 990.5 5.5 1236.3 36.3 -23.5
101 2.0201 1.81 0.2018 1.77 0.9777 0.0726 0.38 1122.3 40.7 1185.0 42.0 1002.9 7.6 1195.0 40.9 -18.2
135 2.0885 1.01 0.2092 0.98 0.9693 0.0724 0.25 1145.0 23.2 1224.6 24.1 997.4 5.0 1237.6 23.4 -22.8

Isotopic ratios calibrated for Pb-U discrimination effect using the Stern and Amelin (2003) weighted average method. Rho -  error correlation calculated as: [(Err 
+ (Err “̂ Pb/^^U)- - (Err ^°>b/^“ Pb)^] / [2 * (Err “̂’Pb/” ’U) * (Err -*Pb/” ®U)]. Discordancy = (t[^°>b/““ Pb] - t[‘°‘'Pb/-^*U]) / t[^'"Pb/-“ Pb]) * 100%.
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Table A5.6. SIMS results for xenotimes BS-1 and Z6413 after power law Pb/U calibration (scheme A l), corrected for IJ and L REE m atrix effects
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7 0.68858 3.73 0.0811 2.35 2.27738 0.0616 8.40 531.9 39.7 502.5 23.7 660.2 110.9 499.8 23.9 24
8 0.77866 3.85 0.0851 2.53 2.15518 0.0664 8.39 584.7 45.0 526.3 26.7 818.6 137.3 520.7 26.8 36
13 0.63894 3.84 0.0800 2.50 2.19154 0.0579 8.49 501.6 38.5 496.0 24.8 527.7 89.6 495.4 25.0 6
14 0.67947 4.00 0.0936 2.52 2.38165 0.0527 9.68 526.5 42.1 576.7 29.0 314.0 60.8 581.5 29.5 -84
19 0.71106 4.96 0.0863 3.22 2.60146 0.0598 14.28 545.4 54.1 533.3 34.3 596.0 170.3 532.2 35.3 11
20 0.69964 4.92 0.0974 2.82 3.22467 0.0521 16.21 538.6 52.9 599.4 33.8 288.8 93.6 605.3 35.6 -108
27 0.71995 3.51 0.0902 2.63 1.70485 0.0579 5.40 550.6 38.6 556.5 29.2 526.3 56.8 557.1 28.9 -6
28 0.44430 4.29 0.0583 3.01 2.03895 0.0552 9.33 373.3 32.0 365.4 22.0 422.2 78.8 364.8 22.1 13
40 0.65524 3.11 0.0819 2.32 1.68094 0.0580 4.29 511.7 31.8 507.3 23.6 531.6 45.7 506.8 23.2 5
41 0.63663 3.39 0.0825 2.60 1.65059 0.0560 4.72 500.2 33.9 510.8 26.6 452.3 42.7 511.7 26.2 -13
54 0.73451 4.19 0.0929 3.67 1.59259 0.0574 4.07 559.2 46.8 572.4 42.0 505.7 41.1 573.7 41.2 -13
55 0.53534 4.26 0.0699 3.70 1.56728 0.0555 4.46 435.3 37.1 435.8 32.3 432.8 38.6 435.9 31.7 -1
69 0.78114 3.75 0.0932 3.35 1.74422 0.0608 2.87 586.1 44.0 574.5 38.5 631.5 36.3 573.4 37.6 9
70 0.63030 4.16 0.0789 3.45 1.56549 0.0579 5.36 496.3 41.2 489.5 33.8 527.6 56.6 488.9 33.2 7
80 0.59988 3.19 0.0813 2.61 1.61123 0.0535 3.38 477.2 30.5 503.7 26.3 351.7 23.8 506.1 25.9 -43
81 0.64619 3.15 0.0840 2.61 1.62685 0.0558 3.11 506.1 31.9 520.2 27.1 443.2 27.5 521.5 26.7 -17
98 0.67582 3.30 0.0811 2.62 1.61039 0.0605 4.04 524.2 34.6 502.4 26.3 620.6 50.2 500.4 25.8 19
99 0.66674 3.15 0.0837 2.61 1.62293 0.0578 3.16 518.7 32.7 518.0 27.0 521.9 33.0 517.9 26.5 1
104 0.62536 3.27 0.0812 2.63 1.60467 0.0559 3.78 493.2 32.2 503.1 26.4 447.7 33.9 503.9 26.0 -12
105 0.64908 3.37 0.0819 2.63 1.62458 0.0575 4.41 507.9 34.2 507.3 26.7 510.5 45.0 507.3 26.3 1
113 0.66016 2.91 0.0856 2.09 1.73289 0.0559 4.12 514.7 30.0 529.3 22.1 450.3 37.1 530.7 21.9 -18
114 0.69383 2.75 0.0876 2.09 1.65798 0.0574 3.19 535,1 29.4 541.4 22.6 508.4 32.4 542.0 22.2 -6
129 0.56487 2.82 0.0717 2.09 1.67862 0.0571 3.57 454.7 25.6 446.6 18.7 495.7 35.4 445.9 18.4 10
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130 0.65266 2.96 0.0838 2.09 1.75948 0.0565 4.35 510.1 30.2 518.6 21.7 472.1 41.1 519.4 21.5 -10
134 0.68129 3.00 0.0833 2.28 1.65186 0.0593 3.80 527.6 31.7 515.5 23.5 579.9 44,1 514.4 23.2 11
136 0.66595 2.79 0.0830 2.09 1.66631 0.0582 3.39 518.2 28.9 514.3 21.5 535.8 36.3 513.9 21.2 4
3 1.71187 2.49 0.1741 2.33 3.41816 0.0713 0.77 1013.0 50.4 1034.7 48.2 966.4 14.8 1037.9 46.8 -7
4 1.86757 2.61 0.1922 2.33 2.18170 0.0705 1.40 1069.7 55.8 1133.3 52.8 942.1 26.3 1143.5 51.6 -20
9 1.76286 2.53 0.1786 2.35 3.13226 0.0716 0.86 1031.9 52.2 1059.3 49.9 974.4 16.8 1063.4 48.5 -9
10 1.60580 2.48 0.1620 2.32 3.46858 0.0719 0.75 912.5 48.2 967.9 45.0 982.9 14.8 967.2 43.5 2
15 1.70460 2.49 0.1689 2.32 3.29180 0.0732 0.80 1010.3 50.3 1006.2 46.8 1019.0 16.3 1005.6 45.3 1
16 1.49748 2.42 0.1497 2.32 5.28075 0.0725 0.47 929.4 45.0 899.4 41.8 1001.1 9.4 895.4 40.3 10
21 1.50836 2.55 0.1518 2.37 3.10498 0.0721 0.88 933.8 47.6 911.0 43.2 988.0 17.3 907.9 41.7 8
22 1.51961 2.50 0.1544 2.33 3.15656 0.0714 0.84 938.3 46.9 925.7 43.1 968.1 16.3 924.0 41.7 4
23 1.69510 2.68 0.1688 2.45 2.45799 0.0728 1.22 1006.7 54.0 1005.3 49.2 1009.7 24.6 1005.1 47.7 0
24 1.64714 2.78 0.1624 2.36 1.76121 0.0736 2.16 988.5 55.0 970.1 45.8 1029.5 44.5 967.5 44.4 6
29 1.84185 2.71 0.1813 2.38 1.95398 0.0737 1.72 1060.5 57.6 1074.1 51.1 1032.6 35.5 1076.2 49.7 -4
44 1.66124 2.45 0.1678 2.34 4.62987 0.0718 0.54 993.8 48.8 999.7 46.8 980.9 10.7 1000.6 45.3 -2
45 1.66096 2.42 0.1657 2.34 6.47902 0.0727 0.38 993.7 48.2 988.4 46.3 1005.5 7.6 987.7 44.8 2
67 1.69734 4.34 0.1680 4.16 2.97053 0.0733 1.56 1007.5 87.4 1001.1 83.2 1021.6 31.9 1000.2 80.5 2
68 1.64728 3.63 0.1659 3.50 4.01139 0.0720 0.94 988.5 71.8 989.4 69.3 986.6 18.5 989.5 67.1 0
100 1.70692 2.77 0.1716 2.72 10.05283 0.0722 0.28 1011.1 56.0 1020.7 55.5 990.5 5.5 1022.1 53.8 -3
101 1.62313 2.78 0.1621 2.71 7.37423 0.0726 0.38 979.2 54.5 968.7 52.5 1002.9 7.6 967.2 50.8 3
135 1.66438 2.29 0.1667 2.24 9.26660 0.0724 0.25 995.0 45.7 994.0 44.5 997.4 5.0 993.8 43.1 0

BS-1

Z6413

Isotopic ratios calibrated for Pb-U discrimination effect using the power law method (̂ '̂’UO/^^^U vs. "°*Pb/‘/238u) r Ijo -  error correlation calculated as: [(Err °̂’Pb/"^’U)^ • 
(Err *®Pb/‘^*U)  ̂ - (Err ‘̂’"Pb/-“̂ Pb)^] / [2 * (Err °̂’Pb/""^U) * (Err ‘“*Pb/-^®U)]. Discordancy =  (t[^“"Pb/^°^b] - t[=“ Pb/-^*U]) / t[^°’Pb/-“ Pb]) * 100%.
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Table A5.7. SIM S results for xenotimes BS-1 and Z6413 after power law Pb/U calibration (schem e A2), not corrected for m atrix effects
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7 0.7013 8.66 0.0826 2,09 0.2419 0.0616 8.40 539.5 93,4 511.4 21.4 660,2 110.9 508,8 21.9 23
8 0.7869 8.64 0.0860 2,09 0.2414 0,0664 8.39 589.4 101,9 531.6 22.2 818.6 137.3 526,1 22.7 35
13 0.6476 8.74 0.0811 2,07 0.2365 0,0579 8.49 507.0 88.6 502.5 20.8 527.7 89.6 502,0 21.2 5
14 0.6269 9.89 0.0863 2,05 0.2069 0,0527 9.68 494.2 97.8 533.9 21.9 314.0 60.8 537.5 22.6 -70
19 0.7002 14,46 0.0849 2,26 0.1560 0.0598 14.28 538.9 155.9 525.5 23.7 596.0 170.3 524.3 25.7 12
20 0.6189 16,42 0.0862 2,60 0.1582 0.0521 16.21 489.1 160.6 533.0 27.7 288.8 93.6 537.0 29.5 -85
27 0.6620 5,74 0.0829 1,95 0.3397 0.0579 5.40 515.8 59.2 513.5 20.0 526.3 56.8 513.3 20.0 2,4
28 0.5337 9,62 0.0701 2,34 0.2428 0.0552 9.33 434.2 83.6 436.5 20.4 422.2 78.8 436.7 20.8 -3
40 0.6178 4,92 0.0772 2.39 0.4867 0.0580 4.29 488.5 48.0 479.3 22.9 531.6 45.7 478.5 22.6 10
41 0.6007 5,49 0.0778 2.81 0,5114 0.0560 4.72 477.7 52.5 483.0 27.1 452.3 42.7 483.5 26.8 -7
54 0.7056 5,34 0.0892 3.46 0,6484 0.0574 4.07 542.1 57.9 550.8 38.2 505.7 41,1 551.6 37.5 -9
55 0.5753 5,69 0.0752 3.53 0,6199 0.0555 4.46 461.5 52.5 467.2 33.0 432.8 38,6 467.7 32.4 -8
69 0.7351 4,37 0.0877 3.30 0,7541 0.0608 2.87 559.5 48.9 542.0 35.8 631.5 36,3 540.4 34.9 14
70 0,6278 6.62 0.0786 3.88 0,5863 0.0579 5.36 494.7 65.5 487.6 37.9 527.6 56,6 487.0 37.2 8
80 0.6017 4.43 0.0815 2.85 0,6448 0.0535 3.38 478,3 42,3 505,2 28.8 351,7 ,23,8 507.6 28.4 -44
81 0,6487 4.21 0.0844 2.85 0,6759 0.0558 3,11 507,7 42,8 522,1 29,7 443,2 27,5 523.5 29.2 -18
98 0,6621 4.98 0.0794 2.90 0,5832 0.0605 4.04 515.9 51,3 492,5 28,6 620,6 50,2 490.4 28.0 21
99 0,6633 4.27 0.0832 2.87 0,6720 0.0578 3.16 516,6 44,1 515,4 29,6 521,9 33,0 515.3 29.0 1.2
104 0,6353 4.75 0.0825 2.88 0,6053 0.0559 3.78 499,4 47,4 510.8 29.4 447,7 33,9 511.8 28.9 -14
105 0,6506 5,27 0.0821 2,88 0,5465 0.0575 4.41 508,8 53.6 508.5 29,3 510,5 45,0 508.4 28.8 0.4
113 0.6612 5,04 0.0857 2,89 0.5740 0.0559 4.12 515,3 51.9 530.1 30,7 450,3 37,1 531.5 30.2 -18
114 0.6525 4,39 0.0824 3,02 0.6874 0.0574 3.19 510,0 44,8 510.4 30,8 508,4 32,4 510.4 30.2 -0.4
129 0.6072 4.48 0.0771 2.71 0.6041 0.0571 3.57 481,8 43.2 478.8 25,9 495,7 35,4 478.6 25,5 3



Table A5.7 (cont.)

|% | |% | |% | | \ I a | |M a | IMal |M a | |\1a | IMal |M a | |M a | |% |

130 0.6325 5.13 0.0812 2.71 0.5289 0.0565 4.35 497.6 51.1 503.2 27.3 472.1 41.1 503.7 26.9 -7
134 0.6817 4.67 0.0833 2.72 0.5816 0.0593 3.80 527.8 49.3 515.9 28.0 579.9 44.1 514.8 27.5 11
136 0.6719 4.36 0.0838 2.74 0.6291 0.0582 3.39 521.9 45.5 518.7 28.4 535.8 36.3 518.4 27.9 3
3 1.6654 2.12 0.1694 1.97 0.9322 0.0713 0.77 995.4 42.1 1008.6 39.8 966.4 14.8 1010.6 38.6 -4
4 1.6807 2.42 0.1730 1.98 0.8166 0.0705 1.40 1001.2 48.4 1028.5 40.6 942.1 26.3 1032.5 39.6 -9
9 1.7232 2.16 0.1746 1.98 0.9175 0.0716 0.86 1017.2 44.0 1037.2 41.2 974.4 16.8 1040.2 40.0 -6
10 1.6501 2.12 0.1665 1.98 0.9349 0.0719 0.75 989.6 41.9 992.6 39.3 982.9 14.8 993.0 38.1 -1.0
15 1.6808 2.14 0.1666 1.98 0.9275 0.0732 0.80 1001.3 42.8 993.2 39.4 1019.0 16.3 992.0 38.1 3
16 1.6789 2.03 0.1679 1.97 0.9730 0.0725 0.47 1000.6 40.6 1000.3 39.4 1001.1 9.4 1000.3 38.2 0.07
21 1.6001 2.16 0.1610 1.98 0.9143 0.0721 0.88 970.3 41.9 962.4 38.0 988.0 17.3 961.3 36.8 3
22 1.6095 2.16 0.1636 1.99 0.9210 0.0714 0.84 973.9 42.1 976.5 38.9 968.1 16.3 976.9 37.7 -0.9
23 1.6563 2.46 0.1649 2.13 0.8677 0.0728 1.22 992.0 48.7 983.9 41.9 1009.7 24.6 982.8 40.6 3
24 1.5206 3.09 0.1499 2.20 0.7133 0.0736 2.16 938.7 57.9 900.5 39.6 1029.5 44.5 895.4 38.4 13
29 1.8339 2.81 0.1805 2.23 0.7912 0.0737 1.72 1057.7 59.5 1069.9 47.6 1032.6 35.5 1071.7 46.3 -4
44 1.6027 2.53 0.1618 2.47 0.9766 0.0718 0.54 971.3 49.1 967.0 47.8 980.9 10.7 966.4 46.2 1.4
45 1.6024 2.49 0.1599 2.47 0.9884 0.0727 0.38 971.2 48.5 956.1 47.1 1005.5 7.6 954.0 45.6 5
67 1.7393 3.97 0.1722 3.65 0.9194 0.0733 1.56 1023.2 81.2 1024.0 74.7 1021.6 31.9 1024.1 72.4 -0.24
68 1.6078 3.57 0.1619 3.44 0.9648 0.0720 0.94 973.2 69.4 967.3 66.6 986.6 18.5 966.5 64.5 1.9
100 1.6847 2.93 0.1693 2.92 0.9955 0.0722 0.28 1002.7 58.8 1008.3 58.9 990.5 5.5 1009.2 57.1 -1.8
101 1.6436 3.03 0.1642 3.01 0.9921 0.0726 0.38 987.1 59.8 980.1 58.9 1002.9 7.6 979.0 57.0 2.3
135 1.6644 2.77 0.1667 2.76 0.9960 0.0724 0.25 995.1 55.2 994.0 54.9 997.4 5.0 993.9 53.2 0.34

Isotopic ratios calibrated for Pb-U discrimination effect using the power law method (^’°U02/‘^*U vs. ^°*Pb/^^*U). Rho -  error correlation calculated as: [(Err ®̂’Pb/‘^^U)‘ + 
(Err -“ Pb/” *U)^ - (Err '̂’"Pb/-*Pb)"] / [2 * (Err °̂’Pb/^^^U) * (Err -°^Pb/^^*U)]. Discordancy = (t[^'"Pb/^“̂ b ]  - t[=°®Pb/=^^U]) / t[^“"Pb/^“ Pb]) * 100%.
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Table A5.8. SIM S results for xenotim es BS-1 and Z6413 after Stern & Amelin (2003) Pb/U calibration, corrected for U and EREE matrix effects
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7 0.6797 9.85 0.0800 5.15 0.5227 0.0616 8.40 526.6 103.8 496.3 51.1 660.2 110.9 493.6 50.1 24.8
8 0.7431 9.39 0.0812 4.23 0.4506 0.0664 8.39 564.2 106.0 503.2 42.6 818.6 137.3 497.7 41.7 38.5

13 0.6223 9.40 0.0779 4.04 0.4297 0.0579 8.49 491.3 92.4 483.6 39.1 527.7 89.6 482.9 38.6 8.4
14 0.5831 10.61 0.0803 4.34 0.4095 0.0527 9.68 466.5 99.0 498.0 43.3 314.0 60.8 500.7 42.9 -58.6
19 0.6605 15.37 0.0801 5.68 0.3697 0.0598 14.28 514.9 158.3 496.8 56.5 596.0 170.3 495.3 56.0 16.6
20 0.5732 17.57 0.0798 6.77 0.3854 0.0521 16.21 460.1 161.6 495.1 67.0 288.8 93.6 498.1 66.7 -71.5
27 0.8151 6.24 0.1021 3.13 0.5016 0.0579 5.40 605.3 75.6 626.6 39.2 526.3 56.8 628.7 38.6 -19.1
28 0.6111 10.66 0.0802 5.15 0.4829 0.0552 9.33 484.2 103.2 497.4 51.2 422.2 78.8 498.6 50.5 -17.8
40 0.6461 6.44 0.0807 4.79 0.7449 0.0580 4.29 506.1 65.1 500.4 48.0 531.6 45.7 499.9 46.9 5.9
41 0.6458 6.43 0.0836 4.37 0.6794 0.0560 4.72 505.9 65.1 517.8 45.3 452.3 42.7 518.9 44.4 -14.5
54 0.7054 5.13 0.0892 3.13 0.6100 0.0574 4.07 542.0 55.7 550.7 34.5 505.7 41.1 551.5 33.8 -8.9
55 0.5611 6.57 0.0733 4.82 0.7337 0.0555 4.46 452.2 59.4 456.1 44.0 432.8 38.6 456.4 43.1 -5.4
69 0.7276 4.12 0.0868 2.96 0.7177 0.0608 2.87 555.2 45.8 536.7 31.8 631.5 36.3 535.1 31.0 15.0
70 0.6104 6.74 0.0764 4.07 0.6048 0.0579 5.36 483.8 65.2 474.6 38.7 527.6 56.6 473.8 37.9 10.0
80 0.6005 4.07 0.0813 2.26 0.5555 0.0535 3.38 477.6 38.9 504.2 22.8 351.7 23.8 506.5 22.5 -43.4
81 0.6470 3.91 0.0841 2.37 0.6063 0.0558 3.11 506.7 39.6 520.8 24.7 443.2 27.5 522.1 24.2 -17.5
98 0.6630 4.69 0.0795 2.37 0.5055 0.0605 4.04 516.4 48.4 493.2 23.4 620.6 50.2 491.2 22.9 20.5
99 0.6673 3.78 0.0837 2.08 0.5506 0.0578 3.16 519.0 39.3 518.4 21.6 521.9 33.0 518.3 21.2 0.7

104 0.6359 4.29 0.0825 2.03 0.4729 0.0559 3.78 499.7 42.9 511.2 20.7 447.7 33.9 512.2 20.5 -14.2
105 0.6489 5.06 0.0819 2.47 0.4885 0.0575 4.41 507.8 51.4 507.2 25.1 510.5 45.0 507.2 24.7 0.6
113 0.6557 4.97 0.0850 2.78 0.5592 0.0559 4.12 512.0 50.9 525.9 29.3 450.3 37.1 527.1 28.8 -16.8
114 0.6583 4.00 0.0831 2.41 0.6028 0.0574 3.19 513.6 41.1 514.7 24.8 508.4 32.4 514.8 24.3 -1.2
129 0.5919 4.13 0.0752 2.08 0.5034 0.0571 3.57 472.1 39.0 467.3 19.4 495.7 35.4 466.9 19.1 5.7
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l%l l%l 1%| |.Ma| |Ma| |Ma| |Ma| |M a| |Ma| |Ma| |Ma| |% |
BS-1 130 0.6453 4.97 0.0828 2.39 0.4817 0.0565 4.35 505.6 50.2 513.0 24.6 472.1 41.1 513.7 24.2 -8.7

134 0.6836 4.96 0.0835 3.19 0.6428 0.0593 3.80 528.9 52.5 517.2 33.0 579.9 44.1 516.2 32.3 10.8
136 0.6746 4.14 0.0841 2.38 0.5742 0.0582 3.39 523.5 43.3 520.7 24.7 535.8 36.3 520.4 24.3 2.8

Z64I3 3 1.6271 3.16 0.1655 3.06 0.9702 0.0713 0.77 980.7 62.0 987.2 60.5 966.4 14.8 988.0 58.5 -2.1
4 1.3870 2.83 0.1428 2.46 0.8698 0.0705 1.40 883.4 50.0 860.2 42.3 942.1 26.3 857.4 40.9 8.7
9 1.6110 3.69 0.1632 3.59 0.9724 0.0716 0.86 974.5 71.9 974.6 69.9 974.4 16.8 974.6 67.6 0.0

10 1.6593 2.74 0.1674 2.64 0.9617 0.0719 0.75 993.1 54.5 997.7 52.6 982.9 14.8 998.4 50.9 -1.5
15 1.6010 3.13 0.1587 3.03 0.9668 0.0732 0.80 970.6 60.8 949.3 57.5 1019.0 16.3 946.5 55.4 6.8
16 1.9260 2.53 0.1926 2.48 0.9827 0.0725 0.47 1090.2 55.1 1135.3 56.4 1001.1 9.4 1142.2 54.8 -13.4
21 1.7095 3.28 0.1720 3.16 0.9637 0.0721 0.88 1012.1 66.3 1023.3 64.6 988.0 17.3 1024.8 62.6 -3.6
22 1.6669 3.09 0.1694 2.97 0.9621 0.0714 0.84 996.0 61.5 1008.8 60.0 968.1 16.3 1010.5 58.1 -4.2
23 1.7909 4.69 0.1783 4.53 0.9655 0.0728 1.22 1042.2 97.7 1057.7 95.7 1009.7 24.6 1059.9 92.7 -4.7
24 1.5087 8.42 0.1488 8.14 0.9665 0.0736 2.16 933.9 157.3 894.0 145.5 1029.5 44.5 888.9 140.0 13.2
29 1.9212 6.92 0.1891 6.70 0.9686 0.0737 1.72 1088.5 150.6 1116.6 149.6 1032.6 35.5 1120.9 145.2 -8.1
44 1.6518 3.77 0.1668 3.73 0.9895 0.0718 0.54 990.2 74.7 994.4 74.2 980.9 10.7 995.0 71.8 -1.4
45 1.6947 3.67 0.1691 3.65 0.9946 0.0727 0.38 1006.5 73.8 1007.0 73.4 1005.5 7.6 1007.1 71.0 -0.2
67 1.7004 6.07 0.1683 5.87 0.9664 0.0733 1.56 1008.7 122.5 1002.7 117.7 1021.6 31.9 1001.9 113.6 1.8
68 1.6429 3.05 0.1654 2.90 0.9516 0.0720 0.94 986.8 60.2 987.0 57.3 986.6 18.5 987.0 55.4 0.0

100 1.6877 2.04 0.1696 2.02 0.9908 0.0722 0.28 1003.9 41.0 1010.0 40.8 990.5 5.5 1010.9 39.5 -2.0
101 1.6408 2.60 0.1639 2.57 0.9892 0.0726 0.38 986.0 51.2 978.5 50.3 1002.9 7.6 977.4 48.6 2.4
135 1.6644 1.85 0.1667 1.83 0.9909 0.0724 0.25 995.0 36.8 994.0 36.4 997.4 5.0 993.9 35.2 0.3

Isotopic ratios calibrated for Pb-U discrimination effect using the Stern and Amelin (2003) weighted average method. Rho -  error correlation calculated as: [(Err ^°’Pb/'^^U)^ 
+ (Err -°^Pb/‘^*U)- - (Err “̂V b/-“ Pb)^] / [2 * (Err ^°>b/““ U) * (Err "“ Pb/=^*U)]. Discordancy = (t[“ ^Pb/-“ Pb] - t[^“ Pb/^^*U]) / t[^“’Pb/“ ®Pb]) * 100%.
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Table A5.9. Power-law (scheme A2) calibrated SIMS data for xenotime overgrowths (not corrected for matrix effects or common lead)
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32 2.8 1.00E-K)9 100.00 0.3753 4.04 0.0492 2.50 0.6191 0.0553 3.17 323.5 25.2 309.6 15.5 425.4 27.0 308.5 15.3
33 7.7 1.00E-K)9 100.00 0.3426 4.41 0.0483 2.39 0.5430 0.0514 3.70 299.1 26.4 304.1 14.5 250.3 19.3 304.5 14.4
34 2.1 1.00E-K)9 100.00 0.3352 5.46 0.0479 2.35 0.4302 0.0508 4.93 293.5 32.1 301.5 14.2 230.0 22.7 302.1 14.1
35 2.1 1.30E-K)3 68.15 0.4947 7.47 0.0525 2.42 0.3238 0.0683 7.07 408.1 61.0 329.9 16.0 878.5 124.2 323.6 15.9
36 2.1 l.OOE+09 100.00 0.3512 4.21 0.0454 2.38 0.5636 0.0562 3.48 305.7 25.8 286.0 13.6 458.5 31.9 284.5 13.4
37 2.1 8.02E-K)3 68.78 0.4292 4.39 0.0553 3.74 0.8517 0.0553 2.30 352.5 31.8 346.8 25.9 455.0 21.4 345.6 25.4
51 1.8 l.OOE+09 100.00 0.3294 4.37 0.0460 3.32 0.7591 0.0519 2.85 289.1 25.3 290.0 19.3 282.2 16.1 290.0 19.0
57 5.1 1.36E+Q2 11.88 1.7165 4.30 0.0794 3.32 0.7716 0.1557 2.74 1014.7 87.3 492.7 32.7 2420.8 132.5 430.9 28.6
58 1.3 1.00E-K)9 100.00 0.3126 4.44 0.0405 3.27 0.7360 0.0550 3.00 276.2 24.5 255.7 16.7 453.7 27.3 254.2 16.4
59 2.4 l.OOE+09 100.00 0.3150 8.06 0.0466 3.21 0.3986 0.0491 7.39 278.1 44.8 293.5 18.9 150.3 22.2 294.6 18.8
60 2.4 5.70E-K)2 31.35 0.6007 9.16 0.0500 3.22 0.3519 0.0871 8.58 477.5 87.5 314.7 20.3 1362.1 233.7 301.1 20.0
61 3.3 5.11E-K)2 23.12 0.5471 5.64 0.0482 3.62 0.5427 0.0823 4.32 443.1 50.0 303.5 22.0 1252.4 108.2 292.2 21.0
52 3.3 1.00E-K)9 100.00 0.3110 4.88 0.0393 3.30 0.5750 0.0574 3.60 274.9 26.9 248.5 16.4 505.6 36.4 246.6 15.1
63 2.2 1,00E-K)9 100.00 0.2979 3.99 0.0409 3.40 0.8533 0.0528 2.08 254.8 21.1 258.4 17.6 321.5 13.4 257.9 17.4
64 9.8 3.99E-K)2 19.96 0.6042 5.32 0.0500 3.19 0.6000 0.0877 4.25 479.9 51.1 314.3 20.1 1375.9 117.2 300.4 19.1
76 1.7 7.08E-K)2 18.99 0.4881 6.46 0.0438 2.83 0.4386 0.0809 5.81 403.5 52.2 275.1 15.7 1218.8 141.5 266.0 15.2
77 4.3 1.33E-K)3 30.11 0.2657 5.36 0.0316 4.45 0.8302 0.0511 2.99 239.2 25.7 200.3 17.8 641.2 38.3 197.6 17.4
83 1.0 5.12E-K)4 100.00 0.3635 3.40 0.0493 2.95 0.8677 0.0535 1.69 314.9 21.4 310.2 18.3 349.7 11.8 309.8 18.0
84 1.6 2.51E-K)4 68.77 0.3570 3.31 0.0483 2.93 0.8839 0.0536 1.55 310.0 20.5 304.2 17.8 353.5 11.0 303.8 17.5
85 5.3 1.24E-K)3 25.01 0.3158 7.55 0.0357 3.00 0.3967 0.0625 6.93 278.7 42.1 232.1 13.9 691.1 95.8 228.6 13.8
86 3.4 1.63E-K)3 19.10 0.4191 4.51 0.0509 2.85 0.6311 0.0597 3.50 355.4 32.1 320.3 18.2 591.2 41.4 317.5 17.9
87 6.4 1.72E-K)2 20.06 0.8301 4.42 0.0418 2.90 0.6559 0.1439 3.34 513.6 54.3 254.1 15.3 2275.0 151.9 233.4 13.8
88 4.2 8.52E-K)3 43.59 0.3885 5.21 0.0499 3.97 0.7630 0.0565 3.37 333.3 34.7 314.0 24.9 470.5 31.7 312.5 24.5
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Table A5.9 (cont.)

[%] [%] [%] [%] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [%)
F.P. 89 1.2 2.54E+03 33.34 0.2665 4.24 0.0332 2.85 0.6722 0.0582 3.14 239.9 20.3 210.6 12.0 537.0 33.7 208.5 11.8 61
T. 109 0.3 l.OOE+09 100.00 0.3389 4.70 0.0462 2.73 0.5815 0.0532 3.82 296.3 27.9 291.0 15.9 338.2 25.9 290.6 15.7 14
C. 110 11.9 2.88E+02 5.76 0.7125 3.48 0.0542 2.70 0.7736 0.0954 2.21 546.3 38.1 340.0 18.3 1536.2 67.8 322.0 17.2 78
C. 116 4.5 2.03E+03 20.80 0.4400 3.00 0.0530 2.70 0.8997 0.0602 1.31 370.3 22.2 333.1 18.0 609.9 16.0 330.2 17.6 45
H.H. 117 4.6 1 .OOE+09 100.00 0.3376 4.30 0.0453 3.11 0.7222 0.0540 2.98 295.4 25.4 285.7 17.8 372.6 22.2 285.0 17.5 23
C. 118 2.1 5.44E+02 12.65 1.7780 3.69 0.1346 2.87 0.7768 0.0958 2.32 1037.5 76.5 814.2 46.7 1543.5 71.7 783.9 43.8 47
D. 119 5.4 9.88E+03 45.68 0.3946 3.34 0.0527 2.70 0.8087 0.0543 1.97 337.7 22.6 331.3 17.9 382.1 15.0 330.8 17.6 13
F.P. 120 1.5 5.18E+03 39.45 0.3594 3.32 0.0471 2.69 0.8127 0.0554 1.93 311.8 20.7 296.5 16.0 428.0 16.5 295.3 15.7 31
F.P. 124 1.2 8.48E+02 27.20 0.3332 5.26 0.0396 2.87 0.5467 0.0610 4.40 292.0 30.7 250.3 14.4 640.0 56.4 247.3 14.1 61
C. 125 4.2 1.76E+03 18.56 0.3944 3.27 0.0487 3.00 0.9182 0.0587 1.29 337.6 22.1 306.5 18.4 557.8 14.4 304.1 18.0 45
H.H. 152 3.7 5.78E+02 23.12 0.5146 5.01 0.0486 3.21 0.6392 0.0769 3.86 421.6 42.3 305.7 19.6 1117.6 86.2 296.3 18.9 73

Localities: C. -  Cloghauninchy, D. -  Denshaw, F.P. -  Foohagh Point, H.H. -  Hag’s Head, T. -  Trusklieve.
Isotopic ratios calibrated for Pb-U discrimination effect using the power law method (^’°U02/^^*U vs.
Rho -  error correlation calculated as: [(Err ^°"Pb/^^^U)^ + (Err - (Err ^'"Pb/'“ Pb)^] / [2 * (Err '̂”Pb/” ^U) * (Err “̂ Pb/^^^U)].
Discordancy = (t[^°’P b /'“ Pb] - t[^“ Pb/^^*U]) /  t[^'’W “ Pb]) * 100%.
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Table A5.10. Power-law (scheme A2) calibrated SIIMS data for xenotime overgrowths (corrected for common lead, not corrected for matrix effects)
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[%] [%] [%] [%] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [%]
F.P. 32 2.8 l.OOE+09 100.00 {0.0%} 0.3753 4.04 0.0492 2.50 0.62 0.0553 3.17 323.5 26.2 309.6 15.5 425.4 27.0 27.2
H.H. 33 7.7 l.OOE+09 100.00 {0.0%} 0.3426 4.41 0.0483 2.39 0.54 0.0514 3.70 299.1 26.4 304.1 14.6 260.3 19.3 -16.8
F.P. 34 2.1 l.OOE+09 100.00 {0.0%} 0.3352 5.46 0.0479 2.35 0.43 0.0508 4.93 293.5 32.1 301.5 14.2 230.0 22.7 -31.1
P.P. 35 2.1 1.30E+03 68.15 1.40% 0.4078 7.62 0.0518 2.47 0.71 0.0571 7.21 347.3 52.9 325.4 16.1 496.8 71.6 34.5
F.P. 36 2.1 l.OOE+09 100.00 {0.0%} 0.3512 4.21 0.0454 2.38 0.56 0.0562 3.48 305.7 25.8 286.0 13.6 458.5 31.9 37.6
F.P. 37 2.1 8.02E+03 68.78 0.23% 0.4144 4.48 0.0552 3.81 0.71 0.0545 2.35 352.1 31.5 346.1 26.4 391.7 18.4 11.7
F.P. 51 1.8 l.OOE+09 100.00 {0.0%} 0.3294 4.37 0.0460 3.32 0.76 0.0519 2.85 289.1 25.3 290.0 19.3 282.2 16.1 -2.8
C. 57 5.1 1.36E+02 11.88 13.4% 0.4593 4.39 0.0688 3.39 0.71 0.0484 2.79 383.8 33.7 428.7 29.0 121.0 6.8 -254.3
F.P. 58 1.3 1.00E+09 100.00 {0.0%} 0.3126 4.44 0.0405 3.27 0.74 0.0560 3.00 276.2 24.5 255.7 16.7 453.7 27.3 43.6
F.P. 59 2.4 1.00E+09 100.00 {0.0%} 0.3150 8.06 0.0466 3.21 0.40 0.0491 7.39 278.1 44.8 293.5 18.9 150.3 22.2 -95.2
F.P. 60 2.4 5.70E-K)2 31.35 3.20% 0.4117 9.35 0.0484 3.29 0.70 0.0617 8.75 350.1 65.4 304.9 20.1 662.2 115.9 54.0
F.P. 61 3.3 5.11E+02 23.12 3.57% 0.3441 5.75 0.0465 3.70 0.71 0.0537 4.41 300.3 34.5 293.0 21.7 357.2 31.5 18.0
F.P. 62 3.3 1.00E-K)9 100.00 {0.0%} 0.3110 4.88 0.0393 3.30 0.67 0.0574 3.60 274.9 26.9 248.6 16.4 505.6 36.4 50.8
F.P. 63 2.2 1.00E-K)9 100.00 {0.0%} 0.2979 3.99 0.0409 3.40 0.85 0.0528 2.08 264.8 21.1 258.4 17.6 321.6 13.4 19.6
H.H. 64 9.8 3.99E+02 19.96 4.57% 0.3351 5.43 0.0477 3.26 0.70 0.0510 4.34 293.4 31.9 300.3 19.6 239.4 20.8 -25.4
H.H. 76 1.7 7.08E+02 18.99 2.57% 0.3552 6.59 0.0426 2.89 0.69 0.0604 5.92 308.6 40.7 269.1 15.6 618.6 73.3 56.5
F.P. 77 4.3 1.33E-K)3 30.11 1.38% 0.2145 5.47 0.0311 4.54 0.71 0.0500 3.05 197.3 21.6 197.6 17.9 193.6 11.8 -2.0
F.P. 83 1.0 5.12E404 100.00 0.04% 0.3615 3.47 0.0493 3.01 0.87 0.0532 1.72 313.3 21.7 310.1 18.7 337.6 11.6 8.2
F.P. 84 1.6 2.51E+04 68.77 0.07% 0.3529 3.38 0.0483 2.99 0.71 0.0530 1.58 306.9 20.7 304.0 18.2 328.7 10.4 7.5
C. 85 5.3 1.24E+03 25.01 1.47% 0.2521 7.70 0.0361 3.06 0.70 0.0506 7.07 228.3 35.2 228.7 14.0 224.2 31.7 -2.0
C. 86 3.4 1.63E-K)3 19.10 1.12% 0.3520 4.60 0.0504 2.90 0.70 0.0507 3.57 306.2 28.2 316.9 18.4 225.9 16.1 -40.3
c . 87 6.4 1.72E+02 20.06 10.6% 0.3065 4.51 0.0374 2.96 0.71 0.0595 3.41 271.5 24.5 236.6 14.0 583.9 39.8 59.5
c. 88 4.2 8.52E-K)3 43.59 0.21% 0.3759 5.31 0.0498 4.05 0.71 0.0547 3.43 324.0 34.4 313.3 25.4 401.8 27.6 22.0



225

Table A5.10 (cont.)
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P.P. 89 1.2 2.54E+03 33.34 0.72% 0.2383 4.32 0.0330 2.91 0.71 0.0524 3.20 217.0 18.8 209.1 12.2 303.6 19.4 31.1

T. 109 0.3 l.OOE+09 100.00 {0.0%} 0.3389 4.70 0.0462 2.73 0.58 0.0532 3.82 296.3 27.9 291.0 15.9 338.2 25.9 13.9

C. 110 11.9 2.88E+02 5.76 6.34% 0.3076 3.55 0.0507 2.75 0.71 0.0440 2.25 272.3 19.4 319.0 17.5 -112.2 -5.1 384.3

C. 116 4.5 2.03E-K)3 20.80 0.90% 0.3838 3.06 0.0526 2.76 0.71 0.0530 1.34 329.8 20.2 330.2 18.2 327.2 8.7 -0.9

H.H. 117 4.6 1.00E+G9 100.00 {0.0%} 0.3376 4.30 0.0453 3.11 0.72 0.0540 2.98 295.4 25.4 285.7 17.8 372.6 22.2 23.3

C. 118 2.1 5.44E+02 12.65 3.35% 1.2453 3.76 0.1301 2.92 0.71 0.0694 2.37 821.3 61.8 788.5 46.1 911.1 43.2 13.5

D. 119 5.4 9.88E+03 45.68 0.18%) 0.3831 3.41 0.0526 2.76 0.71 0.0528 2.01 329.3 22.5 330.7 18.2 319.6 12.8 -3.5

F.P. 120 1.5 5.18E-K)3 39.45 0.35% 0.3399 3.38 0.0469 2.75 0.71 0.0526 1.97 297.1 20.1 295.4 16.2 309.9 12.2 4.7

F.P. 124 1.2 8.48E+02 27.20 2.15% 0.2327 5.36 0.0387 2.93 0.70 0.0436 4.49 212.4 22.8 245.1 14.4 -135.4 -12.2 281.0

C. 125 4.2 1.76E+03 18.56 1.03%) 0.3350 3.33 0.0482 3.06 0.71 0.0504 1.32 293.4 19.6 303.4 18.6 214.3 5.7 -41.6

H.H. 152 3.7 5.78E+02 23.12 3.16%) 0.3339 5.11 0.0470 3.27 0.71 0.0515 3.93 292.5 29.9 296.3 19.4 262.7 20.7 -12.8

Localities: C. -  Cloghauninchy, D. -  Denshaw, F.P. -  Foohagh Point, H.H. -  Hag’s Head, T. -Trusklieve.
Isotopic ratios calibrated for Pb-U discrimination effect using the power law method vs. ^°*Pb/^^^U).
Rho -  error correlation calculated as: [(Err +  (Err ‘‘̂ Pb/^^^U)" - (Err ^®"Pb/=“ Pb)-] / [2 * (Err ♦ (Err =“ Pb/“ ®U)].
Discordancy = (t[“ ’Pb/’“ Pb] - t["“ Pb/“ *U]) / t[-°’Pb/-“ Pb]) ♦ 100%.



Table A5.11. Power-law (scheme A2) calibrated SIMS data for xenotime overgrowths (corrected for matrix effects, not corrected for common lead)

ON

r C / 5 H O H- S H - S H - K H - g H - g H - o
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[%] [%] [%] [%] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [%]

F.P. 32 2.8 l.OOE+09 100.00 0.3798 4.13 0.0498 2.64 0.6400 0.0553 3.17 326.9 27.0 313.2 16.6 425.4 27.0 312.2 16.3 26
H.H. 33 7.7 l.OOE+09 100.00 0.3465 4.49 0.0489 2.54 0.5663 0.0514 3.70 302.1 27.1 307.6 15.6 260.3 19.3 308.0 15.5 -18
F.P. 34 2.1 1.00E-K)9 100.00 0.3307 5.61 0.0473 2.68 0.4777 0.0508 4.93 290.1 32.6 297.6 16.0 230.0 22.7 298.2 15.9 -29
F.P. 35 2.1 1.30E+03 68.15 0.4881 7.58 0.0518 2.74 0.3617 0.0683 7.07 403.6 61.2 325.6 17.9 878.6 124.2 319.3 17.7 63
F.P. 36 2.1 l.OOE+09 100.00 0.3465 4.29 0.0448 2.50 0.5833 0.0562 3.48 302.1 25.9 282.2 14.1 458.5 31.9 280.7 13.9 38
F.P. 37 2.1 8.02E+03 68.78 0.4234 4.46 0.0545 3.82 0.8566 0.0563 2.30 358.5 32.0 342.3 26.1 465.0 21.4 341.0 25.6 26
F.P. 51 1.8 1.00E-K)9 100.00 0.3343 4.82 0.0467 3.89 0.8068 0.0519 2.85 292.8 28.2 294.2 22.9 282.2 16.1 294.3 22.6 -4
C. 57 5.1 1.36E+02 11.88 1.6985 4.50 0.0786 3.57 0.7938 0.1567 2.74 1008.0 90.7 487.7 34.8 2420.8 132.5 426.4 30.4 80

F.P. 58 1.3 1.00E-K)9 100.00 0.3078 5.27 0.0398 4.33 0.8214 0.0560 3.00 272.5 28.7 251.9 21.8 453.7 27.3 250.4 21.4 44
F.P. 59 2.4 1.00E-K)9 100.00 0.3164 8.21 0.0468 3.57 0.4353 0.0491 7.39 279.1 45.8 294.7 21.1 150.3 22.2 295.9 21.0 -96
F.P. 60 2.4 5.70E-K)2 31.35 0.6033 9.30 0.0503 3.58 0.3856 0.0871 8.58 479.3 89.1 316.1 22.7 1362.1 233.7 302.4 22.2 77
F.P. 61 3.3 5.11E+02 23.12 0.5492 5.88 0.0484 4.00 0.6792 0.0823 4.32 444.4 52.3 304.7 24.4 1252.4 108.2 293.2 23.3 76
F.P. 62 3.3 l.OOE+09 100.00 0.3121 5.17 0.0395 3.70 0.7167 0.0574 3.60 275.8 28.5 249.5 18.5 505.6 36.4 247.6 18.2 51
F.P. 63 2.2 1.00E-K)9 100.00 0.2974 4.39 0.0408 3.87 0.8809 0.0528 2.08 264.4 23.2 258.0 20.0 321.6 13.4 257.5 19.7 20
H.H. 64 9.8 3.99E-HD2 19.96 0.5871 5.77 0.0485 3.89 0.6746 0.0877 4.26 469.0 54.1 305.6 23.8 1375.9 117.2 292.1 22.6 78
H.H. 76 1.7 7.08E+02 18.99 0.4277 6.47 0.0383 2.85 0.4402 0.0809 5.81 361.5 46.8 242.6 13.8 1218.8 141.5 233.4 13.4 80
F.P. 77 4.3 1.33E-K)3 30.11 0.2387 5.38 0.0284 4.47 0.8313 0.0611 2.99 217.3 23.4 180.2 16.1 641.2 38.3 177.6 15.8 72
F.P. 83 1.0 5.12E+04 100.00 0.3118 3.42 0.0423 2.97 0.8692 0.0535 1.69 275.5 18.8 266.9 15.9 349.7 11.8 266.2 15.6 24
F.P. 84 1.6 2.51E+04 68.77 0.3169 3.32 0.0429 2.94 0.8848 0.0536 1.55 279.5 18.6 270.7 15.9 353.5 11.0 270.1 15.7 23
C. 85 5.3 1.24E+03 25.01 0.2893 7.56 0.0336 3.00 0.3976 0.0625 6.93 258.0 39.0 212.9 12.8 691.1 95.8 209.7 12.7 69
C. 86 3.4 1.63E-W3 19.10 0.3655 4.52 0.0444 2.86 0.6329 0.0597 3.50 316.3 28.6 280.2 16.0 591.2 41.4 277.5 15.7 53
c. 87 6.4 1.72E+02 20.06 0.6895 4.77 0.0347 3.41 0.7144 0.1439 3.34 532.5 50.8 220.2 15.0 2275.0 151.9 194.3 13.4 90
c. 88 4.2 8.52E+03 43.59 0.3481 5.21 0.0447 3.98 0.7636 0.0565 3.37 303.3 31.6 282.0 22.5 470.5 31.7 280.4 22.1 40
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[%] [%] [%] [%] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [%]
F.P. 89 1.2 2.54E+03 33.34 0.2408 4.24 0.0300 2.86 0.6731 0.0582 3.14 219.1 18.6 190.6 10.9 537.0 33.7 188.7 10.7 64
T. 109 0.3 1,00E-K)9 100.00 0.3223 4.72 0.0439 2.76 0.5850 0.0532 3.82 283.7 26.8 277.1 15.3 338.2 25.9 276.6 15.1 18
C. 110 11.9 2.88E+02 5.76 0.6169 3.51 0.0469 2.73 0.7781 0.0954 2.21 487.9 34.3 295.4 16.2 1536.2 67.8 279.4 15.2 81
C. 116 4.5 2.03E+03 20.80 0.4014 3.04 0.0484 2.74 0.9023 0.0602 1.31 342.7 20.8 304.5 16.7 609.9 16.0 301.6 16.3 50

H.H. 117 4.6 l.OOE+09 100.00 0.3128 4.05 0.0420 2.75 0.6789 0.0540 2.98 276.4 22.4 265.1 14.6 372.6 22.2 264.3 14.4 29
C. 118 2.1 5.44E-H32 12.65 1.6591 3.58 0.1256 2.72 0.7602 0.0958 2.32 993.0 71.0 762.8 41.5 1543.5 71.7 732.9 39.0 51
D. 119 5.4 9.88E+03 45.68 0.3561 3.41 0.0476 2.78 0.8165 0.0543 1.97 309.3 21.1 299.8 16.7 382.1 15.0 299.0 16.4 22

F.P. 120 1.5 5.18E+03 39.45 0.3410 3.68 0.0447 3.13 0.8507 0.0554 1.93 297.9 21.9 281.6 17.6 428.0 16.5 280.4 17.3 34
F.P. 124 1.2 8.48E-K)2 27.20 0.3168 5.26 0.0377 2.87 0.5464 0.0610 4.40 279.4 29.4 238.3 13.7 640.0 56.4 235.3 13.5 63
C. 125 4.2 1.76E+03 18.56 0.3669 3.01 0.0453 2.72 0.9031 0.0587 1.29 317.4 19.1 285.6 15.5 557.8 14.4 283.2 15.2 49

H.H. 152 3.7 5.78E-K)2 23.12 0.5071 5.44 0.0478 3.83 0.7048 0.0769 3.86 416.5 45.3 301.3 23.1 1117.6 86.2 292.0 22.2 73

Localities: C. -  Cloghauninchy, D. -  Denshaw, F.P. -  Foohagh Point, H.H. -  Hag’s Head, T. -  Trusklieve.
Isotopic ratios calibrated for Pb-U discrimination effect using the power law method vs. ■°^b/"^*U). U and total REE matrix correction was applied.
Rho -  error correlation calculated as: [(Err '̂”Pb/’” U)" +  (Err "“ Pb/‘^®U)̂  - (Err “̂’Pb/=®^b)^] / [2 ♦ (Err * (Err “̂ Pb/^^*U)].
Discordancy = (t[^°"Pb/='^Pb] - t[^“ Pb/” ^U]) / t[^°"Pb/“ ®Pb]) » 100%.



Table A5.12. Power-law (scheme A2) calibrated SIMS data for xenotime overgrowths (corrected for matrix effects and for common lead)

a
3S*nO
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[%] [%] [%] [%] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [%]
F.P. 32 2.8 1.00E+G9 100.00 {0.0%} 0.3798 4.13 0.0498 2.64 0.640 0.0553 3.17 326.9 27.0 313.2 16.6 425.4 27.0 26.4
H.H. 33 7.7 l.OGE+09 100.00 {0.0%} 0.3465 4.49 0.0489 2.54 0.566 0.0514 3.70 302.1 27.1 307.6 15.6 260.3 19.3 -18.2
F.P. 34 2.1 1.00E-K)9 100.00 {0.0%} 0.3307 5.61 0.0473 2.68 0.478 0.0508 4.93 290.1 32.6 297.6 16.0 230.0 22.7 -29.4
P.P. 35 2.1 1.30E+03 68.15 1.40% 0.4024 7.73 0.0511 2.80 0.705 0.0571 7.21 343.4 53.1 321.2 18.0 496.8 71.6 35.3
P.P. 36 2.1 1.00E+G9 100.00 {0.0%} 0.3465 4.29 0.0448 2.50 0.583 0.0562 3.48 302.1 25.9 282.2 14.1 458.5 31.9 38.4
F.P. 37 2.1 8.02E-K)3 68.78 0.23% 0.4088 4.55 0.0544 3.90 0.707 0.0545 2.35 348.0 31.7 341.5 26.6 391.7 18.4 12.8
P.P. 51 1.8 l.OOE+09 100.00 {0.0%} 0.3343 4.82 0.0467 3.89 0.807 0.0519 2.85 292.8 28.2 294.2 22.9 282.2 16.1 -4.3
C. 57 5.1 1.36E+02 11.88 13.4% 0.4545 4.59 0.0680 3.64 0.712 0.0484 2.79 380.4 34.9 424.4 30.9 121.0 6.8 -250.7
P.P. 58 1.3 l.OOE+09 100.00 {0.0%} 0.3078 5.27 0.0398 4.33 0.821 0.0560 3.00 272.5 28.7 251.9 21.8 453.7 27.3 44.5
P.P. 59 2.4 l.OOE+09 100.00 {0.0%} 0.3164 8.21 0.0468 3.57 0.435 0.0491 7.39 279.1 45.8 294.7 21.1 150.3 22.2 -96.1
P.P. 60 2.4 5.70E-H)2 31.35 3.20% 0.4135 9.48 0.0486 3.66 0.696 0.0617 8.75 351.4 66.6 306.2 22.4 662.2 115.9 53.8
P.P. 61 3.3 5.11E+02 23.12 3.57% 0.3454 6.00 0.0467 4.08 0.706 0.0537 4.41 301.2 36.2 294.1 24.0 357.2 31.5 17.7
P.P. 62 3.3 1.00E+09 100.00 {0.0%} 0.3121 5.17 0.0395 3.70 0.717 0.0574 3.60 275.8 28.5 249.5 18.5 505.6 36.4 50.7
P.P. 63 2.2 1 .OOE+09 100.00 {0.0%} 0.2974 4.39 0.0408 3.87 0.881 0.0528 2.08 264.4 23.2 258.0 20.0 321.6 13.4 19.8
H.H. 64 9.8 3.99E+02 19.96 4.57% 0.3256 5.88 0.0463 3.97 0.705 0.0510 4.34 286.2 33.7 292.0 23.2 239.4 20.8 -21.9
H.H. 76 1.7 7.08E+02 18.99 2.57% 0.3112 6.60 0.0374 2.90 0.695 0.0604 5.92 275.1 36.3 236.4 13.7 618.6 73.3 61.8
F.P. 77 4.3 1.33E+03 30.11 1.38% 0.1926 5.49 0.0280 4.56 0.705 0.0500 3.05 178.9 19.6 177.8 16.2 193.6 11.8 8.2
P.P. 83 1.0 5.12E+04 100.00 0.04% 0.3100 3.49 0.0423 3.03 0.869 0.0532 1.72 274.2 19.1 266.8 16.2 337.6 11.6 21.0
P.P. 84 1.6 2.51E-K)4 68.77 0.07% 0.3132 3.39 0.0429 3.00 0.707 0.0530 1.58 276.6 18.8 270.5 16.2 328.7 10.4 17.7
C. 85 5.3 1.24E-K)3 25.01 1.47% 0.2310 7.71 0.0331 3.06 0.696 0.0506 7.07 211.0 32.5 209.8 12.9 224.2 31.7 6.4
C. 86 3.4 1.63E-HD3 19.10 1.12% 0.3070 4.61 0.0439 2.92 0.705 0.0507 3.57 271.8 25.1 277.2 16.2 225.9 16.1 -22.7
C. 87 6.4 1.72E+02 20.06 10.6% 0.2546 4.87 0.0311 3.48 0.707 0.0595 3.41 230.3 22.4 197.2 13.7 583.9 39.8 66.2
C. 88 4.2 8.52E+03 43.59 0.21% 0.3368 5.32 0.0446 4.06 0.707 0.0547 3.43 294.7 31.3 281.4 22.9 401.8 27.6 30.0
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Table A 5 .l2 (cont.)
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F.P. 89 1.2 2.54E+03 33.34 0.72% 0.2154 4.33 0.0298 2.91 0.707 0.0524 3.20 198.1 17.1 189.3 11.0 303.6 19.4 37.7

T. 109 0.3 1.00E-K)9 100.00 {0.0%} 0.3223 4.72 0.0439 2.76 0.585 0.0532 3.82 283.7 26.8 277.1 15.3 338.2 25.9 18.1

C. 110 11.9 2.88E+02 5.76 6.34% 0.2663 3.58 0.0439 2.79 0.714 0.0440 2.25 239.7 17.2 277.1 15.5 -112.2 -5.1 346.9

C. 116 4.5 2.03E-H33 20.80 0.90% 0.3501 3.10 0.0479 2.80 0.709 0.0530 1.34 304.8 18.9 301.9 16.9 327.2 8.7 7.7

H.H. 117 4.6 l.OOE+09 100.00 {0.0%} 0.3128 4.05 0.0420 2.75 0.679 0.0540 2.98 276.4 22.4 265.1 14.6 372.6 22.2 28.8

C. 118 2.1 5.44E+02 12.65 3.35% 1.1620 3.65 0.1214 2.77 0.708 0.0694 2.37 782.9 57.1 738.7 41.0 911.1 43.2 18.9

D. 119 5.4 9.88E+G3 45.68 0.18% 0.3458 3.47 0.0475 2.84 0.707 0.0528 2.01 301.5 21.0 299.2 17.0 319.6 12.8 6.4

F.P. 120 1.5 5.18E-K)3 39.45 0.35% 0.3225 3.75 0.0445 3.19 0.708 0.0526 1.97 283.8 21.3 280.6 17.9 309.9 12.2 9.4

F.P. 124 1.2 8.48E-K)2 27.20 2.15% 0.2213 5.36 0.0368 2.93 0.704 0.0436 4.49 203.0 21.8 233.2 13.7 -135.4 -12.2 272.3

C. 125 4.2 1.76E-K)3 18.56 1.03% 0.3116 3.07 0.0448 2.78 0.709 0.0504 1.32 275.4 16.9 282.7 15.7 214.3 5.7 -31.9

H.H. 152 3.7 5.78E+02 23.12 3.16% 0.3290 5.54 0.0463 3.91 0.707 0.0515 3.93 288.8 32.0 292.0 22.8 262.7 20.7 -11.2

Localities: C. -  C loghauninchy, D. -  D enshaw , F.P. -  Foohagh Point, H .H. -  H ag 's  Head, T. -  Trusklieve.
Isotopic ratios calibrated for Pb-U  discrim ination effect using the pow er law  method vs. * °^ b /’^*U). U  and total REE m atrix correction w as applied.
R ho -  error correlation calculated as: [(Err ^ '"Pb/‘” U)^ +  (Err -°*Pb/^^*U)^ - (Err “̂’Pb/='*Pb)"] / [2 * (Err “ ’Pb/“ ^U) * (Err ‘°^Pb/“ *U)].
D iscordancy =  (t[“ ’Pb/"“ Pb] - t[^“ P b /“ *U]) / t[^“’Pb/-“ Pb]) * 100%.


