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ABSTRACT 

Textural and chemical characterization and U-Th-Pb chemical dating were carried 
out on monazite from upper greenschist to granulite facies rocks of the Paleoproterozoic 
(ca. 1.92-1.90 Ga) LongstaffBluffFonnation (LBF) using an electron microprobe 
(EMP). 

In the LBF, monazite appears early in the prograde metamorphic sequence. Upper 
greenschist rocks contain small but widespread metamorphic monazite. The abundance 
and size ofLBF monazite constantly increase with metamorphic grade. The transition 
from the Sil-Kfs zone to the origmatite zone coincides with a significant increase in size 
and abundance of monazite. Chemical zoning is generally weak in low- to medium-grade 
samples. Monazites from migmatitic samples are the most abundant and they are 
commonly zoned in U, Thand Y. 

Chemical data show that metamorphic grade has a strong influence on monazite 
composition. HREE, Ca, Si, Th, U, and Y increase with metamorphic grade, while LREE 
abundance decreases. The spread in values of element content at higher grade suggests 
that factors other than metamorphic grade also control monazite composition. Sharp 
changes in monazite composition are observed at the transition from the Sil-Kfs zone to 
the migmatite zone, notably a steep increase in Y content. Highly resorbed garnet is 
reported from this transition. 

Electron microprobe U-Th-Pb chemical dating of monazite allowed recognition of 
6 different age populations within the LBF monazites. Results correlate very well with 
available U-Pb isotopic ages. Detrital grains were identified. Episodes of metamorphic 
monazite growth were dated at ca. 1880 Ma {Et), 1850 Ma (E2), 1830 Ma (E3), 1800 Ma 
CE4) and 1770 Ma (Es). Chemical age data suggest the existence of a northward younging 
age gradient for Ez and E3 events, which are mainly recorded in the southernmost 
transects. & is synchronously recorded throughout the field area and Es is mainly 
recorded in the northern part of the study area. Constraints from petrological setting and 
chemical mapping of monazite grains were used to interpret the ages. 

The significance ofEt is not clear, although it is similar in age with the 
emplacement of granite at 1897+ 7/-4 Ma and ca.1877-1874 Ma monazite ages obtained 
from by TIMS analysis. Ez likely corresponds to development of an S 1 fabric and 
predates growth of cordierite. E3 is pre- to syn-garnet growth. Petrological an chemical 
information of~ monazite grains suggest that this event correspond to partial melting of 
the LBF and that, locally, older monazite grains were partially recrystallized dming this 
event. Es monazite grains are syn- to post- development of an 82 fabric in the low-grade 
samples. 
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1. Introduction 

Over the past decade, interest in monazite as a metamorphic mineral and a 

chronometer has significantly increased, because this is a prevalent accessory mineral in 

metapelites and it has a very reliable isotopic system. Additionally, numerous recent 

studies (e.g., Terry et al., 2000; Spear and Pyle, 2002; Winget al., 2003) show that 

growth of metamorphic monazite and its relationships with other mineral phases allow 

retrieval of important information on the metamorphic history of the rock. One of the 

most promising fields of investigation is the application of in situ chemical dating of 

monazite using the U-Th-Pb system by electron microprobe (EMP). This technique 

preserves the petrological setting of analysed grains and allows the geochronological 

information to be related to petrological and geochemical data. 

The details of monazite behaviour under various metamorphic conditions are still 

not fully understood This lack of information represents a fundamental obstacle in the 

interpretation of chemical and isotopic ages obtained from monazite. Consequently, 

important research efforts (e.g., Foster et al., 2002; Pyle and Spear, 2003a) have been put 

into understaiuling the relationship of monazite with other accessory and rock forming 

minerals involved in metamorphic reactions, documenting chemical changes with 

changing metamorphic grade, and investigating the nature of the chemical zoning. 

Important progress bas been made over the last decade; however, we are only starting to 

understand the complexity of the chemical interaction between monazite and other 

mineral phases during· metamorphism. All this information is required to understand the 

significance of monazite chemical ages obtained by EMP in situ dating. 

The Geological Survey of Canada (GSC) and the Canada-Nunavut Geoscience 

Office (C-NGO) led a three-year collaborative project (2000-2002) in the central part of 

Baffin Island, which covers a large section of the northern margin of the Trans-Hudson 

Orogen. The project area encompasses the metasediments oftbe Foxe Fold Belt and 

associated plutonic rocks, which are flanked to north by the Archean Rae craton and by 

the Paleoproterozoic Cumberland Batholith to the south. This area had only been mapped 
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on a reconnaissance scale in the past. The GSC/C-NGO joint mapping project aimed to 

obtain a transect across the orogen in order to better understand the geometiy and 

distribution of the various rock units. and the nature of the contacts with the Archean 

basement, ultimately to acquire a better knowledge of the geological evolution of this 

area. The Foxe Fold Belt includes a thick package of turbidites. the Longstaff Bluff 

Formation (LBF), t1tat shows a range of metamorphic grade from upper greenschist facies 

to granulite facies. These metasedimentary rocks contain minor but widespread pelitic 

material that recorded a prograde metamorphic sequence, which makes it an ideal 

candidate to study the chemical and textural variation of monazite through progressive 

metamorphism. 

The metamorphic isograds in the central Baffin area of the Foxe Fold Belt form an 

east-west elongated trough (Dubach and Carmichael, 2003). In the centre sits the lowest 

grade area with metamorphic grade increasing outward in every direction. The LBF 

occupies most of the surface and is an ideal tracer for the isograds due to its pelitic layers. 

The origin of the metamorphism in the LBF is not fully understood. The timing of 

metamorphism is poorly documented in this area and links with the metamorphic 

evolution of the metapelites (e.g. porphyroblast growth, mineral reactions) are lacking. It 

was previously suggested that the area first experienced an episode of contact 

metamorphism caused by the emplacement of the Cumberland Batholith and related 

megacrystic monzogranite plutons to the south of the study area (Corrigan et al., 2001). 

Then, a later phase of regional metamorphism due to tectonic thickening of the crust 

locally overprinted the contact metamorphism. However, new U-Pb data (Wodicka et al., 

2002) on the timing of the megacrystic monzogranite emplacement and the 

migmatisation event revealed that the previous interpretations are inadequate because the 

monzogranite located in the south of the area is older than the Cumberland Batholith and 

available ages for the LBF indicate that regional metamorphism is not related to the 

emplacement of this monzogranites. Recent work (Allan and Pattison, 2003; Dubach and 

Carmichael, 2003; Wodicka et al., 2003) also reveals that the LBF metamorphic history is 

relatively complex and comprises multiple events. 
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The purpose of this study was to: 

1. acquire geochemical and textural data from LBF monazite and to relate this 

information to the metamorphic history, 

2. acquire geochronological information on monazite growth history using EMP 

chemical dating, 

3. compare new data with existing geochronological and metamorphic information, 

4. and interpret the significance of the data acquired from LBF monazite in terms ofthe 

metamorphic history 

To achieve these objectives a comprehensive EMP study of LBF monazite grains 

from various petrological settings and metamorphic grades was canied out. Information 

on textures, petrological setting and chemical zoning of monazite grains was obtained 

using back-scattered electron (BSE) images and X-ray maps, information on major and 

minor element content was provided by EMP spot analyses, and geochronological 

information was obtained from EMP analyses of selected monazite grains. Mineral 

assemblages of samples analysed in this study were examined; however, a detailed 

petrological SUldy of the metamorphic mineral assemblages and phases equilibrium of 

LBF rocks, and characterisation of the P-T conditions are part of an ongoing Ph.D. study 

(K. Dubac~ Queen's University) and were not addressed in this study. Because the 

emphasis was put on the characterisation of textural, chemical and age variation ofLBF 

monazite, other mineral phases were not examined in detail and the nature of reactions 

involving monazite has .not been specifically addressed 

In Chapter 2, the thesis first provides background information on the regional 

geology of the central Baffin area including a description of the main lithological units, 

information on the regional distribution of the main metamorphic zones and P-T data, and 

a brief summary of the regional structural geology. Chapter 3 presents the sample 

locations with a more detailed description of the different mineral assemblages. It also 

synthesises observations on LBF monazite textures and distribution. A discussion on the 

significance of these observations completes the chapter. Chapter 4 is more technical and 

provides basic information on electron microprobe quantitative analysis and 

3 



specifications for monazite analysis. This chapter also describes briefly the various 

procedures used and discusses some of the analytical issues (e.g .• analytical settings. 

sources of errors). The first pan of Chapter 5 addresses the chemical zoning of LBF 

monazite; whereas the second pan presents and_ discusses results of the variation in 

chemical content of monazite from different metamorphic grades. Chapter 6 presents the 

results of the chemical dating of LBF monazite and discusses the statistical treatment of 

the age data. Chapter 7 discusses the significance of the monazite chemical ages for 

constraining the LBF metamorphic history. 
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2. Regional Geology 

2.1 Trans-Hudson Orogen 

The Paleoproterozoic was a period of very active tectonic processes. Major 

collisional events from 2.0-1.8 Ga resulted in the assembly of Laurentia (Hoffman, 1988). 

The 1.9-1.8 Ga Trans-Hudson Orogen (THO), one ofthe Paleoproterozoic orogens, 

involved the collision of three Archean continental blocks. The Hearne and Rae cratons 

to the north collided with the Superior craton to the south. The THO is a collage of island 

arcs, sedimentary basins, and oceanic plateaux forming the internal zone, and reworked 

Archean continental crust and associated cover sequences which form the external zones 

(Fig.2.1; Corrigan et al., 2002). The THO orogen stretches from the central U.S. through 

Saskatchewan, Manitoba, Hudson Bay, and Greenland, and reaches its maximum width 

in Baffin Island and northern Quebec. This section consists of the Cape Smith Belt (St-

Onge et al., 200le; St-Onge et al., 2002) in northern Quebec, which forms the southern 

margin of the orogen; the centre is occupied by the large Paleoproterozoic Cumberland 

Batholith (Jackson and Taylor, 1972; Jackson et al., 1990; Scott, 1997) and the northern 

margin is known as the Foxe Fold Belt. The latter was the area chosen by the Geological 

Survey of Canada and the Canada-Nunavut Geoscience Office to complete a joint 

mapping project to the scale of 1: 100 000 across the northern margin of the THO in 

Baffin Island 

2.2 Geology of the central Baffin Area 

The GSC/C-NGO mapping project area stretches between 68°N and _70°N latitude 

and 70°W to 76°W longitude (Fig.2.1 ), which corresponds to the area of maps NTS 37 A, 

370 and the western halves of27B and 27C. The Rae craton is exposed in the north and 

in basement-cored domes in the south-east. This Archean crustal block forms the 
basement of the project area and is mainly made up of quartzofeldspathic gneisses 

intruded by foliated monzonitic plutons. Sttucturally above the basement, the Piling 

Group (PG), a thick sedimentaJy sequence of Paleoproterozoic age is divided into two 

sections: the Lower Piling Group (LPG) comprises a basal quartzite (Dewar Lakes fm) 

overlain by a platfonna.l carbonate sequence (Flint Lake Fm) on top of which 
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Figure 2.1 : Regional distribution and geology of Trans-Hudson Orogen in the Hudson 
Bay and Baffin Island area. The red box represents the area mapped through the GSC/C-
NGO collaborative project (from St-Onge et al., 200lb). Samples for this study were 
collected in the south-east part of the mapped area. 

conformably sits a unit of sulphidic schist and iron-formation (Astarte River Fm). In the 

south, a unit of mafic volcanics and sedimentary rocks (Bravo Lake Fm), tectonically 

sitting on turbidites of the Upper Piling Group, was shown to have been initially 

deposited at the same stratigraphic level as the Flint Lake Formation (Scott et al., 2002). 

Stratigraphically above the LPG is the Upper Piling Group. A thick unit of 

metaturbidites constitutes the Longstaff Bluff Fm (LBF) that blankets the whole central 

part of the project area Finally, the southern part exposes Rae craton basement intruded 
by different granitic suites. There are granodioritic plutons, white monzogranitic 

intrusions and pegmatitic veins and dykes of syenogranite containing Grt-Bt-Ms±Tur. 

This study focuses more specifically on the south-east comer of the area mapped during 
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the 2000 field season of the GSC/C-NGO mapping project (Fig.2.2). Two geological 

maps at the scale 1:100 000 (St-Onge et al., 200la, 200lc) cover the area where the 

samples have been taken. A more precise location of the samples is given in Chapter 3. 

2.3 Description of the lithological units from the project area 

This section provides a more exhaustive description of each lithological unit 
encountered in the project area (Fig.2.2) in order to give the regional geological context. 

However, the emphasis is on the PG and more specifically on the LBF. The units are 

described in stratigraphic order starting with the oldest. 

2.3.1 Archean: 

Archean rocks outcrop mainly in the nonhero portion of the field area, north of 

Flint Lake (Fig.2.2), and in basement-cored domes in the south-east of the project area 

where conjugate folding foimed dome-and-basin structures. The Archean basement 

consists of orthogneiss with enclaves of the Mary River Group (Section 2.3.1.2) and both 

are intruded by plutonic rocks also of Archean age (Corrigan et al., 2001). 

2.3.1.1 Archean onhogneiss: 

The composition of the Archean orthogneiss (2.83-2.82 Ga.; Wodicka et al., 2002) 

varies from biotite ± hornblende granodioritic to biotite ± hornblende monzogranitic 

layers with rare biotite ± hornblende tonalitic layers (Scott et al., 2002). The gneisses are 

generally well-banded and the thickness of individual layers varies from a few 

centimetres to metres. 

2.3.1.2 Mary River Group: 

The Mary River Group (Jackso~ 1969; Jackson and Bennan, 2000) is a package 

of siliciclastic and mafic volcanic rocks found within the orthogneiss in the northern 

exposures of the Rae Craton. These are correlative w.ith the Prince Albert Group along 

strike on the Melville Peninsula. The siliciclastic rocks are the most abundant lithology of 

the Mary River Group. The most common facies of siliciclastic rocks is a brown-

weathered psammite to semipelite with local beds ofpelite (Scott et al., 2003). This 
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Figure 2.2 : Regional geological map of central Baffin Island (St-Onge et al., 2001 b). 
There is a progressive increase in metamorphic grade from the campsite toward the south 
as highlighted by the distribution of the mineral zones in the LBF. The black box in the 
southern half of the map highlights the limits of the study area (transect locations in 
Figure 3.1). 
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characteristic weathering colour (caused by the presence of accessory pyrite in the 

sedimentary rocks) and the typical knotted texture in the more pelitic beds, formed by 

sillimanite aggregates, distinguishes these sedimentary rocks from the Paleoproterozoic 

ones. 

Locally, mafic volcanic rocks are associated with the siliciclastic rocks. The 

volcanic rocks are generally massive to moderately foliated and characterised by 

hornblende ± biotite with rarely preserved clinopyroxene. 

2.3.1.3 Granite intrusions: 

The Archean basement also includes a variety of plutonic rocks that truncate the 

gneissic banding of the orthogneiss. The intrusive rocks are generally weakly to 

moderately foliated and vary in composition from rare syenogranite to biotite-

monzogranite with local tonalite. Similar bodies in the nearby Eqe Bay area yielded 

Archean ages (Bethune and Scammeli, 1997). Such intrusions sometimes form the 

basement of large areas of Paleoproterozoic sedimentary cover or basement-cored domes. 

For instance, the basement in the Flint Lake area (Fig. 2.2) is formed by moderately 

foliated Archean monzogranite (2. 73-2.70 Ga; Wodicka et al., 2002). Paleoproterozoic 

granite also intruded the basement. The distinction between the two granites is very 

difficult in the field (Corrigan et at., 2001). 

2.3.2 ~terozoic: 

The Proterozoic rocks of the area can be divided into three main groups: l) the PG 

with its sequence of metasedimentary and minor metavolcanic rocks; 2) a variety of 

intrusive bodies ranging from syn- to post-tectonic; 3) local diabase dykes from the 

Franklin swarm. 

2.3.2.1 Piling Group CPG): 

The PG is part of a belt of Paleoproterozoic sedimentary rocks that extends from 

the Melville Peninsula, where it is correlated with the Penrhyn Group (Henderson, 1983), 

through central Baffin Island, to the west coast of Greenland, where it is correlated with 
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the Karrat Group (Taylor, 1982). The stratigraphic nomenclature of the PG was proposed 

by Morgan and his collaborators (Morgan, 1983; Tippett, 1984). The PG is divided into a 

Lower sequence and an Upper sequence. The Lower sequence represents a passive 

margin succession showing deepening of the water. At the base, there are quartzites 

typical of the Dewar Lakes Formation marking the oldest continental deposition on the 

Rae craton in this area. Above it is a sequence of carbonates called the Flint Lake 

Fonnation. Towards the sout~ the mafic volcanic rocks of the Bravo Lake Formation 

overlie the Dewar Lakes quartzites. The carbonates give way to the black sulphidic shales 

of the Astarte River fonnation in the south. Locally the Astarte River Formation is found 

stratigraphically above the Bravo Lake Formation. A thin sequence of quartzites 

interpreted as Dewar Lakes Formation is commonly found below the volcanic rocks. The 

Bravo Lake Formation, structurally above the LBF, is separated from it by a thrust fault 

inferred to have formed early in tbe THO history. The Upper sequence comprises mainly 

the thick package of turbidites of the LBF which is interpreted as a foredeep basin 

environment. This unit is by far the most abundant of the PG and blankets the whole 

central zone of the project area. 

2.3.2.1 .1 Dewar Lakes Formation: 

The basal contact of the Dewar Lakes Formation with the Archean basement was 

observed in numerous locations. It consistently truncates structures and lithological 

features ofthe gneissic basement, but is also conformable with overlying sedimentary 

rocks (Scott et al., 2003). This unit is mainly composed of quartzites and feldspathic 

quartzites with local layers of more psammitic or pelitic material (Scott et al., 2002a). A 

three-member subdivision was proposed by Scott et al. (2003) based on mapping. The 

lower member is composed of thin layers of pink-weathering quartzite rich in muscovite. 

The middl(! member consists of medium to thick quartzite beds with low mica content but 

abundant sillimanite. The upper member is composed of thinly bedded quartzitic to 

psammitic material with more pelitic layers. The overall thickness of the Dewar Lakes 

Fonnation varies highly throughout the field area .from tens to hundreds of metres. 
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2.3.2.12 Flint Lake Formation: 

The dolostone, marble, and calc-silicate units of the Flint Lake Formation are 

thought to represent the carbonate shelf of the passive margin of the Rae Craton (Scott et 

al., 2002). The abundance of cmbonate material generally diminishes toward the south, so 

that the Flint Lake Formation is only found in the northern part of the area. The 

distribution of the Flint Lake Formation supports the idea of a south-facing continental 

margin. Individual layers have a thickness varying from few centimetres to a couple of 

decimetres. The overall thickness of the carbonate unit is estimated to be between 500-

l OOOm. The Flint Lake Formation likely formed a narrow belt parallel to the edge of the 

Rae craton. 

2.3.2.1.3 Astarte River Formation: 

This formation is typically composed of black graphitic semipelites and pelites 

with minor sulphide-facies iron formation. The presence of sulphides gives a 

characteristic rusty colour to weathered outcrops. Pyrite is the dominant sulphide with 

local pyrrhotite. Sulphides are found in seams or disseminated. The Astarte River 

Formation conformably overlies the Flint Lake Formation and indicates deeper water 

conditions. Unlike the carbonates, the sulphidic shales stretch further south and also 

locally overlie the Bravo Lake Formation. 

2.3.2.1.4 Bravo Lake Formation: 

The Bravo Lake Formation comprises mafic and ultramafic flows and sills and 

associated metasedimentary rocks (Stacey and Pattison, 2003). These rocks occur along a 

narrow corridor at the latitude of Nadluarjuk: Lake, extending from Straits Bay to the 

eastern limit of the mapping area (Fig. 2.2). The volcanic rocks exhibit a variety of 

textures including abundant pillows. Preliminary data on the Bravo Lake Formation 

geochemistty suggest that these rocks likely represent volcanism in a rift environment 

(Modeland, 2003). 
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2.3.2.1.5 LongstaffBiuffFonnation (LBF): 

The LBF is composed of a relatively homogenous succession of psammite and 

semipelite beds with minor pelitic components. Locally, the relative abundance ofpelites 

varies. The thickness of the layers ranges from a few centimetres up to ca.2 m. Within 

the lowest metamorphic grade rocks in the centre of the belt, primary grain size is 

preserved and sedimentological structures such as cross-bedding and laminations can be 

observed locally. Graded bedding is common. Data from throughout the field area 

indicate that the turbidites are generally in an upright position and are tightly to 

isoclinalJy folded. The turbidites cover the whole central area and the contact with 

underlying units is sharp rather than a progressive transition. Neodymium isotopic 

analysis indicates that these rocks have a distinctly younger provenance than the ones 

from the Dewar Lakes Formation (JoJms, 2002). The LongstaffBiuffFonnation is 

interpreted to have originated as molasse deposited in a foredeep basin fed by erosion 

from orogenic uplift (Scott et al., 2003). The total stratigraphic thickness of the Longstaff 

Bluff Formation has been estimated at 3-5 Ian based on a structural cross-section 

(Bemiolles, pers. comm.). 

The mineralogy of the Longstaff Bluff formation varies depending on the 

metamorphic grade. The LongstaffBiufffonnation turbidites sit in the centre ofthe 

sedimentary belt. The metamorphic grade is at the lowest in the central area and increases 

outward towards the north and south. A detailed description of the metamorphic grade 

and its distribution is given in section 2.4 and Chapter 3. 

2.3.2.2 Granitic intrusions: 

The p~ject area includes a variety of granitic rocks. At least four compositionally 

different plutonic rocks have been observed in the project area. Paleoproterozoic 

intrusions cover large areas in the Lake Gillian region as well as in the Flint Lake region 

(Fig. 2.2). The area south of Flint Lake exposes an Aicbean culmination cut by 

Paleoproterozoic intrusions. Further south lies a large area predominantly covered by 

turbidites from the LongstaffBIUfffonnation. At the latitude ofNadlwujuk Lake, 

granitic intrusions reappear and further south they become the predominant lithological 
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unit However, there are four varieties of plutonic rocks in the south. Based on field 

relations, the rocks are described from oldest to youngest: 

2.3.2.2.1 Biotite±muscovite±allanite sveno- to monzogranite 

Paleoproterozoic plutons intruded the northern margin of the Foxe Fold Belt. 

Their composition varies from syeno- to monzogranite. Biotite is widespread with 

common muscovite and local allanite. The intrusions are syn- to post- tectonic and the 

intensity of deformation ranges from massive to strongly foliated granites. Locally, 

enclaves of orthogneiss (basement) and metasedimentary rocks (Piling Group) are found. 

2.3.2.2.2 K-feldspar megacrystic monzogranite 

To the south, abundant granodioritic and monzogranitic rocks with K-feldspar 

megacrysts contain biotite ± hornblende ::±: garnet and metasedimentary enclaves 

correlated with the Piling Group. Field observations, compositional similarity and 

location close to known exposures of the CUmberland Batholith suggested that these 

rocks represent its northernmost exposure. However, new U-Pb data revealed aQ. age of 

1897+7/-4 Ma (Chapter 6; Wodicka et al., 2003) that these rocks are significantly older 

than the Cumberland Batholith magmatic event dated at 1870-1850 Ma (Wodicka and 

Scott, 1997; Scott, 1999). (The Cumberland Batholith is a pre- to syn-orogenic plutonic 

complex ranging from medium- to coarse-grained granodioritic to monzogranitic 

hornblende ± biotite ± garnet-bearing rocks. It commonly contains enclaves of migmatitic 

metasedimentary rocks. :fhese rocks have not been positively identified in the project 

area, although some of the southernmost plutons may belong to the Cumberland suite.) 

2.3.2.2.3 Gamet-biotite±cordierite±muscovite white monzogranite 

Bodies of large massive white monzogranite are found cutting through the older 

granites (2.3.2.2.1 and 2.3.2.2.2 described above). These generally contain Grt-B1± 

Crd±Ms. The granite varies from medium-grained to pegmatitic and fonns plutons and 

dykes. Field relations such as the southward increase in metamorphic grade, the abundant 

migmatites, and outcrop observations of thin leucosome veinlets converging to form 
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larger veins and dykes of granitic composition suggest that the granite results from the 

partial melting of the PG metasedimentary rocks. 

2.3.2.2.4 Biotite-muscovite±gamet±tourmaline syenogranite pegmatite 

The youngest intrusive rocks are Bt-Ms±Gn±Tur~bearing pegmatitic syenogranite 

veins locally forming small intrusive bodies, such as sills and locally dykes cutting 

through the sedimentary rocks. 

2.3.2.3 Franklin dykes: 

Large gabbroic dykes are found throughout the field area. These dykes are fresh 

and unaffected by Paleoproterozoic deformation or metamorphism. They consistently 

trend north~west and are pan of the Franklin swarm (723 +2/-4 Ma; Heaman et al., 1992). 

The width of the dykes varies from a few metres to hundreds of metres and they may 

reach tens of kilometres in length. 

2.3.3 Palaeozoic: 

Flat-lying carbonates and minor siliciclastic rocks are found to the west of the 

field area in the islands ofFoxe Basin. These rocks are Ordovician in age. 

2.4 Metamorphism 

The earliest metamorphic event that affected the project area occurred during the 

Archean. A zircon fraction from a biotite monzogranite taken from a layered tonalite-

monzogranite-diorite gneiss in the Dewar Lakes area (Fig. 2.2) gave an age of2673 Ma 

distinctly younger than the crystallisation age of 2827+8/-?Ma (Wodicka et al., 2002). 

The 2673 Ma age is interpreted as a metamorphic age (Wodicka et al., 2002). Based on 

mineral assemblages found in basement mafic rocks (Hb-Pl±Grt) and in the rocks of the 

Maiy River Group (Bt-Sil-Grt±melt). the P-T conditions are estimated to have reached 

middle- to upper-amphibolite facies Conditions during Archean metamorphism (Corrigan 

et al., 2001). 
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The whole Piling Group was affected by metamorphism ranging from greenschist 

to granulite facies. Greenschist facies rocks occupy the central pan of the area and grade 

increases both northward and southward. To the north, the sedimentary rocks reach upper 

amphibolite facies (Bt+Kfs+Pl+Sil) and in the south they reach granulite facies 

(Crd+Grt+Kfs+melt) conditions with abundant leucosome (Corrigan et aL, 2001 ). This 

study focuses on the LBF metaturbidites that display a progressive southward increase in 

metamorphic grade. 

The metapelites and semipelites of the LBF show a systematic variation in 

mineralogy with increasing metam01phism. Chlorite zone is present in the central pan of 

the area, with Bt±Ms at slightly higher grade. With increasing metamorphic grade 

Crd±And enter the mineral assemblage followed by Sil+Kfs at higher grade. The mineral 

assemblage changes to Sil+Kfs+melt and ultimately leads to Crd+Gn+Kfs+melt 

indicating granulite facies conditions (Scott et al., 2002). Metamorphic isograds are 

deformed by late D3p cross-folds which suggests that metamorphic peak conditions 

occurred at an early stage of the deformation history (Dubach and Carmichael, 2003). 

Evidence for multiple metamorphic episodes was reported by Allan and Pattison (2003). 

p. T conditions in the Longstaff Bluff Formation metasediments varied from <550°C at 3 

kbar for the biotite zone (central area) to a maximum of 800-900°C at 7 kbar in the 

Grt+Crd+Kfs+melt zone south of Transect 5 (K. Dubach, pers. comrn.). Table 2.1 

illustrates the P-T conditions estimated for each of the five sampled tmnsects. Data were 

kindly provided by K. Dubach (Ph.D. in progress, Queen's University). 

Table 2.1: P-T conditions along sampled transects. 

Transect Metamorphic zone Temperature (DC) Pressure (kbar) 

1 Bt+Ms <.550° 3 or less 

2 Bt+Crd±And 550--60Q0 34 
3 Bt+Sii+Kfs >660° •>4 

4 Bt+Sil = Grt+Crd+Kfs 660-700° 5.6-6.2 

5 Grt+Crd+Kfs+melt 700.780° 4.8·6.4 
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2.5 Structural geology 

The area was affected by multiple deformation events. Archean defonnation was 

largely obscured by the Trans-Hudson orogeny, but is preserved by the gneissosity and 

the strong foliation present in the Archean basement rocks. 

The Paleoproterozoic rocks recorded at least four major deformation events (St-

Onge et al., 200lc). Tight intrafolial isoclinal folds (Scott et al., 2002) define the earliest 

Paleoproterozoic event D,p (Corrigan et al., 2001). The folds are north-verging and best 

preserved in the Dewar Lakes Formation siliciclastic rocks. Thin-skinned deformation 

characterises D1P· The tectonic imbrication of Piling Group units north of flint Lake and 

the thrusting of Bravo Lake Formation rocks onto LBF turbidites in the southern part of 

the area are interpreted to have taken place during D 1p (Corrigan et al., 2001; Scott et al., 

2003). In tbe low- to medium-grade LBF samples, micas generally have a preferred 

orientation, although later generations may be randomly oriented. The dominant fabric is 

a strongly developed schistosity in the more pelitic beds. The main schistosity (S 1) in the 

rocks of the study area generally strikes E-W. This fabric is interpreted to have developed 

during the early thin-skinned deformation event D1P (Corrigan et al., 2001). 

The second deformation event ~ is essentially coaxial with the previous event 

and resulted in the steepening of the earlier folds (Bemiolles, 2002). This event was 

characterised by east-northeast trending folds that affected both the supracrustal rocks of 

the PG and the Archean .basement (Corrigan et al., 2001; Scott et al., 2002). Thick-

skinned defonnation associated with this event locally resulted in thrusting of Archean 

basement rocks on top of PG supracrustal rocks. D2P folds are typically upright, tight to 

isocl~ shallow plunging and north vergent (Scott et al., 2002). 

A penetrative cleavage consistently clockwise with D2P and DtP fabrics is 

commonly observed in the LBF metasedimentary rocks. Field observations suggest that 

this is the result of an upright folding event with an axial plane slightly clockwise to ~ 

folds (Bemiolles, 2002). It is not clear yet if this clockwise cleavage represents a late 
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pulse of PzP or if it marks a distinct episode of deformation. This clockwise cleavage is 

common in the study area and is referred here as S2. 

The third main deformation event (DJP) is an orogen perpendicular folding event 

marked by gentle folds orthogonal to 0 1p and 0 2p (Corrigan, 2003). In the south, it 

produced a dome-and-basin pattern evident from the Bravo Lake Fm klippe. Locally, 

crenulations corresponding to 03p can be observed on 0 2p planar surfaces. 

2.6 Summary 

In summary, the central Baffin area consists of an Archean basement, the Rae 

craton, overlain by a thick sequence of Paleoproterozoic metasedimentary rocks, namely 

the Piling G~up (PG), which includes, from bottom~ top, a basal quartzite, a carbonate 

shelf sequence in the north replaced by volcano-sedimentary rocks in the south, a unit of 

sulphidic shale, and a thick package of turbidites. The LBF turbidites constitute by far the 

most extensive unit of the PG and they blanket a large surface in the centre of the map 

area. Both the PG metasedimentary rocks and the Archean basement are intruded by a 

variety of Paleoproterozoic granitic rocks. 

The LBF metasedimentary rocks display a range in metamorphic grade from 

upper greenschist facies in the centre of the map area to upper amphibolite facies in the 

north and granulite facies in the south. At least three main deformation episodes were 

recorded in the LBF metasedimentary rocks. 

The EMP chemical dating of LBF monazite aimed to provide information on the 

timing of monazite growth and to use the petrological information of the grains to better 

constrain the metamorphic and tectonic history of the area. The next chapter presents 

texture and distribution of monazite in the LBF metasedimentary rocks. 
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3.1 Introduction 

3. Distribution, textures and mineral assemblages of monazite 

in the Longstaff Bluff Formation metapelites 

This chapter provides a description of the various monazite settings and textures 

within the different metamorphic grades of the LBF in the study area. Variations in the 

accompanying mineral assemblages are also examined. Textures and setting of monazite 

grains provide important information on the growth history, which is essential in order to 

interpret properly ages obtained from monazite grains. Information on monazite was 

retrieved from back-scattered electron (BSE) images and element X·ray maps obtained 

with an electron microprobe, and thin section description. 

In the first sections, essential background on monazite occurrence and behaviour 

through progressive metamorphic grade is given. Then description of monazite textures 

and distribution in each transect are presented along with detailed petrological and 

mineralogical descriptions. 

3.2 Background 

Monazite, (Ce, La, Th) P0-4, is a monoclinic phosphate of light rare e3.rth elements 

(LREE) bearing Th (up to 3-15%) and U (1-3%) in significant amounts. It includes little 

or no Pb at the time of crystallisation (Parrish, 1990). Monazite has been found to form 

by igneous crystallisatiC?n and metamorphic reactions, but also occurs as a hydrothermal 

mineral (Vielreicher ~t al., 2003). 

3.2.1 Natural occurrence 

Monazite fonns in a variety of geological settings from igneous to sedimentary 

and metamorphic environments. Monazite is most common in pelitic metasedimentary 

rocks and peralmninous granites (Spear and Pyle, 2002). Metamorphic monazite is 

commonly reported from metapelites of lower amphibolite facies and higher grade 

(Overstreet, 1967; Parrish, 1990; Smith and Barreiro, 1990). It has recently been 

identified in greenschist facies rocks (Wing et al., 2003) and even in prehnite-pumpellyite 
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facies rocks (Rasmussen et al., 2001). Monazite is a mechanically resistant mineral and is 

commonly found as a detrital mineral in sediments. Some studies have shown that 

monazite can also form as a diagenetic mineral (Miiodowski and Zalasiewicz, 1991; 

Evans et al., 2002). 

3.2.2 Characteristics and optical properties 

Monazite appears as a high relief mineral in plane-polarised light due to its high 

index of refraction, 1.777-1.849 {Nesse, 2000). Under crossed polars monazite exhibits 

very high birefringence, on the order of 0.45-0.52. It is a positive biaxial mineral with a 

2V~ angie varying from 5-20°. It is colourless to faint yellow and is not pleochroic. 

Occurrences of monazite with a greenish tint are also reported. Magmatic and high-grade 

metamorphic monazite commonly display a euhedral habit. Mediwn- and low-grade 

monazite generally has a granular or anhedral habit. Monazite included in mica or 

cordierite, and locally K-feldspars, generally presents a dark-coloured halo caused by 

radiation damage in the structure of the host mineral 

Zircon, allanite, epidote, and xenotime can look similar to monazite in thin 

section. Distinguishing features of monazite are its colour and its habit. Monazite is 

generally colomless to yellowish, whereas zircon is darker, and titanite and allanite are 

generally brown. Epidote is commonly more greenish, but may be yellowish. Monazite 

generally exhibits a granular habit, but is commonly euhedral in high-grade metamorphic 

and magmatic rocks and may then be confused with zircon that also generally shows a 

prismatic habit. Euhedral titanite is less of a problem because of its distinct crystal shape. 

Finally, monazite typically displays a radioactive halo, due to its high Th and U content, 

when hosted in cordierite and micas. Zircon, xenotime, and alJanite also display a halo 

when hosted in micas, but rarely when included in cordierite or K-feldspar. Damage to 

the host mineral can be so extensive that a "moat" of alteration product can form around 

the monazite crystal. This is commonly observed in cordierite (this study). 
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3.2.3 Related phosphate phases: apatite and xenotime 

It is important to consider other phosphates present in the rock as they play a 

major role in the P04 budget and. in some cases, in the sequestration of REEs and Y. 

There are many phosphate minerals but only two, apatite and xenotime, are commonly 

found in metamorphic rocks along with monazite. 

3.2.3.1 Apatite 

Apatite, Cas(P04)J(F,C1,0H), is a very common accessory mineral in many 

igneous rocks, in some sedimentary rocks and in most metamorphic rocks. Metamorphic 

rocks varying from pelitic, to carbonate, mafic and even ultramafic composition have 

been described as apatite-bearing. Studies have also reported apatite in samples covering 

the whole range of P-T conditions. Spear et al. (2002) suggested that apatite genesis is 

not controlJed by its stability relative to other phosphates, but rather the availability of 

essential ingredients (P, Ca, and F). 

Apatite is the most common phosphate mineral, with fluor-apatite being the 

dominant compositional variant. Apatite incorporates only minor amount ofREEs, Th, U, 

and Y but because its modal abundance is high relative to monazite, apatite may play a 

significant role in the budget of these elements. Consequently, apatite can be involved in 

reactions with monazite, either as a reactant or as a product (e.g., Bingen et al., 1996; 

Broska and Si~ 1998). 

3.2.3.2 Xenotime 

Xenotime, (Y,HREE}P04, is an anhydrous phosphate with an AP04 structure. 

Unlike monazite, xenotime contains only ver}r little LREEs , Th, and U. In most 

xenotime, ~cations fill as much as 75% of the A-site. HREEs (mainly Yb, Er, Dy, Gd, 

and Lu; listed in decreasing order of abundance) generally occupy the remaining sites. 

Because xenotime contain only traces of LREEs, its presence in the. mineral assemblage 

will not likely affect the stability range of monazite. Xenotime is a major sink for Y and 

HREEs, and its presence or absence in the mineral assemblage exerts an influence on the 

chemical composition of monazite (Pyle et al., 2001 ). Partitioning of Y and HREEs 
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between xenotime and monazite has been demonstrated to be temperature-sensitive (Pyle 

et al., 2001) and can be used as a thermometer. 

3.2.4 Non-phosphate minerals containing elements common with monazite: allanite, 

epidote, and garnet 

There are a few other minerals which need to be examined for their potential 

relationship with monazite as they share common elements. These minerals contain 

variable amounts of REEs or Y, Th., U, and so influence the budget for these elements 

and their availability at the time of monazite crystallisation. 

3.2.4.1 Allanite 

Allanite, (Ca. Mn, Ce, La, Y, Th)2(Fe2+, Fe3"'", Ti)(Al, fe3} 20.0H[Sh(M)H), is a 

member of. the epidote group and is also called onhite. Allanite is a common accessory 

phase in granite, pegmatite, gneiss and metapelite of appropriate composition. Like 

monazite, allanite hosts large amounts of LREEs, Y and Th in its structure. It is generally 

more common inCa-rich rocks, which can also form monazite if the P-T conditions and 

rock composition are adequate. Previous studies reported partially resorbed monazite 

enveloped by an apatite-allanite-epidote corona as well as monazite formed after allanite 

(Bingen et al., 1996; Finger et al., 1998; Winget al., 2003). 

3.2.4.2 Epidote 

Epidote, Ca2{Al~Fe3t)SiJOI2(0H), is a common primary, secondary and 

metamorphic mineral. Replacement of monazite by epidote through alteration processes 

has been observed and monazite surrounded by an apatite-allanite-epidote corona was 

identified (Finger et al., 1998). 

3.2.4.3 Garnet 

Gamet, (C~ Mg, Fe2 
... , Mn)(Al, Fel'"c~)ShOJ2. is commonly found in 

peraluminous granite and in most medium- to high-grade metamorphic rocks. The 

presence of garnet in the rock does not have any effect on the stability of monazite, but it 

has an influence on theY and HREE content of both monazite and xenotime (Pyle et al., 
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2001 ). Gamet also preserves older monazites by shielding the included grains from 

reactions taking place in the matrix (Montel et al., 2000). 

3.2.5 Metamorphism and monazite-forming reactions 

Understanding the paragenesis of metamorphic monazite and monazite-fonning 

reactions is essential to make an accurate interpretation of its geochemical signature, its 

growth history and the significance of ages obtained from monazite dating. 

As a first question, one may naturally wonder where the components necessary to 

form metamorphic monazite originate. The REEs were possibly released from the 

weathering of major mineral phases such as feldspars, which contain minor amounts of 

these elements. The REEs are trapped within clay minerals. transported and deposited 

(McLennan, 1989) with the sediments that will later be metamorphosed. Accordingly, 

McLennan ( 1989) documented significant amounts of REEs in shales. Rasmussen 

(Rasmussen, 1996; Rasmussen et al., 1998) also suggested that authigenic precipitation of 

REE-phosphate minerals may be an important process in the sequestration of REEs and 

P04 in marine shales. Hence, all the necessary ingredients to form monazite during 

diagenesis or metamorphism are likely already present in shales. This could explain why 

monazite is most common in metapelitic rocks. 

The second question is: when does monazite grow, or what reactions control 

growth and breakdown ofmonazite? The nature ofmonazite-fonning reactions during 

metamorphism and the range of monazite stability are not completely understood. Many 

previous studies have reported the first appearance of metamorphic monazite in 

amphibolite facies rocks (Overstreet, 1967; Smith and Barreiro, 1990; Kingsbury et al., 

1993; Bingen et al, 1996). Other studies also revealed that in rocks of appropriate 

composition monazite may form at greenschist facies (Franz et al., 1996; Rasmussen et 

al, 2001; Winget al.~ 2003). The main precursors identified for monazite are allanite and 

apatite (Bingen et al., 1996; Wing et al., 2003). 
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3.3 Isograds and metamorphic zones in the study area 

The samples were collected along five transects representing the main 

metamorphic zones of the study area (Fig. 3.1 ). The location of the transects was chosen 

in order to represent the progressive southward increase in metamorphic grade. The 

transects cross the three main metamorphic isograds of the study area. Isogra.ds were 

determined based on the first appearance of key metamorphic minerals in the field (St-

Onge et al., 2001d; Dubach and Carmichael, 2003). All samples were collected from 

pelitic and semipelitic horizons in the LBF to reduce variability related to protolith 

composition. 

Figure 3.1: Area mapped during the summer 2000 by the GSC/C-NGO Geoscientific 
Joint Project (inset map on the left; after St-Onge et al., 2001c). The study focussed on 
samples collected along five short transects: Tl, T2, T3, T4, and T5. Each of the transects 
represents a different mineral assemblage or crosses a metamorphic isograd The main 
mineral assemblages are displayed in white boxes. See Figure 2.2 for legend. 

Transect 1 sits in the middle of the biotite zone, the lowest grade sampled. 

Transects 2, 3 and 4 cross mineral isograds with increasing metamorphic grade (Fig. 3.1 ). 
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Transect 5 is at the boundary between migmatitic metasediments, varying from 

metatexites to diatexites, and leucogranite intrusions inferred to be locally derived from 

the partial melting of the metasediments (Corrigan et al., 2001). Transects are generally 

2-3 km in length and 7- 10 samples were collectt:d within each. Samples were generally 

chosen from the most pelitic beds, where chances to identify monazite are best. 

The next sections describe each isograd in more detail. Observations made on 

texrural variation and distribution of monazite, related REE and phosphate minerals, and 

mineral assemblages are also systematically reported. Appendix 4 provides a detailed 

description of all thin sections used for this study. 

3.3.1 Biotite zone <Transects 1-2): 

The biotite zone is the lowest metamorphic grade sampled in this study. The 

mineral assemblage consists of Bt-Ms-Qtz-Pl, where biotite is the most abundant mica. 

Quartz is the dominant mineral in the matrix. The rocks in Transect 1 (Tl) are LBF 

turbidites with psammite beds varying from 30cm to 1m thick and pelitic lay~rs from 5-

15 em. Locally, sedimentary structures such as cross-beds are preserved. 

In thin section, biotite zone samples are fine-grained with a well-developed 

schistosity and cleavage in the most pelitic beds. Psammitic layers display an 

equigranular quartz matrix with local plagioclase. Some quartz grains are still fairly 

rounded and preserve a detrital shape, but most show triple junctions with undulatory 

extinction, and interlock with other grains. Local segregation of coarser quartz-rich 

material is common. Micas are small and generally show a preferred orientation along 

one of the identified fabrics. 

In this metamorphic zone, monazite is found in the most pelitic layers; psammitic 

and semipelitic samples contain little or no monazite. Monazite in biotite grade 

metapelitcs is fairly small, generally 10-30 J.1ID in diameter. Monazite is generally 

associated with micas (biotite and muscovite), as inclusions or along grain boundaries 

(Fig. 2.3). Locally, monazite is also present in the matrix with quartz and feldspar. The 
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grains are generally anhedral or granular. Monazite growing along grain boundaries is 

commonly elongated, indicating syn- or post-metamorphic growth relative to the micas. 

Few inclusions are present in these monazite grains. In thin section, monazite is difficult 

to find. Dark halos in biotite commonly correspond to monazite grains, although similar 

features also form around zircon inclusions. 

Figure 3.2: Back-scattered electron images of monazite grains from S371, a sample 
collected from the biotite zone. The grains show typical habit of biotite zone monazites. 
White bars in the lower right of each image are 10 ~ long. Biotite zone monazite grains 
are genenilly anhedral, commonly elongated or parallel to mineral fabric. Some grains are 
possibly coalescent such as S3 71-11. 

Other phosphate minerals coexist with monazite in the biotite zone of the LBF. 

Apatite is abundant and commonly shows a euhedral prismatic habit. Apatite is generally 

found in the ma~ but also locally occurs along mica grain boundaries and rarely as 

inclusions within biotite or muscovite. No sign of resorption was observed. The modal 

abundance of apatite is at least an order of magnitude greater than monazite. Xenotime 

was also fo'und in the pelites, but is much less abundant than monazite, about an order of 

magnitude less common. This agrees with observation from others (Pyle and Spear 

2003a). Xenotime is fairly small, generally less than 15-20 JliD. in di3meter (Fig. 3.4). It is 

often found in clusters of anhedral grains that may show resorption on the edges. 

Monazite is closely associated with both euhedral prismatic apatite grains and partially 

resorbed xenotime grains, but was not found in direct contact with either. 
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Figure 3.3 : BSE images of monazite (bright mineral shown by arrow) from the biotite 
zone. The images show typical petrological setting and relationship to the rock mineral 
fabric. In the biotite zone, monazite is typically associated with micas, particularly 
biotite, and is commonly elongated parallel to one of the fabrics. Scale bars = I 00 J.1ID-

Figure 3.4: BSE images of xenotime in the biotite zone. The xenotime grains are fairly 
small and conunonly show embayments. Scale bars= I 0 ~ 
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3.3.2 Cordierite-Andalusite zone (transects 2-3) 

This metamorphic zone is defined by an assemblage ofBt-Ms-Crd-Pl±And in 

metapelites. Samples generally have alternating psammitic and pelitic layers. Schistosity 

is well developed and cleavage moderately to weakly developed. Pelitic beds show a 

typical spotted texture caused by cordierite porphyroblasts. Cordierite rims are 

moderately to completely altered to muscovite, but most cordierite preserves a fresh core. 

The cordierite crystals contain inclusion trails oblique to the main matrix fabric and the 

Sl-parallel micas are wrapped around the cordierite porphyroblasts. Andalusite was 

observed in the field, but samples analysed for this study did not contain any. The micas 

are significantly larger and the quartz matrix is coarser than in the biotite zone (Appendix 

4). Abundant anhedral to euhedral biotite with numerous inclusions and weak 

pleochroism is present in these rocks. Muscovite is generally parallel to the main fabric. 

A few large muscovite crystals oblique to the main schistosity were identified and are 

likely late relative to the fabric development. 

Monazite is common in the Crd-And zone. The grain size is still fairly small(< 

40J101), but slightly larger than in the biotite zone (Fig. 3.5). The grains are anhedral with 

few inclusions and show no signs of resorption on the grain boundaries. Monazite is 

preferentially located along the grain boundaries of micas and included in biotite. 

Cordierite porphyroblasts also locally contain monazite inclusions (Fig. 3.6). Grains 

located in the matrix are locally euhedral. 

Figure 3.5: BSE images showing typical habit of Crd-And zone monazite. Scale bars = 
10 JliD. 
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In this metamorphic zone, apatite is fairly abundant (at least one order of 

magnitude more than monazite) and shows prismatic and euhedral habit. Apatite is 

ubiquitous within the quartz-feldspar matrix and the micaceous layers, but is rare within 

the biotite and cordierite po1phyroblasts. 

Figure 3.6: BSE images showing monazite grains (bright mineral shown by arrow) in 
typical setting for the Crd-An.d zone. Scale bars= 100 Jllll. 

Xenotime is also found in this metamorphic zone. The grains are sma1ler and 

seem more resorbed. The modal abundance of xenotime has decreased significantly 

compared to the biotite zone. 

3.3.3 Sillimanite-K-feldspar zone (transects 3-4) 

This metamorphic zone is marked by the appearance of sillimanite which is 

fonned by two reactions (Dubach and Carmichael, 2003). With increasing temperature 

andalusite is transformed into sillimanite by the reaction And= Sil. Sillimanite can also 

fonn by the breakdown of muscovite through the dehydration reaction Ms + Ab + Qtz = 

Sil + K.fs + H20. Rocks from the Sil-Kfs zone rarely contain any cord.ierite indicating that 

cord.ierite is consumed near the second sillimanite isograd. One of the possible 

cordierite-consuming reactions is Ms + Crd = Sil + Bt+ Qtz + liq. Samples near the first 

sillimanite isograd display abundant fibrolite clusters. 
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Figure 3. 7: BSE images showing typical habit for monazite grains from the Sil-Kfs zone. 
Grains S375-02 and S378-07 are located in the matrix. Monazite S378-08 is located in a 
fibrolite cluster. Scale bars = l 0 J.lm. 

In this zone, monazite shows a variety of textures (Fig. 3.7). Locally, monazite is 

present close to, or in contact with, clusters of sillimanite (fibrolite) and these grains 

typically show resori>ed grain boundaries (Fig. 3.8 and 3. 7). Grains located in the matrix 

and included in micas do not show any sign of resorption. The fibrolite-bearing samples 

represent the first sillimanite isograd. At the second sillimanite isograd (muscovite-out), 

most monazite grains seem stable with no sign of resorption. In the Sil-Kfs zone, 

monazite grains are larger (20-80 J.llll). Few inclusions are present and zoning is distinct 

in some samples. Xenotime is very scarce and highly resorbed. Apatite modal abundance 

decreased slightly and the size of the grains increased relative to lower grade. Apatite 

habit and textures are similar as at lower grade. 

Figure 3.8: BSE images showing typical petrological setting for monazite (shown by 
arrow) from the sillimanite-K-feldspar zone. Grain on the left is located in a fibrolite 
cluster. Grain on the right is included in a biotite crystal. Scale bars = 100 J.UIL 
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3.3.4 Migmatite zone (transects 4-5) 

The mineral assemblage in this metamorphic zone is characterised by Bt-Crd-

Kfs-Pl-Qtz-Sil±Grt. Near the isograd, the rocks are incipient migmatites with minor 

leucosome. Further S<?uth, the abundance of granitic leucosome significantly increases 

and large leucogranite bodies are found in the southernmost transect. There is a wide 

variety of textures in the migmatitic rocks ranging from metasedimentary rocks with local 

veinlets of leucosome, to metasedimentary rocks with abundant veins and pockets of 

leucosome, to predominantly granitic rocks with enclaves of metasedimentary rocks. 

Cordierite, K-feldspar, garnet and melt are produced by the biotite dehydration reactions 

Bt + Sil = Crd + K.fs + Grt + melt or Bt + Sil = Crd + Kfs + melt. 

Mona,zite is abundant in the melanosome of migmatitic samples where it is 

commonly included in Bt, Crd and Grt, but is much less abundant in leucosome veins. 

Locally, small leucosome veins contain very little monazite, whereas larger granitic 

bodies contain abundant monazite, both inherited and magmatic (Section 3.4). 

Figure 3.9! BSE images showing typical monazite habit from the migmatite zone. 
Monazite is much larger than at lower metamorphic grade and zoning is readily visible on 
the BSE image. Grain S383-03 is included in .a garnet porphyroblast Monazite S392-02 
is included in biotite and S394-18 is located in the leucosome. Scale bars = 10 J.UD. 

Monazite is generally quite large, 50·200 ~and is commonly subhedral to 

euhedral (Fig. 3.9). Most monazite grains display zorung visible in ~SE images. Zoning 

can be concentric, with variable amount of rims. or patchy. A variety of textures is 

observed at high grade, which likely results from a complex metamorphic history that 

combines migmatisation and inheritance from earlier monazite-forming events. For 
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instance, sample S397, a syenogranite derived from partial melting of the 

metasedimentary rocks, contains monazite with patchy zoning and a euhedral shape 

more typical of magmatic origin (Chapter 6; S3974>1) However, subhedral, rounded 

monazite grains inherited from an earlier event revealed by in-situ chemical dating 

(Chapter 6; S397-02) are also present. 

Figure 3.10: BSE images showing typical petrological setting for monazite from the 
migmatite zone. Grain on the left is included in a cordierite. Grain on the right is located 
at the boundary between a quartz and K-feldspar crystals. White bars are 100 tJIIl. 

Figure 3.11: Back-scattered electron image of sample S371 with Bt-Ms-Qtz-Pl as the 
main metamorphic mineral assemblage and Ap-Mnz-Op-Xen-Zm as the accessory 
minerals (Fid = feldspar of unidentified composition; Op = Opaque m.ine.rals; Xen = 
xenotime ). Xenotime grains are xenoblastic with a very irregular grain boundary. 
Monazite grains are anhedral and more granular. Apatite is subhedrnl to euhedral and 
zircon is granular varying from anhedral to subbedral. 
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Apatite is abundant in the migmatite zone and commonly displays a euhedral 

habit. A few rare euhedral xenotime crystals were identified in the leucosome suggesting 

that.xenotime crystallised from the melt. Xenotime grains are prismatic and fairly large, 

1 00-300 J.Ull. 

3.4 Monazite distribution in the LBF 

Monazite occurs in every metamorphic grade of the LBF metasedimentary rocks 

from upper greenschist to granulite facies (previous sections). The presence of monazite 

at grades as low as greenschist facies contrasts with previous studies (Overstreet, 1967; 

Smith and Barreiro, 1990; Kingsbury et al .• 1993) that observed the introduction of 

monazite in the mineral assemblage only from lower amphibolite facies conditions 

{staurolite-in or AhSiOs-in isograd) and above, while it confirms more recent studies 

documenting the presence of metamorphic monazite at lower grade {Franz et al., 1996; 

Pyle et al., 2001; Rasmussen et al., 2001; Winget al., 2003). 

A recent study from Winget al. (2003) and a review from Spear and·Pyle (2002) 

highlight the determining role that bulk composition plays in controlling the range of 

monazite stability during prograde metamorphism. The same studies also demonstrate 

that rocks with low Ca and AI content allow first appearance of monazite to occur at 

greenschist facies conditions. In other instances (Suzuki et al., 1991; Hawkins and 

Bowring, 1999; Rubano et al., 2001 ), monazite identified in low-grade metasedimentary 

rocks was interpreted as detrital in origin. In the LBF, monazite grains identified in the 

lowest grade sample (S371), a Bt-Ms-Qtz metasedimentary rock displaying millimetre-

thick layers of semipelitic and psammitic material, are generally interpreted as 

metamorphic in origin. The identification of monazite grains that are elongated parallel to 

one of the fabrics and other grains that are oblique to the same fabrics suggests that most 

of the low-grade monazite grains are not detrital, but grew during or after defonnation of 

the sedimentary rocks. 

Microprobe chemical dates obtained for six monazite grains from sample S371 

are all younger than the minimum deposition age of the LBF (Sections 6.1; 6.4 .1; 7.4) 
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indicating that these six grains, at least, are not detrital (Chapter 6). However, the fact 

that the six grains dated are all of metamorphic age does not rule out the possibility that 

detrital grains are preserved in low grade LBF samples. Identification of two monazite 

grains of detrital age in Transects 3 and 4 (Chapter 6}indicates that other detrital 

monazite grains are probably preserved in lower grade samples. It is also possible that, in 

some instances, detrital monazite acted as a precursor to metamorphic monazite via in 

situ recrystallization combined with overgrowth of new material. This hypothesis has not 

been verified in the LBF samples. Wing et al. (2003) identified low-grade composite 

metamorphic monazite grains composed of a detrital core surrounded by a metamorphic 

overgrowth. In the LBF, at least one monazite grain showing an apparently composite 

texture was recognised. Grain S371-05 (Fig. 3.11) displays a composite texture and may 

be analogous to the composite grains of Winget al. (2003). No trace analyses were 

obtained for this grain, hence the age of the core is unknown. A maximum age can be 

inferred for the overgrowth which grew parallel to S 1. 

Figure 3.12 : BSE image of grain S371-05. The grain displays a composite texture. The 
core is granular and subrounded, whereas the rim is elongated parallel to Sl, which 
constrains the age of overgrowth to the time of S 1 development. No ages are availabl~ for 
this grain. Low-grade composite monazite grains were identified by Wing et al. (2003) 
and ages for these grains revealed a detrital core surrounded by a metamorphic 
overgrowth. 

In the LBF. allanite, a common precuiSor to monazite (Smith and Barreiro, 1990; 

Kingsbury et al., 1993; Bingen et al., 1996; Winget ai., 2003), has not been identified 

On the other hand, xenotime and apatite, two other phosphate phases, occur at low grade 
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with monazite. Xenotime is scarce and exhibits an irregular shape with numerous 

embayments. Apatite is more abundant and varies from granular to euhedral. In the LBF, 

monazite is not observed in contact with xenotime and is only rarely observed with 

apatite. Contact with apatite is straight and does_ not suggest a reaction between the two 

minerals. Hence, no precursor to monazite was positively identified in the LBF 

metasedimentary rocks. 

Here it is proposed that the LBF pelites have a suitable bulk rock composition to 

allow monazite crystallisation before upper greenschist facies conditions are reached, and 

all monazite precursors are consumed. This hypothesis would explain the lack of 

monazite precursors and the presence of monazite at low metamorphic grade. Eighteen 

LBF metapelite samples were analysed by Johns (2002). The Ah03 and CaO values from 

Johns' (2002) analyses are normalized to Shaw's (1956) average pelite composition and 

plotted on a diagram adapted from Winget al. (2003; Fig. 7). The dashed line represents 

the limit of stability for allanite and monazite in biotite and garnet zones as inferred from 

two sample suites in northern New England representing a Buchan and a Barrovian 

regional terranes (Winget al., 2003). The compositions of the LBF samples cover a range 

of values on both sides of the stability limit of Wing et al. (2003) for monazite and 

allanite (Fig. 7.2). Eleven of the LBF samples collected by Johns (2002) plot in the 

allanite stability field, six of which are very close to the stability line. Because all 

monazite grains analysed in the present study are from LBF samples, it is reasonable to 

assume that their bulk rock compositions are similar to Johns' (2002) data. The 

widespread presence of monazite in the LBF upper greenschist rocks suggests that the 

range of Ah03 and CaO composition suitable for formation of monazite at upper 

greenschist conditions is broader in the LBF than that observed by Winget al. (2003) in 

their New England samples. This discrepancy between the LBF and observations from 

Winget al. (2003) suggests that the compositional stability field of monazite depends on 

many factors. including the bulk composition, and that it may not be possible to establish 

a universal range of composition for monazite in metamorphic rocks. 
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The relative abundance of phosphate minerals (apatite, monazite, and xenotime) 

was estimated qualitatively from X-ray maps of Ca, Ce, P and Y on Bt-Ms, Bt-Ms-

Crd±And and Bt-Ms-Crd samples (Chapter 3). These X-ray maps indicate that xenotime 

content decreases with metamorphic grade while apatite and monazite become more 

abundant No monazite grain was found in contact with xenotime and most xenotime 

grains show very resorbed grain boundaries. These observations suggest that xenotime 

becomes unstable at higher metamorphic grade and possibly leaves the mineral 

assemblage. BSE images also reveal that monazite size consistently increases with 

metamorphic grade. Monazite grains tend to be more euhedral and prismatic at higher 

grade. Increase in size and abundance of monazite grains at higher metamorphic grade 

correlates with previous observations (Rubatto et al., 200 l ). 

Most studies (Bingen and van Breemen, 1998; Broska and Siman, 1998; Pyle and 

Spear, 2003a; Wing et al., 2003) documented breakdown of monazite during prograde 

metamorphism. This study shows that monazite is relatively stable through the whole 

range of metamorphic conditions that the LBF experienced. Despite some embayed 

grains, monazite never disappears from the mineral assemblage. This suggests that 

monazite was likely consumed at some point during metamorphism but only to a limited 

extent. The coexistence of embayed monazite with euhedraJ monazite grains is attributed 

to the complex monazite growth history (Section 7.4). Monazites displaying embayments 

are more abundant armmd the sillimanite isograd (T3; S375 and S378). 

Monazite grains occur in various settings in the LBF metasedimentary rocks. At 

lower grades, monazite is commonly associated with micas, either included in the mica 

grains or located along their grain boundaries. Grains located in the matrix were also 

locally identified. In lower grade samples displaying compositional layering consisting of 

alternating psamrnitic and more pelitic beds, monazite is most abundant in pelitic beds. 

The predominant association of monazite with pelites.has been dem~nstrated by many 

other studies (Lanzirotti and Hanson, 1996; Rasmussen et al., 2001; Spear and Pyle, 

2002). 
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Figure 3.13 : Plot of Ah<h and CaO content of LBF samples {Johns, 2002) referenced 
to Shaw's average pelite. The dashed line represents the limit of stability for A1n and 
Mnz in Bt and Gn zones as inferred by Wing et al. (2003) from two sample suites in 
northern New England representing a Buchan and a Barrovian regional terranes. Shaw's 
average pelite (1956) contains 2.18% Cao and 16.62% Ah03. Samples from the LBF 
have bulk compositions plotting in both the Mnz stability zone and the Aln stability zone. 
Diagram after Winget al., 2003. 

In higher grade samples (above the sillimanite-in isograd), monazite is also 

commonly associated with biotite. Many monazite inclusions have been observed in 

cordierite and garnet porphyroblasts. Locally, grains were also identified in the Kfs-Pl-

Qtz-Sil matrix. 

Migmatite samples contain abundant monazite, although the grains are not 

uniformly distributed in the rock. Monazite grains are predominantly located in the 

mesosome pan of the migmatites, whereas the leucosome contains little or no monazite. 

In the mesosome, monazite grains are found as inclusions in biotite or garnet 
porphyroblasts and are also very common within cordierite formed after breakdown of 

Bt-Sil (Chapter 3). Locally the Kfs-Qtz-Plleucosome contains monazite associated with 

relict biotite grains. 

36 



The Mg X-ray map from sample 8388 (Fig. 3.14), a stromatic migmatite with 

centimetre-thick leucosome layers, overlain with monazite locations identified from 

matching Ce and P spots, shows clearly the preferential distribution of monazite grains in 

the mesosome. On the Mg X-ray map, monazite grains (white spots) are restricted to the 

Bt-Crd-Sil melanosome. There are few monazite grains located in the leucosome and 

most are contiguous with relict biotite or skeletal garnet. 

Figure 3.14: Magnesium X-ray map obtained from a thin section of sample S388. The 
large blue pmphyroblast in the lower right is a residual garnet in the leucosome. Orange 
grains in garnet are biotite. The green and blue minerals on the left are biotite (solid 
green) and cordierite (blue mottled green) grains. The black material is the Qtz-Kfs-Pl 
leucosome. White circles are monazite grains identified from matching spots on 
superimposed Ce and P X-ray maps. 

The absence of monazite in the leucosome has important geochemical 

implications. In most gmnitic rocks, accessory minerals contain as much as 60% of trace 

elements such as ZI, REEs, Y, Th, and U (Watt and Harley, 1993). Monazite is one of 

the main accessory minerals to trap LREEs, Th and to a lesser extent U andY. Vapour-

absent dehydration melting of pelitic metasedimentary rocks generally yields 

compositionally peraluminous melts (Patino Douce and Johnston, 1991 ). Because of the 

37 



peraluminous compositio~ the most likely host phase for LREE's, Th and U is monazite. 

The stability of allanite, apatite and titanite is hindered by the generally low CaO content 

of peraluminous melts (Watt and Harley, 1993). Hence, an important proportion of the 

LREE's, Th, and U budget of the rock is locked inside the monazite grains and the 

abundance of these elements in the leucosonJe is mainly controlled by monazite 

behaviour during melting. This depends on a few factors: the solubility of monazite in the 

melt and its dissolution rate, the petrological setting of the grain (i.e., matrix grain. 

partially or totally included, inclusion in a phase participating in the melt-reaction or in a 

refractory mineral), and the efficiency of the melt segregation and the entrainment 

process. 

If monaZite dissolves in the melt, the leucosome will be enriched in LREEs, ~ U 

and Y relative to the mesosome. Depending on the melt saturation in P04 and LREEs, 

and its temperature, monazite dissolution rate will vary. Montel (1986) showed that 

monazite solubility is relatively low in felsic melts and dramatically reduced in 

peraluminous melts, with monazite being relatively insoluble in dry peraluminous granite 

(Watt and Harley, 1993). The solubility of monazite is relatively low and if melt 

extraction occurs faster t1uln the dissolution rate, monazite may only dissolve partially. 

Hence, monazite is unlikely to dissolve completely in a peraluminous melt. In the case of 

rapid melt extractio~ consumption of monazite may be very minor relative to its total 

volume. Consequently, dry peraluminous melts will be depleted in LREEs, Th and U 

relative to the mesosome. It is also documented that efficient melt extraction may entrain 

refractory accessory minerals (Watt and Harley, 1993). By this process minerals that did 

not participate to the melting reaction may still end up in the melt. The resulting 

leucosome will be enriched in LREEs~ Th and U depending on the effectiveness of the 

entrainment process. Only monazite included in major phases that break down during the 

melting process is likely to be entrained. 

The absence of monazite in the leucosome of S388 indicates that under the 

ambient conditions monazite did not crystallise from the melt. It also suggests that 

entrainment of residual minerals was relatively minor. The rare monazite grains, garnet 
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porphyroblasts, and biotite grains in the leucosome likely came from the nearby 

mesosome and were entrained in the melt. This is verified by the presence, in the 

leucosome, of monazite grains older than the melting event (grain S397-02, Section 7.4). 

On the other hand, euhedral prismatic monazite .of age correlative with the melting event 

(S401-01; Section 7.4) in some leucosome suggests that melt was sufficiently saturated in 

PO~ and LREEs to crystallise monazite. Interestingly, magmatic monazite (crystallised 

from melt), rare in millimetre-scale leucosome, is abundant in peraluminous granite, 

collected in the same area and interpreted to be derived from partial melting of the LBF 

metasedimentary rocks. The granite also contains older metamorphic monazite inherited 

from the sedimentary rocks (grain S397-02; Section 7.) suggesting that older monazite 

grains were not dissolved by the melt when entrained. 

Centimetre-thick leucosome veins (S388) contain very few monazite grains, while 

larger granitic bodies (S397) contain abundant magmatic and inherited monazite grains. 

Tiris suggests that for the LBF metasedimentary rocks the amount of partial melting had 

a significant influence on monazite behaviour. Although S388 contains up to 50% 

leucosome, little or no monazite crystallised from the leucosome, suggesting that the melt 

had not reached saturation in P04 and LREEs, leading to crystallisation of monazite. 

Greater amount of melt or melting of a source with major mineral phases being initially 

richer in LREEs produce a melt saturated in P04 and LREEs causing crystallisation of 

monazite during cooling. Both hypotheses may explain the abundant magmatic monazite 

grains in S397. Also, a greater amount of melting means that more monazite grains would 

have been released into the melt when major phases broke down. 

35 SU!JlD'l3lY. 
Monazite is present in every metamorphic zone of the LBF. The low- to 

medium- CaO and Al203 content of the LBF likely permitted monazite to first appear at 

greenschist facies. Size and modal abundance of monazite increase with metamorphic 

grade. Near the sillimanite isograd, monazite displays em.bayments, especially grains 
located within fibrolite clusters. Finally, monazite is absent from leucosome veins, but 

abundant in the granitic bodies. 
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4. Analytical methods and procedures 

4.1 Chemical dating ofmonazite 

Electron microprobe (EMP) analysis has been used for many decades by 

geoscientists to determine the chemical composition of minerals. Applications cover a 

broad range of-topics from geochemistry and mineralogy to thermobarometry. However, 

because dating rocks generally involves measurements of isotopic ratios, the EMP has 

not been widely used as an analytical tool in geochronology. Although there have been a 

few attempts to date U-rich minerals using EMP (Carneron-Shiman, 1978; Cuney et al., 

1982), early applications did not lead to widespread use of EMP because suitable 

minerals are relatively rare and restricted to very specific geological settings, and 

analytical issues and resetting of dated minerals compromised the results. 

The recognition of monazite as a valid geochronometer, notably by Parrish 

(1990), atttacted more attention for the use of this mineral in geochronology. Suzuki and 

Adachi ( 1991) presented the basic rationale for chemical dating of monazite. They 

proposed that if monazite contains very little common Pb and generally shows 

concordant U/Pb and Th/Pb ages, "the Pb content of monazite is proportional to the Th 

and U contents and the time elapsed since the formation" (Suzuki and Adachi, 1991 ; 

Suzuki et al., 1991). They applied EMP analysis to monazite ofknown age and verified 

the direct relation between its radioactive element content and the age of the monazite 

crystal. This provided information to distinguish between various age populations of 

monazite. Montei et al. (1996) performed a well docwnented study of monazite using 

EMP chemical dating. They were the fust to calculate an age directly from chemical data, 

and to demonstrate its conelation with results obtained from isotopic methods. They 

provided basic infonnation for EMP dating and the essential statistical methods and age 

calculation equations. Williams et al. (1999) aiso contributed to the refinement of the 

technique, and introduced the concept of age domain mapping using X-ray mapping by 

EMP. 
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In the last few years, increasing interest in a range of in situ dating techniques has 

brought renewed attention to EMP chemical dating of monazite. The growing interest in 

this technique is evident from the large number of papers published on this topic in the 

last few years (e.g., Scherrer et al., 2000; Williams and Jercinovic, 2002; Pyle et al., 

2003). This chapter summarises the main current technical and methodological aspects of 

EMP chemical dating of monazite. 

4.1.1 Basics of chemical datine of monazite 

The use of EMP for chemical dating has significantly expanded the use of 

monazite as a geochronometer. EMP enables in situ analysis, as well as X-ray elemental 

mapping of entire grains. The combination of these two procedures is the core of the 

technique. The technique is based on the following assumptions (Montel et al., 1996): ( 1) 

no common Pb is initially present or the amount is below detection limits (Parrish, 

1990), and (2) the mineral is a closed chemical system, i.e. no partial gain or loss ofU, 

Th or Pb has occurred. The absence of non-radiogenic (common)_Pb enables chemical 

measurements of total Pb to be used without isotopic data e04·206.2°7.2os Pb), assuming that 

all Pb is formed by decay of232 Tb, 235 U and 238 U. It is also assumed that the isotopes of 

u and Th are present in their natural crustal ratios, that the half-lives of the parent 

isotopes are known, and that no isotopic fractionation occurred. Monazite has been 

shown to behave as a closed system under most geological conditions. The age (i.e. time 

since crystallisation) is calculated using the basic equation of radioactive decay (details in 

Section 4.3 ). 

Using the high spatial resolution of the EMP ( 1-2 J..llll) and its ability to do 

chemical mapping, Monte! et al. ( 1996) and Williams et al. ( 1999) were able to recognise 

multiple age domains within single monazite grains and to resolve complex tectonic 

histories of areas that had previously only revealed a few, typically discordant ages. 

Single point analyses made possible the quantification of the variation in age through the 

grain by traversing a single grain. This ability to do point analyses is an advantage over 

other methods that measure the whole monazite grain and may therefore combine 

different age domains. Compositional mapping, using secondary X-rays for selected 
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elements (Pb, Th, U, andY), reveals the geometry of different chemical domains. Point 

analysis allows correlation of chemical domains with age domains. In situ analysis of 

grains in their full petrographic context provides an important source of information to 

interpret chemical ages. 

Ages are based on trace analyses of four elements: Pb, Th, U andY. Y is analysed 

to correct for its interference on Pb Ma and its bearing on zoning and petrogenetic 

information. The three other elements are used for the age calculation. The precision and 

accuracy ofthe trace analyses are critical. Since the detection limit of the EMP is 

relatively low (e.g., 40-100 ppm}, the trace element content is the main factor affecting 

the precision of analyses. In ideal conditions, trace element analysis using high beam 

currents and high-resolution crystals yield detection·limits on the order of tens of ppm. 

Therefore, the concentrations of the trace elements in the grain, in particular Pb, and 

hence the age of the grnin, will greatly affect the error. The younger age limit for reliable 

dating of a monazite grain is generally ca. I 00-200 Ma depending on its radiogenic Pb 

content. Optimal analytical conditions on Proterozoic monazite commonly generate error 

on individual spots of2-4%. Total error on a date obtained from multiple samples (spot 

analyses) within a single age domain can be as low as 1-2% or less. 

4.1.2 Applications of electron microprobe datine of monazite 

Chemical dating of monazite by EMP allows a broad range of applications. First, 

by using information related to the petrological setting of the dated grains, the technique 
can provide time constraints on microstructure development. A good example is 

described by Shaw et al. (200 I) who established the timing of deformation by dating 

monazite from different textural settings (e.g. parallel to a S2 fabric, or within a 

mylonite). Combined with single grain dating and observations of the relation to 

microstructures, the study of monazite from different locations (e.g. within a 

porphyroblast or in the matrix) can provide important constraints on the timing of 

metamorphic events relative to microstructure development. 
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The chemical composition of monazite is another imponant source of 

infonnation. Different generations of monazite growth may have different chemical 

compositions. For instance, Foster et al. (2000) used chemical variation to recognise 

timing of porphyroblast growth. They constrained the timing of garnet growth by 

recognising depletion in Y content between monazite included in the garnet (older and 

richer in Y) and monazite in the matrix (younger and depleted in Y), the Y being 

preferentially partitioned into garnet. Also, using the chemical composition of monazite, 

single grain X-ray mapping, and textural relations with other minerals, Pyle and Spear 

(2003a) recognised four different generations of monazite within migmatitic gneisses 

from New Hampshire. The use ofEMP and its applications to the study of monazite was 

a key aspect in all the studies mentioned above. 

4.2 EMP analvsis 

Electron microprobe analysis is widely used in Earth Sciences in a broad variety 

of fields. The high spatial resolution, short analytical time, and non-destructive nature 

make it a very useful tool for eanh scientists. The electron microprobe aJlows precise 

chemical analysis of a small sample volume on a surface of less than-2 J..1.ID in diameter. 

Electron microprobe analysis is the main component of this study. for this research, 

analyses were done on the electron microprobe (EMP), a JEOL JXA-8200 Superprobe, at 

the Dalhousie Regional Electron Microprobe Laboratory. The instrument is equipped 

with 5 spectrometers comprising the following cxystals: spectrometer #1) TAP, LDEI, 

LIF, PET; spectrometer-#2) PET, LIF; spectrometer #3) TAPH, LDE2H; spectrometer 

#4) TAP3, LDE2; and spectrometer #5) PETH, LIFH. Spectrometers #1,3, and 4 are 

equipped with a proportional flow counter using argon gas, whereas spectrometers #2 and 

5 are equipped with a proportional sealed counter using xenon gas. 

This section provides basic information on EMP analysis in order to better 

understand the reasoning behind each procedure, and the limits and errors resulting from 

EMP analysis in the context of chemical dating of monazite. 
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4.2.1 Sample preparation 

For EMP anaJysis, rock samples have to be prepared as polished thin sections. 

Polished thin sections used in this research have all been prepared at the Dalhousie 

facility. They have an average thickness of- 40 l-ll11· Normally in this process a disc 

made of lead (Ph) is used for polishing. The use of a lead lap for polishing raises serious 

concerns because microprobe dating is based on the analysis in trace mode of four 

elements (Pb, U, Th, andY). of which Ph is the most critical one: it is therefore essential 

to avoid Ph contamination. Special attention was given to the cleaning of the thin sections 

in order to reduce the Pb contamination to a minimum (a more detailed discussion is 

given in Section 4.3.1.4). Also, we may note that routine major element analysis of 

monazite is not affected by Pb contamination, as this element is not analysed at all in this 

procedure. Thin sections are cleaned using an ultrasound bath, soap and alcohol to 

remove oil that may have accumulated during the polishing process. This is important for 

long analytical times at high current, where oil trapped between the rock and the coating 

can boil and evaporate, destroying the carbon layer. 

4.2.2 Backgrotmd and principles 

X-ray microanalysis is the basic to the electron microprobe. Briefly, excited 

electrons from an incident electron beam hit the swface of the sample, ejecting electrons 

from the inner shells (~ 1993). The restoration of these electrons by electrons from 

the outer shells results in the production of characteristic X-rays. The wavelength and the 

intensity of the specifi~ X-rays are used to determine the nature and quantity of an 

element in the mateJial (Scott and Love, 1983). 

In more detail. an electron beam is produced in a vacuum chamber using an 

electron gun. The latter is an electron emitter (e.g. a tungsten filament) that is heated by a 

current to produce electrons escaping the tungsten atoms. The ftlament is maintained at a 

negative potential to accelerate electrons through the anode aperture (Reed, 1993). 

Emitted electrons are focused into a narrow beam using a combination of magnetic lenses 

called condensers. The focus (or diameter) of the electron beam is controlled by varying 

the intensity of the electromagnetic field of the condenser lenses (Reed, 1996). 
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Incident electrons from the beam will eventually collide with atoms from the 

surface or at shallow depth within the sample. The extent and the shape of the interaction 

volume depends on both the average density of the material and the energy of the 

incident electrons (Scott and Love, 1983). The collisions between incident electrons and 

specimen atoms will produce different effects. These are classified in two categories: 

elastic scattering and inelastic scattering phenomena. 

In elastic scattering, the electron trajectory is deflected, but little or no energy is 

lost. Back-scattered electrons (BSE) are the main results from elastic scattering. They are 

incident electrons strongly deflected from their trajectory by atomic nucleii. The 

probability of back-scattering increases with larger nucleus and consequently with higher 

atomic number. Hence, back-scattered electrons are very useful for imaging and zoning 

recognition in minerals as their intensity distribution reflects the variation in average 

atomic number of the material. Materials with greatest average atomic number display 

the brightest colours on a BSE image. 

Inelastic scattering results from loss of energy from the incident electron and its 

transfer to the target atoms. Phenomena produced are secondary electrons, auger 

electrons, Bremsstrahlung (continuum X-rays), fluorescence and characteristic X-rays. 

Here, we will pay more attention to characteristic X-ray production. Other inelastic 

scattering effects are used in imaging techniques. For further details, refer to Reed (1996) 

and references therein. 

Characteristic X-rays are the result of inner-shell ionisation caused by incident 

electron bombardment. Incident electrons with sufficient energy can remove electrons 

from atomic inner shells during collision. This creates vacancies which are generally 

filled by electrons from an outer shell. The difference in energy is dissipated in the form 

ofX-rays. These X-rays are characteristic for each element and also have distinct 

energies depending on both the location of the initial vacancy and the source of the 

transition electron. The most energetic radiation is produced by K-sbell vacancies filled 

by electrons from the next orbital, the l.rsbell (Reed, 1993). 
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The electron microprobe system is consequently designed to record the 

characteristic X-ray signals produced by the interaction between the specimen and the 

electron beam, deconvolve signals from various wavelengths, and measure their 

respective intensities. A detailed description of <PI EMP system is beyond the scope of 

this thesis. Readers are referred to Reed ( 1996) and Scott and Love ( 1983) for more 

information on EMP analysis. 

4.2.3 Background correction 

Because intensities measured at the peak are not net intensities, but combined 

background and element peak intensities, it is necessary to subtract the background value 

to obtain the net intensity at the peak position. The background correction assumes that 

background under the peak position is linear. Background is calculated by measuring a 

lower and upper background from both sides of the peak and is interpolated at peak 

position (Fig. 4.1). Lower and upper backgrounds must be as close as possible to the peak 

while avoiding neighbouring interference and peak tails. In general, background positions 

are set once for a specific element at specific analytical settings and background 

correction is efficiently applied. However, as discussed in Section 4.2.1 0, the background 

positions with the least interference are not always located at the same position. The 

following equation presents how background correction is determined by the software 

employed on the JEOL-8200. 

Background correction: 

(eq. 4.1) 

where, /t-k :X - ray intensity at peak position 
IPBH .IPBL: X • ray intensities of backgrounds on low - angle side and high -angle side 

PBL, PBH :Distance between peak position and background measurement position 
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Figure 4.1: Interpolated background below a Pb Ma peak from a wavelength dispersive 
spectrometry (WDS) scan on monazite (PETH crystal, PlO gas, 15 kV, 200nA). Units on 
Y-axis are counts per seconds (cps). 
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4.2.4 Coating 

Samp~es analysed by EMP must be coated for two reasons. The coating allows 

non-thermally conductive specimens to dissipate the heat produced by the energy 

accumulated at the sample surface. Also, it avoids the build-up of a charge at the surface 

of the specimen. Electrical potential formed at the surface where the incident beam falls 

on the specimen could produce deflection of the beam as well as specimen current 

instability (Scott and Love, 1983). 

Various materials can be used; the most common are carbon, aluminium, copper, 

silver, and gold. For this study, carbon coating was used for all the samples. A single thin 

coat was used for major element analysis at 20nA and a thicker coat was used for trace 

analysis at 200 nA. 

Carbon thickness for major element analysis was on the order of -200 A (=20 

run), but trace analysis requires a thicker coating of about 400 A (=40 nm) to reduce 

burning off the coating and minimise permanent damages on the sample. One of the main 

issues with carbon coating, for long counting times, is that current charging occurs at the 

sample smface deflecting the beam, which causes instability and reduces specimen 

current. Also, the poor thennal conductivity of carbon coating causes permanent damage 

to the sample surface. To prevent such problems, Jercinovic et al. (2002) proposed using 

gold coating. 

47 



4.2.5 Overlap problem 

One of the challenges in EMP analysis of monazite is the presence of numerous 

interferences between X-ray lines (Scherrer et al., 2000; Pyle et al., 2002). Monazite is a 

LREE phosphate containing a substantial amount ofTh and minor Y, Pb, and U. Hence, 

monazite includes a large number of elements having similar atomic numbers and a 

similar electronic configuration. Therefore, when subjected to an electron beam, X-rays 

emitted by these elements will have very similar energies and will occupy neighbouring 
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Figure 4.2: WDS scans (PETH crystal, PlO gas, 15 kV, 200 nA) of the Pb Ma1 region 
obtained from an yttrium-rich garnet {Y AG) standard, a monazite grain (Mnz) and a 
thorium oxide (Th02) standard. The Y L 'YJ-2 peak is located at the same position than the 
Pb Ma1 in monazite, hence correction for yttrium is required. Thorium peaks are not 
located at the Pb Ma1 position but their combined peak tails increase the number of 
counts measured at the Pb position. Also, presence of the Th peaks on both sides of the 
Pb peak commend to select background positions away from the Th interference. 

positions in the X-ray spectra. The situation is compJi.cated by the fact that each element 

produces several peaks (mainly L-lines for actinides and M-lines for U, Th, Ph) issued 

from all the possible radiations caused by beam interaction. Due to the nanrre ofX-rays, 

peaks always cover a certain range (a narrow bell shape), and two peaks with distinct 
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mec,m values may overlap partially if they are close enough. A higher order peak of one 

element may occupy almost the same position as the first order peak of another element 

To measure the net intensity of a peak accurately, it is necessary to avoid peak 

overlap which artificially increases the count value at a peak position. Careful setting of 

the background positions away from neighbouring interfering peaks is very important. 

Inadequate background positions {i.e., located on the tail of a neighbour peak) make the 

background higher and consequently reduce the value of the net intensity. These 

considerations make the choice of the analytical line for an element critical, as the line 

with the highest intensity may not be free of interference. The choice depends on various 

factors. In trace analysis, higher intensity lines are generaiJy favoured unless errors from 

overlap corrections are larger than counting statistics errors (Pyle et al., 2003). 

In the case of monazite analysis, La lines are used for lanthanides (REE' s) unless 

there is interference, in which case a LJ3 line is used. Detailed tables with X-ray lines used 

for major element analysis and trace element analysis of monazite are given in Appendix 

1 (Tables A1.6; Al.9; and Al.ll). Overlap can be an important issue, especially in trace 

element mode, where the first order peak of a trace element present in only few hundreds 

or thousands of ppm may overlap with a higher order peak from a major element. For 

instance, in some cases, the intensity input from overlap of Pb Ma with Y L-y 1-2 and Th 

(M2-04 + M~1•2) can be as much as -5-8% (Pyle et al., 2003). Overlap from Th andY 

peaks on Pb Ma can ~slate into a difference of tens of millions of years in age. Section 

4.2.11 describes the procedure for overlap correction and Appendix 2 presents the 

correction factors measured for this study. 

4.2.6 Standards and calibration 

Calibration of the electron microprobe is a very important step in the analytical 

routine. The precision of the results depends on the quality of the calibration. Normally, 

calibration is done on a standard as similar as possible in composition to the unknown. 

The count rate from the standard is used to calculate the concentration of the same 

element in the unknown using the k-ratio (counts measured in the unknown/ counts 
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measured in the standard) and applying ZAF corrections (corrections for the matrix effect 

considering atomic number (Z), absorption (A), and characteristic fluorescence (F)). In 

order to minimise the ZAF correction as many phosphates as possible should be used as 

standards (e.g, CeP04, LaP04). 

In major element analysis, we systematical1y ran a control monazite of known 

composition before starting an analytical session. The results from the control analysis 

are compared with the known composition and re-calibration is done for elements giving 

values beyond the usual error range. During the analysis, the control is checked regularly 

to monitor drift and ensure that the calibration remains accurate. For trace element 

analysis, because a much higher precision is required, all the measured elements are 

systematically calibrated before the beginning of every analytical session. A final but 

critical consideration is the analytical conditions for standardisation. Different analytical 

conditions are used for major element analysis and trace element analysis. Calibration 

must be done at the same conditions (similar count rate) as analysis of the unknown. 

However, in calibrating at high current with a standard rich in an element that is found 

only in trace quantities in the unknown (for example, calibrating Pb with crocoite (64.11 

wtD/o PbO) for monazite with a few hundred ppm Pb) one has to be careful not to set the 

pulse-height analyser (PHA) window too narrow because of the possible shift of energy 

pulse to higher values (Pyle et al., 2003). Appendix 1 (Table Al.7) provides the list 

standards used in this study. Appendix 1 (Tables Al.3; A1.4; A1.6; Al.8; Al.9) presents 

the analytical conditions for major and trace elements analysis. 

4.2.7 Thin section X-rav mapping procedure 

Thin section X-ray mapping is used to locate monazite and other phosphate 

phases. It is_ done at high cmrent, in scan mode, using the WDS spectrometers. Up to five 

elements can be mapped at the same time while also obtaining a BSE image from the 

mapped area. This procedure is very useful, especially in fine-grained rocks, where 

monazite grains are rare and bard to find in BSE imaging mode (Williams and Jercinovic, 

2002). It also provides a complete inventory of all the monazite grains in a thin section 

and their various petrological settings. We experimented with various analytical 
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conditions during the study, but the combination of elements that provided the most 

useful infonnation on REE phosphates and their petrological setting was Ca. Ce, P, Y, 

Mg plus a BSE image. Analytical conditions are listed in Appendix 1. 

4.2.8 Major element analysis and procedure 

Major element analysis consists of the quantitative determination of the chemical 

composition at a specific spot in a monazite grain using WDS spectrometers. Quantitative 

analysis of monazite includes analysis of major and minor elements while trace elements 

(e.g., Pb, S, Eu, Yb) are neglected. In order to reduce analytical time, four spectrometers 

simultaneously analyse the monazite grain. The fifth spectrometer on the Dalhousie 

JEOL 8200 microprobe is equipped with crystals for light element analysis and could not 

be used for analysing elements normally contained in monazite. Appendix I provides a 

detailed description of the procedure to follow as well as all the analytical conditions 

used for major element analysis (Tables Al.3; Al.4; Al.6). Readers are referred to Pyle 

et al. (2003) and Scherrer et al. (2000) for further information on the choice of analytical 

settings, peak selection, and avoidable overlaps. 

Quantitative detennination of monazite major element composition requires 

careful settings to overcome analytical challenges. First, X-rays have to be judiciously 

chosen to avoid or at least minimise overlap. The PHA window has to be set to filter out 

most of the unwanted energy pul~s (e.g. background and continuum X-rays) while 

including most of the signal from the analysed peak. Calibration must be done before 

analysis, or a control analysis has to be ~ and backgrounds must be located adequately 

to avoid interference. Selection of grains for analysis is determined from the results of 

chemical mapping. For every grain or chemical domain, 3-10 points are analysed to 

establish th~ average chemical composition. 

4.2.9 Single grain X-ray mapping 

Elemental X-ray maps can be acquired using WDS spectrometers. Up to five 

elements can be done simultaneously. To increase the count rate, analysis is done at high 

current. The elements of interest are Y, for its petrological significance, the parent 
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elements, Th and U, and daughter Pb. The grains to be mapped are selected according to 

features such as interesting texture or zoning observed with BSE imaging. 

Mapping is done to reveal chemical zoning patterns which may be significant for 

the chemical age. Zoning in U, Th and Pb commonly, but not systematically, correlates 

with age domains. The geometry and location of the age domains provide insights on the 

timing ofmonazite growth. Well described examples ofthis type of study are given in 

Pyle and Spear (2003a) and Williams et a1. (1999). Analytical settings and procedures for 

single grain X-ray mapping are provided in Appendix 1. 

4.2.10 Trace element analvsis and chemical dating 

Trace _element analysis is the basis for monazite chemical dating. It is, therefore, 

essential to obtain numbers that are as precise as possible. Only four elements are 

considered (Ph, Th, U andY). At this stage the choice of X-ray lines is critical, especially 

in the case ofPb. For this study, Pb Ma was used. This X·ray line is subject to more 

interference than Pb MIJ, but the gain in intensity counterbalances it. The intensity ratio 

for Pb MJJ!Pb Ma is about- 0.8. Pyle et al. (2003) also demonstrated that unless 

monazite is Th-rich (- 10 % Th02 or more), the interference correction error is minimal 

comp~ to loss in counts and the related increase in counting error. The last, but 

critical, issue in trace analysis is the selection of background for each chemical domain, 

as discussed in greater detail in the following section. 

To apply an appropriate ZAF correction the average major element composition 

must be calculated for every grain and chemical domain. These values are transformed 

into element wt % and used as fixed values for mass absorption analysis. lbis. of course, 

requires that major element analysis and X-ray mapping were done prior to trace analysis. 

The analysis ofPb, Th, U andY is done simultaneously, so the parameters will be the 

same for each element measured within a single analysis. About 3-10 analyses are done 

within each grain or chemical domain to establish an average age. 
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In this study, counts were optimised by using a higher intensity current (200 nA), 

a high-sensitivity crystal for Pb (PETH), and longer background and peak counting times 

(300 sec at background positions and 600 sec at peak position). These conditions allowed 

us to reach detection limits of 40--60 ppm for Pb, and 100-200 ppm for U, Th and Y, 

depending on the abundance of these elements. 

4.2.11 Background selection 

Selection of an appropriate background is very imponant especially for trace 

elements where the peak-to-background ratio is smaller. Background noise is subtracted 

from the peak measurement to give the net number of counts. Monazite contains many 

elements with X-ray lines that have mutual interference, rendering the background 

selection very difficult. The presence of an interfering peak at a pre-selected background 

position will artificially increase its value. This problem would be easy to solve if 

interfering peaks were always located at the same spot and if they always had the same 

width. However, the distribution of neighbouring interfering peaks depends on the 

chemical composition of monazite; these background positions must be determined for 

each chemical domain. Therefore, for every domain, it is important to scan the area of the 

peak to be ailalysed in order to choose the best location for the backgrounds. 

Backgrounds selected on an interfering peak will artificially increase the background and 

inversely reduce the value of the unknown element, resulting in a younger age in the case 

ofPb or older in the case ofU and Th. Backgrounds should be chosen as close as 

possible to the main peak while avoiding interfering peaks. Background is interpolated 

under the peak as a linear function. Jercinovic et al. (2002) proposed that a six point 

background selection and extrapolation as a curve provides more accurate results. The 

equation for linear background correction is shown in section 4.2.2. The detailed 

procedure for WDS scan and background selection is presented in Appendix 1. 

4.2.12 Peak overlap correction 

Some interfering peaks lie at the same position or very close to the analysed peak 

of a specific element In trace analysis, this is a problem particular for Pb Mat which 

overlaps withY Ly1.2and Th (M2-04 + M~t-2), and U MP which overlaps with Th My. 
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Overlap at the peak position increases the net intensity, which in the case of Pb would 

give an older age. To obtain the true net intensity at the peak, a correction inust be 

applied to the count value. The proportion of counts originating from overlap by an 

element x on an element y can be estimated by analysing an x standard, free of element y, 

at the same peak position and measuring the intensity of the signal. As relative 

proportions of various peaks of a same element are constant, the ratio of measured y in 

they-free x standard to the x content of the standard can be used to estimate the 

contribution of the overlap of element x on they peak (Pyle et al., 2003). The following 

equation shows the mathematical expression of the latter reasoning: 

General equation for correcting interference of x on y: 

C' l:' _ srd.:r / mJ.:r X std.x 
r :r-.v - y t-rario x k - nuio y k-ratlo (eq. 4.2) 

Figure 4:.3: Example of two Th peaks in monazite. The Th Mf3 peak is 58% ofthe 
intensity of the Th Ma peak used in trace analysis. Therefore, this ratio could be applied 
in a case where the main peak of an element is located at the same position as Th MJJ. 
The intensity of overlap will equal 58% of the count intensity measured for the Th Ma 
peak. · 
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Correction factors (CF) are used to correct for the effect of overlap ofY Lr1-2 and 

Th (M2-04 + M~1•2) on Ph Ma1 and 1h My on U Mf3. The following equation shows how 

the factors are applied to correct the combined effect ofY Ly1.2 and Th (M2-04 + M~1-2) 
(Pyle et al., 2003) on Ph Ma, : 

(eq. 4.3) 
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4.3 Sources of error. estimation and propagation 

4.3.1 Sources of error 
Among the quantifiable sources of error, we can distinguish errors arising from 

the counting statistics during X-ray analysis, errors resulting from calibration, and errors 

due to correction for peak overlap. Non-quantifiable errors are selection of background 

position, selection ofPHA window, chemical heterogeneity of the monazite grain, beam 

damage, and potential Pb contamination. 

4.3. L 1 Counrin!! statistics and error calculation 

In EMP analysis, the first source of error comes from the counting statistics of X-

rays. Because X-rays are random events, X-ray counting statistics represents a Poisson 

distribution. Consequently, each measurement will have an associated error which will 

decrease with increasing counts. The count rate must be maximised on single 

measurement in order to minimise the counting error. Note that the counting error is also 

sensitive to the peak/background ratio (P/B): with P/B increasing the standard deviation 

decreases. On the JEOL-8200 at Dalhousie, the relative standard deviation value is 

automatically calculated by the JEOL software using equation 4-4. 

Standard deviation in X - ray counting : 

(o 100 Ir-" (LPBH)
2 

!PsL (LPaL)
2 

!PaH (eq. 4.4) S.D. Yo)=- -+ -- --+ -- --
f,es t~ L IPBL L tPBH 

4-~t.tPaL.IPBH:Counting time (in seconds) at the peak, and of the background 
signals at the low and high angles 

LPBH + LPsL :Respectively, distance from the low and high background 
position to the peak position 

L =LPBH + LPBL 

Because of the way that net peak intensity is calculated, the counting errors on 

both peak and background measurements must be combined. The following equations 

present the standard deviation on net intensity (including error from peak and 

background) and the relative standard deviation. 

55 



Standard deviation (cps) 

(eq. 4.5): 

Relative standard deviation (%) 

(eq. 4.6): 

Where, Np =peak intensity in counts per second (cps) 

Na =background intensity (cps) 

tp =measuring time on peak position (sec) 

ts = measuring time on background position (sec) 

4.3.1.2 Errors from calibration 

The weight % value for an element is calculated through the k-rario, which is the 

intensity of the element in the unknown over the intensity of the same element in the 

standard. Counting errors from measurements of peak and background in both the 

unknown and the standard must therefore be combined. This can be worked out by 

calculating the standard deviation and relative standard deviation on k-ratio using the two 

following equations (Pyle et al., 2002): 

Standard deviation on k-ratio: 

2 

(eq. 4.7) 

U 2 
P-B.l - rrm'o= 

1 
U 

2 
P-B.IUIA: 

(

NP.IUIA: Ns.wii']Yz 
-~-+-2-

l lp~ (BAnk 2 
+ - - • UP-B.srd 

2 [ ]% NP. sill Ns. std 
-2-+-2-
t P .sill t B.std 
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relative standard deviation of the k·ratio: 

~ 2 2 & P-B,A:- rllliD = & P-B,stri+£ P- B. ,.,It: (eq. 4.8) 

4.3.1.3 Errors from overlap correction 

Overlap correction introduces more counting errors because it is based on the ratio 

of intensity measurements. The effect is generally low on the total error, on the order of-

0.1-0.005 %. To be rigorous, however, it is important to propagate the error on k-ratio 

from each measurement used in the correction through the equation for corrected Pb and 

corrected U (Section 4.2.11; Appendix 2). 

4.3.1.4 Risk ofPb contamination and other non~guantifiable errors 

Among the many sources of non-quantifiable error, the risk of Pb contamination 

is certainly the most serious one. The use of a Pb lap during preparation of our samples 

introduces a risk of contamination that is difficult to assess and to control. Large deposits 

ofPb in cracks around the monazite grains can easily be revealed with WDS X-ray 

mapping. However smearing ofPb on the surface of the monazite grain is probably 

unrecognisable even with X-ray mapping due to the natural presence of radiogenic Pb in 

monazite and its spatial heterogeneity. Although careful cleaning should reduce the Pb 

contamination, ideally, polishing should be done on a Pb-free disc. 

In order to assess the importance of potential Pb contamination, we analysed Pb 

on quanz, a Pb-free mineral, in trace mode. Results show values of- 40 ppm which is 

just about the detection limit making this value indistinguishable from background noise. 

However, quartz is a hard mineral and monazite may behave differently during polishing. 

We also re-polished some thin sections using a Pb-free lap andre-analysed the same 

monazite grains a second time. In most cases, the results were similar within error. A few 

grains that gave unusually old ages (1900-2300 Ma) during the first.analytical sessio~ 

yielded ages within the range of 1750-1920 Ma after being cleaned and re-polished on a 

Ph-free lap. These results indicate that Pb contamination can be significant and that 

polishing of thin sections on Pb lap should be avoided However. the overall consistency 
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and within-error variation of chemical ages suggests that contamination of Pb was not 

critical. 

PHA window settings can cut off energy pulses if they are set too narrow. This 

cannot be quantified, but a large window and regular control checks should eliminate this 

potential source of error. Chemica] heterogeneity is another source of error, but as it 

mainly relates to the ZAF correction, its effect on the overall precision of the age is 

minimal. As long as major chemical domains are dealt with separately, intra-domain 

chemical variations should not be a concern. Beam damage is another important issue. If 

the coating is too thin, beam burns during analysis can affect the results. 

The final concern is the background selection for trace analysis. The error 

associated with this is hard to estimate. However, if background positions are 

systematically determined for each chemical domain, the contribution to the error should 

be minor. 

4.3.2 Error propagation and calculation: 

The various quantifiable errors involved in chemical dating of monazite should all 

be accounted for and propagated through the age equation. Errors are added in quadrature 

(equation 4-9). The relative error for U and Pb is the error on the corrected value. 

I 2 2 2 Total error on a spot age = -v eu + En+ ePb (eq. 4.9) 

A detailed description of the error calculation and propagation is provided in 

Appendix2. 

4.4 Age calculation and statistical treatment 

If the acquisition of precise chemical data for trace elements is critical~ the 

processing and interpretation of the data is also important. It is essential to apply 

appropriate statistical treatment to the data and to propagate all source of errors 
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rigorously. Appendix 2 provides an extensive description of the equations used to 

propagate error and calculate ages in this study. Chapter 6 also provides information on 

statistical modelling used to discriminate between populations. 

4.4.1 Montel's equation: 

The acquired data are used to calculate an age (t) by solving the following 

equation (Montel et al., 1996): 

Pb = 231b_ x [e232A.t _ l] + tiJ 23sU x [e23&At _ 11 + tiJ 23s0 x [e 23SA. t _ 11 (eq. 4_10) 

where 

• Ph, Th, U are in ppm 

• 232A., 235A., 238A. are the radioactive decay constants of 232Tb, 235U, and 23Su", 
respectively Monte} et al., 1996 

• UJ is the relative crustal abundance of U isotopes. 

• Pb is the total amount of radiogenic Ph produced by all the parent atoms. 

The age (t) is calculated by iteration, by comparing calculated Pb with measured 

Pb. This equation is derived from the general equation for radioactive decay (e.g. Faure, 

1977): 

D*=N (e'Al-1) (eq.4.11) 

where, 

• D* is the amount of radiogenic daughter, 

• N is the present amount of the radioactive parent atoms, 

• A. is the decay constant for each parent species, 

• t is the time since the system is closed. 

An age is calculated for each spot analysed within a single grain or chemical 

domain. The age of the grain or chemical domain is the weighted average of all the spot 

ages (eq. A2.22; Section 6.4). At least 5 analyses are required to give an age statistically 

meaningful. 
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Throughout this study, data were obtained using the various steps described in this 

chapter, error was rigorously propagated, and the ages were calculated and analysed 

according to the statistical test and techniques presented above and in Chapter 6. The 

results are discussed in Chapter 6 and the complete data set and analytical settings are 

provided in Appendices I and 6. 
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5. Monazite geochemistry 

5.1 Introduction 

It is widely recognised that information on the metamorphic evolution of a rock 

can be extracted from the chemical signature of its metamorphic minerals. Traditionally, · 

major rock-forming minerals attracted most of the attention. However, the slow diffusion 

rate of many trace elements, for which accessory minerals are important sinks, and their 

potential for recording metamorphic history (Spear and Pyle, 2002), combined with the 

important role of accessory minerals in geochronology, have led to increasing research 

efforts in understanding the geochemistry and paragenesis of these minerals. Monazite is 

of special interest because it is an established geochronometer (Parrish. 1990), which has 

recently been the focus of in situ dating techniques using the electron microprobe 

(Montel et al., 1996; Williams et al., 1999) and other microbeam techniques. 

A better understanding of monazite chemical behaviour through various 

metamorphic conditions is necessary to interpret monazite ages fully. Part of the present 

study aimed to investigate the chemical composition of metamorphic monazite and its 

variation with increasing metamorphic grade. Like other metamorphic minerals, the 

composition of monazite depends on three main factors: the bulk composition of the rock, 

the nature of coexisting mineral assemblages, and the pressure-temperature (P-T) 

conditions. 

Previous studies documented the chemical variation of metamorphic monazite 

(Bea and Montero, 1999; Zhu and 0, 1999; Pyle et al., 2001 ). The range in metamorphic 

grade as well as composition of the samples vary widely between studies. Samples for 

this study were all collected from a single lithological unit, the Paleoproterozoic 

Longstaff Bluff Formation (LBF), which experienced a wide range of metamorphic 

conditions from greenschist facies to granulite facies (Section 2.4). Given that the 

samples all belong to the same lithological unit and were taken from the semipelitic to 

pelitic horizons, variations in bulk rock composition should be minimised. Hence, 

variations in monazite composition should be mainly controlled by changes in the 
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accompanying mineral assemblage and P-T conditions rather than by the proto lith 

composition. Samples were collected along five transects described in detail in Chapter 3. 

The P-T conditions of each transect are given in Section 2.4 

Results from the chemical investigation of LBF monazite are presented in this 

chapter. The focus is on data obtained from major element analysis, whereas Chapter 6 

specifically deals with the geochronological data obtained from trace analysis of Pb, Th, 

U, andY. 

The first section of the chapter presents background information on monazite 

crystallographic structure and chemistry. The following sections contain results from the 

study of chemical zoning, characterisation of the variation in abundance of each element 

through various transects and petrological settings, and the assessment of the level of 

correlation between elements, and relevance of substitution mechanisms. 

5.2 Monazite structure and composition 

Monazite is an anhydrous orthophosphate of the type A(P04), like xenotime and 

pretulite, and its crystal structure is monoclinic whereas the other two are tetragonal. The 

A-sites of monazite are preferentially filled by large trivalent cations, generally rare earth 

elements (REE) (Boatner, 2002). However, not all REEs fit well in the A-site and the 

dominant cations are light rare earth elements (LREE). In most monazite, La + Ce + Nd 

account for more than 75% of the cations occupying the A-site (Spear and Pyle, 2002). 

Other LREE, Pr and Sm. are also found in monazite, but together they only account for 3-

5% of the A-site cations. Heavy rare earth elements (HREE), Dy and Gd, are also 

incorporated into monazite but they generally make up less than I% of the cations. Ca 

and Th also commonly occupy A-sites. Their abundance varies from 2-1 00/o of the cations 

(Section 5.3.2, Tables 5.1 and 5.2). Lastly, monazite incorporates small amounts ofSi, U, 

andY, and the abundance ofthese elements can vary from 0% to 2%, with Yvalues 

occasionally reaching as high as 4-5% (Pyle et al., 2001). Because of its affinity forTh 

and to a lesser extent for U, monazite can host high concentrations of these elements, 

making monazite the main source of radioactivity in many rocks. Bea and Montero 
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( 1999) demonstrated that monazite controls the U budget in the leucosome of migmatiric 

metapelites. The radioactive element content of some metamorphic monazite reach 

values as high as 20% Th02 and 3% UOz (Wan, 1995). Despite its enrichment in U and 

Th, monazite does not display radioactively-induced structural damage nor show any 

evidence of metamictisation (Seydoux-Guillaume et al., 2002). Even though monazite 

does not generally incorporate common Pb at the time of crystallisation as shown by 

many studies (e.g., Parrish, 1990), its structure has the capacity to retain Pb produced by 

radioactive decay (Harrison et al., 2002). This is an important characteristic which 

enables radiogenic lead (Pb*), and therefore geochronological information, to be retained 

within the grain and renders monazite a valuable geochronometer. The issues of Pb 

diffusion and system closure are discussed in detail in Chapter 6. 

In nature, monazite is generally a solid solution among three end-members. These 

are pure REE monazite (LREE-P04), brabantite (Ca(Th,U)(P04)), and huttonite 

((Th,U)Si04). Substitutions between end-members account for most chemical variations 

in natural monazite (Townsend et al., 2000). The main substitutions are (Zhu and 

O'Nions, 1999): 

Brabantite: 2LREE3+--+ Th4+ + Ca2+ 

Huttonite: LREE3+ + pS+--+ Th4+ + Si4 ... 

2LREE3+ --+ U4+ + Ca2+ 

LREE3- + ps-.---+ if++ Si4+ 

Brabantite and huttonite are paired-substitution mechanisms. Thorium and U both 

have a suitable atomic radius to enter the monazite structure; however, neither of them is 

a trivalent (3+) cation: they rather are tetravalent ( 4+ ). Hence, to maintain the neutral 

charge balance, Th and U need to be associated with another element of complementary 

charge. Coupling of Th 4+ or lf+ with Ca2+ preserves the electronic balance by 

substituting for 2 LREE3+. Th-t+ or if may also be coupled with Si4+ and together 

substitute for I LREEJ+ + I P5+.ln brabantite substitUtion, Ca2+ fills an A-site left vacant 

by a LREE, while in huttonite the Si4+ cation occupies the 4-fold P5+ site (Spear and Pyle, 

2002). Yttrium and HREE (Gd and Dy ) are trivalent cations that substitute directly for 

LREEs. Section 5.5 presents results on monazite substitutions from this study. 
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Table 5.1: Selected analyses of monazites from literature. All reported analyses were 
acquired using an EMP; analytical conditions are described in the respectiv.e publications. 
Results are presented in oxide weight percent (wt %). 

Kinzi- Strona Strona Primary 
Repla-

LMlN LMID21 cement 00136/ K986/ 
Sample/ grain gitic/ -litic/ -litic/ zones/ 

zones/ 

H H Var. I Var.2 IR 20 IR 20 mate6 incd3 

•*Analyses 38/l 87/3 

P20.s 29.12 29.01 28.89 28.59 29.70 30.2 30.5 30.0 30.5 

Si02 0.12 0.94 n.a. n.a. n.a. 0.27 0.36 0.4 0.39 

CaO 0.97 1.99 0.68 0.90 0.68 0.98 0 .49 0.87 1.07 

ThOz 4.02 12.91 5.97 5.35 5.70 2.7 2.7 4.17 4.55 

UOz n.d. 1.27 J.Ol 0.72 0.28 n.a. n.a. 0.38 0.93 

YzOl 0.72 1.63 2.51 1.41 0.17 0.90 0.52 1.28 2.96 

La203 14.13 12.04 10.47 12.43 13.68 16.9 17.5 12.6 10.9 

Ce10J 29.75 24.84 23.70 33.83 33.08 32.3 33.3 28.2 27.3 

Pr203 3.19 2.56 n.a. n.a. n.a. 2.8 3.0 2.98 2.75 

NdzOJ 12.92 10.79 15.37 10.75 12.41 10.7 10.8 .11.5 11.0 

Sm20J 1.06 0.45 5.57 2.27 0.67 1.2 1.1 1.89• 2.08* 

GdA 1.65 1.64 2.03 0.88 0.16 n.a. n.a. 1.17 1.51 

Dy203 0.58 0.93 0.57 0.43 0.04 0.28 0.21 n.a. n.a. 

Total 99.01 101.48 98.94 98.74 97.53 99.3 100.5 95.6 95.9 

Source .) 4 4 

Note:1Pyle & Spear (2003a). 1Bea & Montero (1999). 1 Townsend eta/. (1000), 4Foster eta/. (1002). 

n.a. = element not analysed, n..d. = element value not detennined because below detection limits 

• In Foster et aL (1002) values were presented as SmO raJher than Sm:z(h 

-All values in oxide weight percent (wt %). 

Many studies using various analytical methods have reported metamorphic monazite with 

a large range of composition (Table 5.1 ). 

5.3 LBF monazite chemical zoning 

Metamorphic monazite is known to display compositional zoning as highlighted 

by numerous studies (Bea and Montero, 1999; Zhu and O'Nions, 1999; Pyle and Spear, 

2003a). Chemical zoning is commonly reflected in back-scattered electron (BSE) images. 
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In this study, most BSE images were obtained using settings for major element analysis 

(20 nA, 15 kV). However, some images taken at IS kV and 20 nA may fail to show 

zoning if the contrast between zones is too weak. In this study, consistent correlation 

between X-ray maps and BSE images indicates that, in most cases, the chemical zoning is 

revealed on a BSE image using major element analysis conditions. Use of a greater beam 

current and higher accelerating voltage enhances contraSt between chemical zones. 

BSE imaging is a qualitative analytical method that images the relative variation 

in average atomic number of the observed surface .. It does not provide information on 

specific element distribution nor quantitative information on the chemical content. For 

these reasons, WDS X-ray maps were used along with BSE images. WDS X-ray mapping 

can generate maps of specific elements to characterise their zoning. These maps can also 

be calibrated using spot analyses to generate semi-quantitative data. Williams et al. 

(1999) used this technique to create age domain maps of monazite grains. For this study, 

element X-ray maps were not calibrated for semi-quantitative image analysis, but were 

used only to characterise the variation of specific elements within a single grain. 

The zoning seen in BSE images typically reflects variation in content of more 

than one element. Previous studies (e.g., Zhu and O'Nions, 1999) showed that most 

elements can be zoned in monazite. Zoning in BSE images was reported by some authors 

to reflect mainly the concentration ofTh (Watt and Harley, 1993; Watt, 1995), whereas 

Pyle et al. (200 1) observed that it generally corresponds to Y zoning. Foster et al. (2002) 

described that in most cases zonation visible in BSE images correlates with zoning on Y 

and Th maps. In this study, only Pb, U, Th., andY maps were acquired because of their 

significance in dating and help in targeting the location of spots for chemical dating. 

Results from this study indicate that chemical zoning is controlled by the concentration of 

both Y and Th.. Previous studies demonstrated that, in specific geological contexts, 

zoning of Pb, Th, U, andY often, but not always, correlates with age domains (Montel et 

al., 1996; Williams et al., 1999). Other studies, however, observed a lack of 

correspondence between chemical zoning and age zoning (Cocherie et aL, 1998; Rubano 

et al., 2001 ). This may be the result of a different geological history betwe.en samples 
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investigated in these studies. For instance, Cocherie et al. (1998) interpreted the weak 

correlation between chemical zoning and age domains to reflect heterogeneous 

recrystallization of an _older component that reset the U-Th-Ph system. Finally, the 

geometry of the zoning can also bear valuable information on the metamorphic evolution 

ofthe rock (Pyle and Spear, 2003a). 

BSE images and X-ray maps from monazite grains of all grades were acquired. 

Monazite from low- to medium-grade rocks is generaUy relatively homogeneous (fig. 

5.1 a,b; Fig. 5 .2a,b ). Locally, some grains show restricted zones of slightly different 

composition, but no distinct or consistent zoning pattern. For instance, S374-03 (Fig. 

5.2b) is homogeneous with respect to U andY, but the Th and Ph maps reveal small 

diffuse zones of slightly higher content. This type of poorly defined and low contrast 

zoning is relatively. common in low- to mediwn-grade samples and generally consists of 

small irregular patches. 

Conversely, monazite from high-grade samples commonly displays well-defined 

zoning (Fig. 5.lc-h; Fig. 5.2c-f). Most monazite grains from migmatitic samples are 

zoned. Hence, the discussion of chemical zoning is restricted to monazite from 

Figure 5.1: (Next page). Examples of zoning patterns observed on BSE images of 
representative monazite grains from various gmdes. All mineral abbreviations after Kretz 
(1983). a) S371-19 (Tl) is from a Bt-Ms-Qtz sample and the monazite grain shows a 
weak zoning on the BSE image. b) S366map2 (T2) from a Bt-Crd-Ms-Qtz±And sample 
shows a weak and poorly defined zoning common in medium-grade samples. c) S383-0l 
(T4) from a Bt-Grt-Sil-Kfs-Pl-Qtz incipient migmatite shows a simple concentric zoning 
with a light euhedral prismatic core and a darker rounded rim. d) S397-01 (T5) from a 
leucocratic Crd-Kfs-Pl-Qtz-Grt monzogranite shows a simple concentric rim with a 
darker euhedral prismatic core and a light euhedral prismatic rim. Note the inverted core-
rim colour pattern in comparison with S383-0l. e) S392-07 (T4) from a Bt-Grt-Sil-Kfs-
Pl-Qtz migmatite displays a darker anhedral and resorbed core wrapped by two 
discontinuous rims. The outermost rim has the lightest colour tone. f) 5392-01 (T4) from 
a Bt-Grt-Sil-.Kfs-PI-Qtz migmatite presents a complex concentric zoning pattern. A 
darker anhedral and resorbed core is enveloped by multiple rims of various shapes and 
tones. g) S392-17 (T4)from a Bt-Grt-Sil-Kfs-Pl-Qtz migmatite shows a patchy zoning 
pattern. The grain is rounded and shows a large embayment on the right side. h) S401-0l 
(T5) from a leucocratic Crd-Kfs-Pl-Qtz-Grt monzogranite displays a prismatic euhedral 
grain with a patchy zoning pattern on the BSE image. 
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Figure 5.1 
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Figure 5.1: WDS X-ray maps ofPb, U, 
Th, and Y showing the zoning pattern for 
each element on selected representative 
monazite grains. Colours represent the 
relative abundance of an element, in 
increasing order: blue, green, yellow and 
red. Mineral abbreviations after Kretz 
(1983). 

a) 8371-09 (Tl) is from a Bt-Ms-Qtz · 
sample. Y and U show no zoning while 
Th and Pb are weakly zoned. 

b) S374-03 (T3) from a Bt-Crd-Ms-
Qtz=And sample shows no zoning in U 
and Pb, and a weak and poorly defined 
zoning in Th and Y. The minute zone of 
high Pb content is located on the site of 
an inclusion. Pb from lap likely 
accumulated there after the inclusion fell 

0\ off the thin section during polishing. 
00 

c) 8383-01 (T4) from a Bt-Grt-8il-Kfs-
Pl·Qtz incipient migmatite shows a 
distinct and simple concentric zoning in 
all four elements, although Th zonation is 
not as clearly defined. 

d) 8392map5 (T4) from a Bt-Grt-Sil-Kfs-
PI-Qtz migmatite has a strong zoning in 
Y and to lesser extent in U while Th and 
Pb are not clearly zoned. 

e) 8388-02 (T4) from a Bt-Grt-Sil-Kfs-
Pl-Qtz migmatite presents a distinct 
complex concentric zoning pattern in all 
four elements. 

t) 8392-17 (T4) from a Bt-Grt-Sil-Kfs-
Pl-Qtz migmatite presents a patchy 
zoning in Y, the three other elements are 
not clearly zoned. 



Transect 4 (T4) and Transect 5 (T5). Both transects are above the sillimanite isograd (Ch.. 

2). These rocks vary from incipient migmatites to peraluminous granites denved from 

melting of sedimentary rocks (Chapter 3 ). The migmatites progress from schistose 

metapelites with rare millimetre-scale veinlets, to interlayered centimetre-size leucosome 

veins with Bt-Crd-Sil mesosome forming stromatic migmatites, to large pockets of 

granite (Chapter 3, Appendix 4). 

Zoning patterns in monazite were categorized and defined by Zhu and O'Nions 

( 1999). Zoned monazite from the LBF displays two main types of zoning. The most 

common type is concentric zoning that may be simple (core surrounded by a simple rim; 

Fig. 5.1 c,d; fig. 5 .2c,d) or more complex (core of variable shape enveloped by two or 

more circular rims that may be discontinuous; Fig. 5 .2e ). The number of rims is variable, 

but monazite commonly shows one or two rims, and locally three. Cores of zoned 

monazite exhibit different shapes. Some grains have a euhedral prismatic core (Fig. 

5.lc,d) whereas other grains have a rounded core (Fig. 5.2e); in some cases embayments 

can be found along the core periphery (fig. 5.le,f). Rims can also exhibit a euhedral 

prismatic (Fig. S.ld) or rounded shape (Fig. S.lc), and locally show embayments along 

the grain bounda.Iy (fig. 5.1 g). The other type of zoning commonly observed is a 

"patchy" pattern defined by multiple patches of different composition that are irregular in 

size, non-concentric, and randomly distributed in the grain (fig. 5.lg,h; Fig. 5.2f). This 

pattern is mainly found in monazite in the leucosomes. 

The composition of various domains in zoned monazite was also examined The 

investigation was restricted to monazite with concentric zoning because results can easily 

be grouped in two categories: core and rim analyses. Because of the role ofU. Th, andY 

in chemical dating, the focus was to compare these elements in cores and rims. For each 

zone, core or rim, all analyses with a good cation total (1.975 <total< 2.025; based on 

cations/4.000 oxygens) were averaged for comparison. 

Histograms ofTh content for cores and rims (fig. 5.3a,b) show no difference in 

the distribution of compositions, with 0.057 ± 0.027 in cores and 0.057 ± 0.021 
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cations/4.000 oxygens in rims. A scattergram (Fig. 5.4a) plotting values of both core and 

rim for each grain reveals that in 74% of the grains the rim is richer in Th than the core. 

Analysis of the distribution of U values (Fig. 5 .3c,d) in rims and cores of zoned 

monazite shows that U values do not have a strong preferential distribution, although 

80% of the cores have U < 0.007 cations/4.000 oxygens, whereas only 54% of rims have 

U < 0.007 cations! 4.000 oxygens. Similarly, the calculated average U content for the 

cores is 0.004 ± 0.005 and for the rims is 0.006 ± 0.006 cations/4.000 oxygens. The 

difference between core and rim average U content .is very subtle and the two are not 

statistically different. Therefore, there may arguably be no difference between the overall 

core and rim composition. 

Histograms ofY content (Fig. 5.3e.,t) reveal that rims tend to be richer in Y than 

cores. The average composition of the cores is 0.034 ± 0.014 cations/4.000 oxygens 

whereas rims average is 0.040 ± 0.018 cations/4.000 oxygens. A scattergram (Fig. 5.4b) 

plotting Y values of both the core and rim for each grain was also produced, showing that 

in 70% of the grains the rim is richer in Y relative to the core. The symbol plot ofY 

content in zoned monazite (5.4b) also shows that the difference in Y content between 

core and rim is greater than the difference in Th content. 

Gadolinium shows a subtle difference in concentration between rims and cores of 

zoned monazite. The histograms (Fig. 5.5a,b) show a shift of the average Gd content 

towards slightly greater values from 0.019 ± 0.005 cations/4.000 oxygens in cores to 

0.021 ± 0.005 in rims. 

Figure 5.3: "(Next page) Histograms ofTh, U, andY values measured in cores and rims 
of zoned monazites. "x" is the arithmetical average calculated for each transect in 
cations/4.000 oxygens. a-b) Histograms ofTh content in cores and rims of zoned 
monazite respectively. No noticeable difference between the two diagrams. c-d) 
Histograms of U content in cores and rims. Average composition of rims is slightly 
greater with a wider range of values. e-f) Histograms ofY content in cores and rims. 
Rims have a greater average Y oontent. 
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Figure 5.3 Tb content in cores 
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Yttrium is enriched in the rims relative to the cores, while U and Gd only show 

subtle increase in content in rims and that Th content is stable. Locally, cores richer than 

the rims in one or more elements are also observed. Zhu and 0 'Nions ( 1999) also 

reported occurrences of such inverted zoning. Gd, U, and Y are preferentially present in 

greater amounts in the rim relative to the core, but there is no specific dominant 

composition for cores or rims. The range of values observed in the rims is similar to the 

range in values found in the cores, only the average value is higher in the rims. 

The Th, U, and Y zoning patterns show that the LBF monazites do not display any 

systematic correspondence between the distribution of these elements. This was also 

noted by Pyle et al. (200 1) who interpreted the non-correspondence between Th and Y as 

an indication.that Th and Y distribution in monazite is controlled by independent 

reservoirs. Major Y sinks are garnet and xenotime in pelitic rocks (Pyle, 2001; Pyle and 

Spear, 2003b), whereas zircon may be an important controlling factor for the Th budget 

under certain conditions (Bea, 1996). 

Previous studies have examined the boundary between distinct chemical zones 

and concluded that compositional change is generally sharp without a distinguishable 

transition zone (e.g., Zhu and O'Nions, 1999). This means that either no solid-state 

diffusion of elements occurred after closure of the chemical system, or the ditfusion 

range was smaller than the maximum resolution of the imaging technique used. Hence, it 

is genet:ally well accepted that zoning in unaltered monazite has shcup boundaries. 

Crowley and Ghent (1999) showed that even monazite with hydrothermally recrystallized 

rims generally displays a sharp boundary between rim and core. 

This study did not focus on the nature of the boundary between different 

compositional zones in metamorphic monazite as this is already well documented (Zhu 

and O'Nions, 1999). Few line scans using WDS were obtained from.zoned grains. 

Compositional profiles were obtained for Y and Th. Results generally agree with patterns 

observed on X-ray maps and BSE images. Locally, X-ray line scans show a decoupling 

between Th and Y, where Y is strongly zoned and Th has a constant distribution 
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Figure 5.4: Figures 5.4a-b below present the compositional variation between core 
and rim of individual grains forTh and U content respectively. Rim (s) and core (s) 
from the sante grain have the same x value and are linked by a solid line. On the 
abscissa, the grains are ordered according to their increasing sample number. This 
corresponds roughly to an increase, from the left to the right. of the metamorphic 
grade and abundance of leucosome in the rock. All grains are from samples collected 
in T4 or T5. Only grains exhibiting a concentric zoning pattern were considered in 
this diagram. Note compositional variation between core and rim is greater for Y 
than for Th. Th content is also commonly greater than Y content. 
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throughout the chemical zones, or vice-versa. This suppons observations made with some 

X-ray maps that these two elements vary independently. In other grains, Y and Th vary 

antithetically. For instance, Figure 5.6 shows a line scan through monazite grain S392-09 

where high Th zones correspond to low Y zones, and vice-versa. The line scans correlate 

with results from Th andY X-ray maps. 

5.4 Major element chemistrv 

This study investigated the major element chemistry of monazite (technical details 

and settings given in Chapter 4 and Appendix l ). Both qualitative and quantitative 

analyses were obtained using WDS. Analytical conditions were optimised specifically for 

monazite analysis. Elements analysed were, in alphabetical order: Ca, Ce, Dy, G~ La, 

Nd, P, Pr, Sm., Si, Th, U, andY. Unless otherwise mentioned results in this chapter are 

reported in cations/4.000 oxygens. Section 5.4.1 addresses the issue of the 

reproducibility of the results using the Dalhousie JEOL 8200. The following sections 

present results from major element analysis. 

5.4.1 Reproducibility ofthe results 

The-level of reproducibility of the results is a very important issue. To be able to 

draw conclusions from the results obtained from different monazite grains or chemical 

zones, one must be able to show that the variation in the results is not caused by 

analytical error or the resolution limit of the technique, but reflects real chemical 

changes. To achieve th_e best precision in the analysis of monazite, the choice of 

standards and contro.ls used is the-first important step. At the begiruring of the 

implementation process, all REE's were standardised using the Drake and Weill (1972) 

synthetic glass REE standards. Synthetic CeP04 and LaP04 produced at RPI (Pyle, pers. 

comm.) were later used to reduce matrix effect. The switch to phosphate standards for the 

two main REE components of monazite improved the precision and reproducibility of the 

results (Fig. 5.1). A few other changes were made during the implementation process, 

e.g. Ce and La were moved from the PETJ to the LIF crystal and Th02 and U~ were 

used rather than metal standards: As recommended by Pyle et al. 
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{2003) and Scherrer et al. (2000), standards with high element concentrations were 

preferentially chosen. 

Figure 5.7a-d shows replicate analyses of Mnz 53, an in-house control used since 

the beginning of the implementation process, with results for different elements. Mnz 53 

is a set of monazite grains mounted with epoxy and is part of a set of standards provided 

by Ward™. During the implementation period results were unstable for some elements, 

but improvement in both the procedure and analytical settings provided better precision 

and an acceptable level of reproducibility. In BSE imaging mode Mnz 53 grains appeared 

quite homogeneous, and replicate analyses seem to show that compositional variations, if 

any, are minor. 

Accuracy of the analytical settings used for this study was verified by multiple 

spot analyses on samples previously analysed by other E:MP laboratories. For this 

pmpose, the Dalhousie Regional Electron Microprobe Laboratory (DREML) collaborated 

with other universities to characterise the chemical composition of four monazite samples 

provided by M. Bersch from U. Alabama. Results from the Dalhousie EMP are similar to 

those obtained by other laboratories which used both EMP and LA-ICP-MS techniques. 

Repeated analyses of the monazite samples yielded a reasonable level of reproducibility. 

The same settings were used to analyse Mnz 53 during routine analyses and the 

consistency of the results confirmed their accuracy. 

5.4.2 Results 

Results from the chemical investigation of the LBF monazites are presented 

below. For each element in each transect, all analyses with a good cation total (1.975 < 

total< 2.025; based on cations/4.000 oxygens) were averaged together. Results are 

grouped by trnnsect because despite the fact they cross isograds the short transect length 

(2-4 km) means that samples from a same transect experienced similar P-T conditions. 

Histograms showing the relative frequencies of each element within each transect are 

presented in Figures 5.8 to 5.19. These graphs provide a sense of the dominant value of 

the element at each grade and also show the range of values found. An average value (x) 
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is also calculated for each tr.msect. Elements are grouped into four sets: the LREE' s, 

comprising Ce, La, Nd, Pr, and Sm; the HREE' s, comprising Gd and Dy; the key 

elements for geochronology: U, Th, andY; and other cations: P, Si, and Ca. Below is a 

selection of representative analyses for different samples {Table 5.2). Full description of 

the samples can be found in Appendix 4. 

Table 5.2: Representative monazite compositions from this study. Mineral abbreviations 
after Kretz (1983). 

Gr-ain S366-07 S371-19 S373-04 S378-03 S383-02 S392..05 S392-0I 8397-01 

Bt-Ms- Bt-Kfs- Bt-Kfs- Bt-Kfs- Kfs-PI-
Mineral Bt-Ms- Bt-Ms- Bt-Ms- Crd-Qtz- PI- Qtz- PI- Crd- PI- Crd- Qtz-Crd-Qtz-Crd Qtz Crd-Qtz PI-Sil- Sil- Grt- Qtz-Sil- Qrz-Sil- Grt-Sil And- Get- Grt-

Transect 2 I 3 3 4 4 4 5 . 
Analysis# 159 169 56 252 554 282 212 120 
PzOs 28.94 29.84 29.48 28.98 29.07 28.50 29.15 29.33 

Si02 0.22 0.37 0.27 0.26 0.23 0.19 0.12 0.34 

CaO 0.98 0.92 0.84 0.85 0.83 1.36 0.83 1.47 

Th02 4.47 4.33 4..55 5.99 5.51 6.83 4.63 6.58 

UOz 0.27 0.26 0.22 0.02 0.29 0.30 0.034 0.79 

YzOJ 1.12 1.02 1.25 1.02 1.67 1.51 2.45 2.18 

Laz()3 14.24 14.33 14.46 12.52 14.19 13.13 12.99 12.34 

Ce203 27.88 28.02 28.09 31.60 31.09 30.18 30.92 26.06 

Prz03 3.49 3.57 3.53 4.69 4.33 4.45 4.34 3.29 

Nd103 12.73 12.85 12.45 10.73 9.93 10.00 10.31 11.35 

SmzO:l 2.06 2.00 2.05 2.08 1.94 2.15 1.68 1.87 

Gd203 1.54 1.32 1.36 1.58 1.23 1.31 1.60 1.76 

Dy203 0.49 0.51 0.58 0.00 0.00 0.00 0.00 0.79 

Total 98.43 99.34 99.14 100.31 100.31 99.91 99.06 98.15 

Note: Values in oxide weight percent (wt %). 

5.4.2.1 Light rare-earth elements (LREE): 

5.4.2.1.1 Cerium, lanthanum, and neodymium: 

Figures 5.8a-e, 5.9a-e, and 5.10a-e show relative frequency histograms ofCe, La, 

and Nd content per transect All three elements present a decrease in abundance from Tl 
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to T5. Variations in content of the three elements from Tl to T3 are minor relative to 

variations from T3 to TS. The three elements decrease in varying amounts from 10% to 

18%. Average Ce content varies from 0.448 ± 0.030 cation/4.000 oxygens in T1 to 0.436 

± 0.036 in T3 and 0.373 ± 0.042 in TS. Lanthanwn content varies from 0.204 ± 0.019 

cations/4.000 oxygens in Tl to 0.204 ± 0.021 in T3 and 0.168 ± 0.026 in T5. Nd content 

varies from an average of 0.170 ± 0.015 in Tl to 0.164 ± 0.017 in T3 and 0.152 ± 0.012 

cations/4.000 oxygens in T5 (Table 5.3). 

5.4.2.1.2 Praseodymium and samarium: 

Figures 5.11a-e and 5.13a-e respectively show the variation in Pr and Sm content per 

transect. Sm seems unaffected by the variation in metamorphic grade. Unlike all other 

LREE's, Sm does not show a decrease in abundance with increasing metamorphic grade. 

Sm shows a very small increase from 0.027 cations/ 4.000 oxygens in Tl to 0.03 in T5. 

Note that the 0.030 average in T5 includes few anomalously high Sm values. If these 

values are excluded, the average composition in T5 is similar within error to all other 

previous transects. On the other hand. Pr presents variations similar to other LREE. 

Average Pr content is relatively stable from T1 to T4 and drops greatly from T4 toTS. 

5.4.2.2 Heavy rare-earth elements CHREE>: 

5.4.2.2.1 Gadolinium and dysprosium: 

Figure 5 .14a-e shows increasing Gd abundance with increasing metamorphic 

grade. From Tl toTS the average content in Gd and the range of values steadily increase. 

The Gd average composition varies from 0.017 ± 0.002 cations/ 4.000 oxygens in T1 to 

0.018 ± 0.003 in T3 and 0.022 ± 0.005 in T5. No diagram ofDy is presented, but average 

values were calculated per transect. The results show that like Gd. Dy becomes more 

Figures 5.8 & 5.9: (Next page) Histograms of the relative frequencies of Ce and La 
values measured in monazites from each transect. Average content "x" with standard 
deviation(± cations/4.000 oxygens) is given for each transect to the right of the 
histograms. 5.8a-e) Histograms ofCe content in Transects 1 to 5. Note that average 
content and range of values do not vary much between Tl and T3 and steadily decreases 
from T3 to T5. 5.9a-e) Histograms of La content in Transects 1 to 5. Similarly to Ce, 
average content and range of values do not vary much between T I and T3, and steadily 
decreases from T3 to T5. 
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Figure 5.8 
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Figure 5.9 
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abundant in monazite with increasing metamorphic grade (Table 5.3). 

5.4.2.3 Calcium and silicium: 

figures 5.16a-e and 5.17a-e display variations ofCa and Si content in monazite 

with increasing metamorphic grade. These histograms reveal an increasing abundance in 

Ca and Si from lower to higher grade transects. In the case of Ca, changes from T I to T3 

are very subtle, but from T3 to T5 changes are sharp with Ca averages shifting to greater 

values. Average Ca content in Tl is 0.030 ± 0.010 cations/ 4.000 oxygens, 0.036 ± 0.016 

in T3 and 0.083 ± 0.023 in T5 (Table 5.3). In T5, no Ca value smaller than 0.014 were 

found while this conesponds to the highest value found in T I. Silicon does not show a 

systematic variation and average values remain similar in the first four transects. 

However, the range ofSi values measured increases with grade, and in T5, Si displays a 

large increase relative to other transects (Table 5.4).lncrease inCa content from Tl to T5 

is greater than for Si This is important for examining the relative importance of 

brabantite and huttonite substitution mechanisms. 

5.4.2.4 Phosphorus: 

The P content in monazite from Transects l-5 varies within a narrow range {Fig. 

5.12a-e), and does not show any trend related to metamorphic grade. In fact, average P 

composition is similar in all transects, varying between 0.977 ± 0.017 cations/ 4.000 

oxygens in T4 and 0.985 ± 0.019 in T2 (Table 5.3). The relatively stable P content, and 

the range ofvalues very close to 1, indicate that substitutions in the 4-fold site occupied 

by P are not common and not dependent on the metamorphic grade. Correspondingly the 

Si content varies between 0.008 ± 0.005 in T3 and 0.014 ± 0.008 cations/4.000 oxygens 

in T5. The amount ofSi measured almost exactly corresponds to 

Figures 5.10 & 5.11: (Next page) Histograms of relative frequencies of Nd and Pr values 
measured in monazite from each transect. Average content '·x" with standard deviation 
(± cations/4.000 oxygens) is given for each transect to the right of the histograms. 5.10a-
e) Histograms ofNd content in Transects 1 to 5. Note that average content and range of 
values vary slightly from T1 to T3 and decreases between T3 and T4. 5.lla-e) 
Histogrnms ofPr content in Transects 1 to 5. Average content and range of values do not 
vary much from Tl to T4 and drastically decreases between T4 and T5. 
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Figure 5.10 
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Figure 5.11 
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[P] -1. Silicon has an atomic radius similar to P, suggesting that most, if not all, Si 

incorporated in monazite substitutes for P in the 4-fold site. 

5.4.3 Elements for geochronology 

5.4.3.1 Thorium: 

Histograms of Th content {Fig. 5 .19a-e) show a distinct increase in content with 

increasing metamorphic grade. Similar to other elements, there is practically no variation 

in content between T1 and T3. However, the average composition ofTh varies from 

0.039 ± 0.019 in Tl to 0.041 ± 0.016 in T3 and 0.077 ± 0.025 cations/ 4.000 oxygens in 

TS. 

5.4.3.2 Uranium: 

Uranium content steadily increases from Tl to T5 (Fig. 5.15a-e). Similar to other 

elements, the increase is relatively small from T1 to T3, but much more important from 

T3 to T5 (Table 5.3). The range of values is much bigger in T4, but gets narrower in T5. 

5.4.3.3 Yttrium: 

Yttrium (Fig. 5.18a-e) also presents an important increase in content with higher 

metamorphic grade. The average Y content increases at every transect. The increase is 

minor from Tl to D, but greater from T3 to T5 {Table 5.3). The range ofY values 

measured in T4 and T5 is much larger in comparison to the narrow range of values found 

in Tl and T2. 

5.5 Pearson's correlation coefficient 

Variation of all elements through every transect has been presented in the 

previous sections. The correspondence in the way that two sets of independent data vary 

Figures 5.12 & 5.13: (Next page) Histograms of relative frequencies ofP and Sm values 
mea!>'llred in monazite from each transect. Average content "x" with standard tleviation { ± 
cations/4.000 oxygens) is given for each transect to the right of the histograms. 5.12a-e) 
Histograms ofP content in Transects I to 5. Note that average content and range of 
values do not vary much from Tl to T3 and steadily decreases from T3 toTS. 5.13a-e) 
Histograms ofSm content in Transects 1 to 5. Similarly toP, average content and range 
of values do not vary much from Tl to T3 and steadily decreases from T3 to T5. 

82 



Figure5.12 

a) 

b) 

c) 

d) 

e) 

U.4 

r x = o.97s ± o.ot9 

i 
I 

0_._,r'-~ -'-fl'-t-l-+'--r-...,.--
04 

~0.3 .. • ::r 
~ 1).2 .. 
~ = 1).\ 

() . .a 

0.4 

P CCIIIImt ia T2 

x= 0.985 ± 0.019 

p cootnlt ilt T3 

X= 0.985 ± 0.018 

I ' I 
X= 0.977::!: 0.017 

P (()Gimt iR T5 

r ..,· 
X= 0.980 ± 0.010 

. ; 

-

0.9! 0.% I 1.04 Ull 
p---~-~~) 

83 

Figure 5.13 
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is termed correlation. This section analyses the level of correlation between all elements 

by using Pearson's correlation coefficient. This is a statistical tool that measures the 

possibility that a relationship exists between two independent variables. Pearson's 

correlation coefficient can only verify the strength of a linear relationship between two 

sets of data, by measuring how closely variations of both variables are associated 

(Milton, 1992). The value ofPearson's correlation coefficient is calculated using an 

Excel™ function. Values can vary from -1 to +1. The sign before the Pearson's 

coefficient value reflects the slope of the linear relationship. Positive values indicate that 

large values from both sets of data tend to be paired. A negative value indicates an 

inverse correlation with small values from the first set being paired with large values 

from the second set, and vice-versa. In other words, a negative sign indicates that the 

values vary in an antithetical manner. The number indicates the quality of the correlation, 

a zero meaning that data are not correlated (random) while a value of ± 1 means that the 

data show a perfect linear correlation. 

Pearson's correlation coefficient was applied to major element analyses acquired 

through this study. All possible pairs of elements were tested and Table 5.4 below shows 

element pairs with the highest correlation coefficient. Measures of correlation between 

various elements can be insightful in determining which elements play a major role in the 

chemical variation of monazite. It is important to manipulate these data with care, 

especially in complex system where variations involve three or more elements. 

The strongest correlation coefficient was calculated for Ca+Si vs Tb+U. This 

supports the suggestion made earlier that these elements are incmporated into monazite 

via paired substitution mechanisms. Further discussion of substitution mechanisms is 

Figures 5.14 & 5.15: (Next page) Histograms of relative frequencies ofU and Gd values 
measured in monazite from each transect. Average content "x" with standard deviation 
(± cations/4.000 oxygens) is given for each transect to the right of the histograms. 5.14a-
e) Histograms ofGd content in Transects 1-5. Similarly to U, average content and range 
of values steadily increase from Tl to T5. But, variations in average Gd content are not 
greater from T3 to T5. 5.15a-e) Histograms ofU content in Transects I to 5. Note that 
average content and range of values steadily increases from T I to T5 with greater 
variations from TI to T5. 
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Table 5.3: Pairs showing best Pearson's correlation coefficient value. Data from all the 
transects were used for calculations. 

Element pair Pearson's Level of Element pair Pearson's Level of 

factor correlation factor correlation 

Ca+Si VS Th+U 0.91 strong+ Prvs Dy -0.85 moderate-

LREE VS 

Ca vs Th 0.81 moderate+ Th+U+Ca+Si -0.83 moderate-

Cevs Pr 0.75 moderate+ La vs Ca -0.74 moderate · 

CavsU 0.67 moderare + Ce vs Oy -0.74 moderate-

SmvsGd 0.66 moderate+ lavsTh -0.71 moderate-

Y+HREE vs 

CavsY 0.62 moderate + Th+U+Ca+Si -0.69 moderate -

Y+HREEvs 

LREE 0.55 moderate+ Cevs Ca -0.66 moderate-

PvsDy 0.53 moderate+ La vs y -0.62 moderate-

YvsU 0.51 moderate + PvsPr -0.55 moderate-

YvsNd -0.53 moderate-

CevsP -0.50 moderate-

Cevs Th -0.50 moderate-

presented in Section 5.5. Ca shows a strong positive correlation with U andY. Hence, Y 

and U also show a good positive correlation. Other positive correlations exist between 

LREE's, as these elements all tend to be less abundant with higher grade. Phosphorus 

yielded a moderate correlation value with Dy and Pr. In the previous section, ifwas 

Figures 5.16 & 5.17: (Next page) Histograms of relative frequencies ofCa and Si values 
measured in monazite from each transect. Average content .. x, with standard deviation 
(± catioos/4.000 oxygens) is given for each transect to the right of the histograms. 5.16a-
e) Histograms of Ca content in Transects 1 to 5. Note that average content and range of 
values do not vary much from Tl to T3 and greatly increases from T3 toTS. 5.17a-e) 
Histograms ofSi content in Transects 1 to 5. Silicon slightly decreases from Tl to T4 and 
greatly increase between 14 and T5. 
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Figure 5.16 Figure 5.17 
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shown that the overall variation in P content is minor. Consequently, correlations with P 

may not bear much significance. 

Interestingly Y+HREE vs LREE yields a moderate positive correlation. Y+HREE 

vs U+ Th+Ca+Si has a negative correlation, while Y is generally positively correlated 

with U and Ca, and negatively correlated with LREE. This might suggest that HREE are 

positively correlated with LREE as shown between Gd and Sm. Previous sections 

showed that HREE increase with metamorphic grade whereas LREE decrease. This 

unexpected correlation may indicate that the increase in HREE is not only controlled by 

metamorphic grade, but also by the Ca+U+Th+Si abundance which controls the 

abundance of LREE. 

Both Th and Y are negatively correlated with LREE, but there is no correlation 

between the variation in these two elements. This agrees with observations from chemical 

zoning that there was no apparent coupling between these elements. This supports the 

suggestion that the abundance oflb andY is controlled by two independent reservoir 

systems (Pyle et al., 2001). 

5.6 Substitution end-members 

IfTh and U are incorporated into monazite only via huttonite and brabantite 

substitutions, a plot of Ca+Siffb+U content should show a linear correlation (Zhu and 

O'Nions. 1999; Spear and Pyle, 2002}. Pearson's correlation coefficient calculated with 

analyses from this study also indicates a strong linear relationship between these two 

pairs of elements (Section 5.5). All major element analyses are plotted in Figw-es 5.23a-c. 

Figure 5.23a shows a strong linear correlation between the Si+Ca and Th+U data The 

Figures 5.18 & 5.19: (Next page). Histograms ofre1ative frequency ofY and Th values 
measured in monazite from each transect. Average content "x" with standard deviation 
(± cations/4.000 oxygens) is given for each transect tO the right of the histograms. 5.18a-
e) Histograms ofY content in Transects I to 5. The average content and range ofvalues 
steadily increases from Tl to T3 and double between T3 and T4. From T4 to T5 the 
average data only slightly increases. 5.19a~) Histograms ofTh content in Transects 1-5. 
Similarly to Y, average content and range of values steadily increases from T 1 to T3 ·and 
greatly increases from T3 to T5. 
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Figure 5. 18 Figure 5.19 

a) 
Y (GIIKtll in T1 

a) 
Tb toiiRRiiDTI 

I I (• (IJ 

~ ~O J r ~ O . .f 
c .. 

';I' ~ 
.t = 0.039 ± 0.019 ~ .5 o.: 

" 
X = 0.017::0.003 ,. 

-= 
.; 

.! IJ.l .; .. 
" II I :r: I I 

I " 
;'!~ 

0 
Yn.tmtmn Tb tonrtnt iD n 

b) O(i b) ()4 

~- ~03 

l"4 .. .. 
" 

~ I .T "' 0.020 :1:: 0.007 Io.: n x = 0.04l ±0.016 
~ 1 
.! ~·.2 I s ; • 1: :r: :a:"·' 'i r1 

i L i 
0 " 

YcG~~tttnin T3 

c) l•G 
Th (IJRittlt in T3 

c) {j.l 

"" ~0.3 .. 
~ (1.4 I; 

"' "" "" ~ 
X -'= 0.022 ± 0.009 ~ O.l X "" 0.041 :t: 0.016 " " 

:; U.2 
-, ~ 

] I 

~ 
.. I ll h_ 
II: U,l I ,..., 

0 II 

Y-lllinT4 Th \'OIIttnl in T .t 
d) O<i d) ()4 

t' ~0-1 ! (1.4 

I 
~ 
J 1.).2 

!!> x - 0.039 + 0.017 
.. 

X = 0.()49 .:1::0.013 
~ 0.2 ~ 
~ 'i a: 11.1 

0 II 

Y (OIDC~tf i• TS 
e) 

Tb content iD TS 
e) 0.6 0.4 

~ ~0.3 

~ (1,4 
t: .. 
:!. 

.!: x -= 0 .043 :i:: 0.016 Au 
1 .. 

X = 0.077 ± 0.025 ~ I 3 IJ.2 j 
~ ~11.1 

!:: .k I·- i' n 
0 ~ · .. , . i 

II 

0 O.U! 0.!» u.oo o.os (! I)_(H (103 0. 12 0.16 1)..2 
v --t ( ...... .," Q'IYtllll$) n. an .... (Cdl..,,.," •~nan) 

89 



straight line has a slope of 1 and represents a theoretical perfect linear correlation 

between Si+Ca and Th+U. Results from this study show a very strong fit with this line. 

The data plotted show an excess of Ca+Si vs U+ Th. The present amount ofTh+U is 

smaller than the quantity incorporated at the time of crystallisation because of radioactive 

decay. Hence, the decay of Th and U into Pb* may explain, at least partially, the deficit 

in Th and U relative to Si and Ca. Also, part of the scattering of the data on either side of 

the theoretical line is probably the result of analytical error. 

5. 7 Synthesis 

The previous sections presented the variation in content for each element through 

each transect For this study, element variations were also compared for each petrological 

setting, each thin section, and each mineral assemblage. Petrological setting did not show 

any strong correlation with the element content (Fig. 522). Data grouped by thin section 

or mineral assemblage showed variations similar to data categorised per transect 

(Fig.5.20 and 5.21 ). The transect grouping was chosen to simplify the graphic 

representation. 

Table 5.3 below presents a synthesis of the variations in average content for each 

element in each transect. This provides a broader pe~ective on changes happening in 

LBF monazite with increasing metamorphic grade. Results show that all LREE (except 

Sm) decrease in abundance with increasing metamorphic grade whereas Ca. Si, HREE, 

U, Th, and Y increase. The P content is roughly the same between all transects. From the 

observations made through the study of the chemical variations of monazite with 

increasing metamorphic grade, some interesting trends are revealed. First, almost all 

elements are involved in the substitution mechanisms and vary with grade. Only the P 

content remains stable through all transects likely because there are few cations suitable 

to fit in the 4-fold site occupied by P. Analysis of Si revealed that it accounts for most of 

the difference between the P content and I (i.e., in a stochiometric monazite there should 

Figures 5.20 & 5.21: Next page. 5.20a-e) Temary diagrams showing the variation in 
Y+HREE, Th+U+Ca+Si, and LREE content from Transect I to 5. 5.2la-e) Ternary 
diagrams showing the variation in Y, Th, and U content from Transect 1 to 5. 
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Table 5.4: Synthesis table presenting the average content for each element in each 
transect with the variation between transects. Average presented is in cations/ 4 oxygens. 
Variation is in percent(%). Avg ==average. 

Tl T2 .±% T3 .±% ±% T4 ::i::% T5 .±% ~lo 

Avg Avg TI-T2 Avg T2-T3 Ti-T3 Avg T3-T4 Avg T4-T5 TI-T5 

Ce 0.448 0.434 -3 0.436 0.5 -3 0.436 0.1 0 .373 -15 -17 

p 0.978 0.985 0.7 0.985 0.0 0.7 0.976 -0.9 0 .980 0.3 0.2 

Si 0.010 0.010 0.0 0.008 -27 -27 0.008 5 0.014 80 39 

Pr 0.065 0.064 -2 0.057 -II -12 0.064 13 0.047 -26 -27 

La 0.204 0.198 -3 0.204 3 0.0 0.183 -10 0.168 -8 -18 

Ca 0.030 0.037 23 0.036 - I 21 0.049 35 0.083 68 176 

y 0.017 0.020 14 0.022 14 30 0.040 77 0.042 7 147 

Nd 0.170 0.166 -2 0.164 -I -3 0.152 -7 0.152 0.0 -10 

Th 0.039 0.041 5 0.041 -1 4 0.049 20 0.078 59 98 

Sm 0.027 0.028 6 0.026 -7 -2 0.028 5 0.030 7 10 

Gd 0.017 0.019 14 0.018 -8 s 0.020 14 0.022 10 31 

Dy 0 .001 0.002 67 0.004 100 233 0.001 -80 0.008 850 533 

u 0.001 0.001 50 0.003 167 300 0.005 50 0.011 125 1250 

Total 0 2.007 2.005 -0.1 2.005 0.0 -0.1 2.012 0.3 2.007 -0.2 0.0 

Si+Ca 0.040 0.047 17 0.044 -7 9 0.057 30 0.097 70 141 

Th+U 0.040 0.042 .7 0.044 5 12 0.054 21 0 .088 64 122 

Y+ 0.035 0.041 16 0.044 8 HREE 25 0.060 36 0.072 21 106 

Th+U+ 0.080 0.090 II 0.088 -I Ca+Si 
10 0.111 25 0.185 67 130 

LREE 0.914 0.890 -3 0.888 -0.3 . -3 0.864 -3 0.770 -11 -16 

be 1 P per 4 oxygens). This suggests that Si occupies the 4-fold site in the monazite 

structure. The relatively small and stable Si content reveals that the huttonite substitution 

is not the dominant mechanism in the incorporation ofTb and U in monazite (Fig. 5.23c). 

It also suggests that Si content of monazite is not sensitive to metamorphic grade. 
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Figure 5. 22: Above and on the right, histograms ofY values from monazites within 
migmatitic samples are presented for different petrological settings. From these 
diagrams, no setting versus composition relationship was observed. 
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Figure 5.23 : Scattergrams presented below highlight the relationship between the 
Si + Ca and Th + U pairs. The solid grey line has a slope of 1 and represents the 
hypothetical case of a perfect paired substitution. In Figure a) the fit of data from 
the LBF with the theoretical line is very close supporting that Th+U are 
incorporated in monazite via brabantite and huttonite paired substitutions. Plot of 
Ca in b) shows that brabantite is the dominant substitution. Plot of Si in c) reveals 
that participation of Si to substitution is rather small relatively to Ca. 
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Finally, the systematic decrease in LREEs combined with the increase in Ca. 

HREEs, Si, Th, U, andY, and the strong negative correlation between these two groups 

of elements indicate that substitutions in metamorphic monazite are dominated 

bybrabantite paired-substitutions and direct trivalent ion-substitution (i.e., Y or HREE 

directly replacing LREE). Systematic variations of many elements with increasing 

transect nmnber strongly suggests that substitution mechanisms are influenced by 

metamorphism. 

5.8 Discussion ofLBF monazite chemical zoning 

Study of LBF monazites from various metamorphic grades using Pb, Th, U, and Y 

X-ray maps as well as BSE images revealed that chemical zoning is weak in lower grade 

samples, whereas monazite from migmatite commonly displays a distinct zoning 

(Chapter 5). Low-grade monazite locally shows chemical heterogeneity, but it rarely 

translates into a distinct zoning pattern. Most high-grade monazite from mjgmatites 

presents a distinct chemical zoning. Concentric zonation is the most common zoning 

pattern in monazite, although many monazite grains also exhibit a patchy or·irregular 

chemical zoning. 

The chemist:Iy of monazite with concentric zoning was given particular attention. 

Results showed that~ Th, U, andY from rims of monazites with concentric zoning are 

generally enriched relative to the core, although the opposite was also observed. It was 

also recognised that variations in Y and Th in zoned monazite are not correlated. The 

decoupling in chemic_al zoning ofY and Th indicates that the two elements are 

controlled by independent factors, which suggests that sources or sinks for these two 

elements are likely two different mineral phases, as suggested by Pyle et al. (2001). 

Uranium also shows variations uncorrelated with Tb and Y. 

A good understanding of monazite chemical zoning is important for the 

interp:retation of the nature of texrures between different domains. Another issue is 

whether the chemical zoning reflects simply a local variation in the availability of an 

element at the time of crystallisation, or if it indicates discontinuous reactions in response 
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to a change in the system conditions, thus releasing or trapping quantities of components 

common to monazite. Understanding the various processes responsible for monazite 

chemical zonation, and recognising which ones may apply to grains from this study, will 

help to interpret the nature of the chemical zoning. 

A variety of mechanisms can control chemical zonation in monazite. These are 

overgrowth, regrowth, intergrowth, replacement and recrystallization (Zhu and O'Nions, 

1999). The causes are numerous and may vary between different samples. Possible 

mechanisms include diffusion of elements within monazite because of diffusion rate 

lower than crystallisation rate, variation in composition of the fluid from which the 

mineral is crystallising, high·temperature recrystallization, fluid alteration causing 

overgrowth or recrystallization of a portion of the grain, and metamorphic reaction 

influencing the stability of REE-bearing phases. All of these mechanisms could have 

operated in the LBF samples. To determine the exact role of each mechanism in the 

zoning ofLBF monazite was beyond the scope ofthis study. However, some ofthese 

concepts can be applied to specific examples in order to better constrain the. significance 

and the nature of each chemical zone. 

The geometry of the chemical zones can be a useful source of information on the 

processes that caused the chemical zonation as well as yielding information on the grain 

growth history. For instance, euhedral monazite cores likely crystallised in favourable 

environments such as saturated melt and were not consumed prior to overgrowth. In 

another case, a rounded monazite core could indicate a detrital grain while an embayed 

core indicates that partial resorption preceded overgrowth. Hence, to understand the 

growth history of a monazite grain it is necessary to consider not only the chemistry of 

the various zones and their age, but also their textures. 

Grain S388-0l (Figures 5.24; 5.23; 6.18; 6.21), located in a garnet porphyroblast, 

shows a concentric zoning pattern consisting of three distinct chemical zones: a core, an 

inner rim and an outer rim. The core is rounded and has a regular contact with the inner 

rim. The inner rim and the outer rim exhibit an irregular contact with narrow cuspate 
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embayments and variable outer rim thickness. The BSE image of S3 88-0 I distinguishes 

clearly between the inner and the outer rim, whereas the core is faint. The contact 

between the inner and outer rim is drawn in Figure 5.22. The shape of the contact 

suggests that the inner rim of monazite was resorbed prior to the overgrowth. 

Figure S.24: BSE image of grain S388-0 l. Two distinct zones are visible. The darker 
core and inner rim are contoured with the black line. The zone is irregular with distinct 
cuspate embayments present in the upper left. In the lower left. a small dark zone is 
detached from the core. This inner rim contour correlates with the Y X-ray map (Fig. 
6.21). Within the darker core and inner rim variations in tone exist, but they are not 
distinct enough to be drawn. 

Chemical dating (Section 6.4.4 and 7.9) revealed that the core and the outer rim 

have similar ages while the inner rim is older. Contrary to normal expectations, the oldest 

component is not the geometric core of the grain but the inner rim. By combining the age 

data with the information from the chemical zoning, it becomes possible to interpret this 

particular distribution of ages. The similarity between the ages of the core and the outer 

rim and their similar Y content indicates that they likely are the same chemical zone. This 

geometry is easily explained if an embayed core was overgrown by a younger rim. The 

presence of the younger core results from the section of the ~ which cuts through one 

of the embayments enveloped by the younger rim (Fig. 7.6). An explanation for this 

pattern of chemical zoning is proposed in Section 7.9. In many other cases, the texture of 

the chemical zones are used to interpret the ages obtained from each zone. 
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In summary, monazite chemical zoning is particularly strong in migmatitic 

samples. Both patchy and concentric zoning is observed. Rims of monazite that display 

concentric zoning are generally enriched in Gd, Th, U, andY relative to the core. 

Thorium, U, and Y vary independently from each other suggesting that the budget of 

these elements is controlled by different mineral systems. Embayments were observed on 

both cores and rims of monazite grains. In at least one case (8388-01), monazite is 

inferred to have a core with large embayments enveloped by a younger overgrowth. The 

thin section cuts through one of the large embayments filled by the younger overgrowth, 

resulting in an unusual chemical and age zoning pattern. 

Figure 5.25 :The upper diagram is a 3D representation of the chemical zoning of grain 
S388-0l. Geometry of the zoning is inferred from theY X-ray map (Fig. 6.21) and the 
spot age distribution in the grain. The lower diagram is a plan view of the grain. The 
older component, shown in pink, presents a large embayment. The younger zone, shown 
in blue, envelops the core. The planar section of the grain cuts through the embayment 
and the resulting plan view show a concentric chemical zoning with similar ages in the 
core and the outer rim. 

5.9 Discussion of LBF monazite chemical variation 

Monazite compositions from the various metamorphic grades and petrological 

settings of the LBF were investigated using an EMP (Chapter 5). Comparison of the 
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abundance of each element in each transect provides a clear picture of the chemical 

variations affecting monazite with increasing metamorphic grade. 

Analysis of the abundance of Ca, Si, Th, and U shows that a strong linear 

relationship exists between Si+Ca and Th+U (Section 5.5~ Fig. 5.22). This confinns that 

Th and U are incorporated in monazite through brabantite and huttonite substitutions as 

documented in previous studies (Zhu and O'Nions, 1999; Spear and Pyle, 2002). The 

results also demonstrate an excess of Ca relative to Si indicating that brabantite is the 

dominant substitution. 

Analyses show that P content does not vary significantly with increasing 

metamorphic grade. This is not surprising since P constitutes the basic structure of 

monazite via the phosphate radical -Po/· and that the chemical bonds between P5"'" and 

the four oxygens are much stronger than between the A-site and the phosphate molecule. 

Analyses reveal that P content is consistently slightly lower than the ideallP:40, and that 

the difference correlates with Si, which agrees with the assumption that Si cations occupy 

the 4-fold site. 

The LREEs generally show a systematic decrease in abundance with increasing 

metamorphic grade, whereas Y, Ca, Si, Th, and U become more abundant with increasing 

grade. Greater abundan~:e of Ca, Si, Th, and U indicates that the substitution via these 

mechanisms increases with metamorphic grade. Globally Ca, Si, Th, U, and HREEs 

become more abundant with increasing metamorphic grade at the expense of the LREEs. 

This correlation suggests that metamorphic grade strongly influences the composition of 

metamorphic monazite. Two main processes can explain this. First, element partitioning 

at equilibrium between monazite and other minerals sharing common elements will vary 

with increasing metamorphic grade if the distribution coefficient is temperature· or 

pressme· dependent (Pyle et al., 2001). Secondly, the nature of the accompanying 

mineral assemblage at the time of crystallisation affects the chemical composition of 

monazite because the presence or absence of other mineral phases sharing common 
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elements with monazite will exert an influence on the budget of these elements, and 

hence the composition of monazite. 

Gadolinium arguably shows a small increase from Tl to T5. Pyle et al. (2001) 

reported Gd values averaging around 0.02 cations/ 4 oxygens, with no significant 

variation in Gd content with increasing metamorphic grade. Average values for Gd from 

this study give similar results. Analyses for Dy are rare since this element was added to 

the routine late in the implementation and the element was not systematically analysed. 

Available data show higher Dy at higher metamorphic grade. 

Yttrium shows a significant increase in abundance with metamorphic grade. Pyle 

et al. (200 1) reponed a steady increase in Y content for monazite that grew in xenotime-

bearing assemblages. This study did not emphasise the equilibrium between xenotime 

and monazite; therefore, information on xenotime equilibrium with monazite is 

incomplete. From X-ray maps (Chapter 3), we inferred that xenotime is present in the 

mineral assemblage until the sillimanite isograd. Low-grade monazite (Tl) may have 

grown in equilibrium with xenotime but, at higher grade, xenotime clearly shows partial 

resorption. and equilibrium with the latest generation of monazite is unlikely. However, 

older monazite still present in the sample may have grown in equilibrium with xenotime. 

In the LBF monazite, the average content ofY increases slightly from Tl to T3, 

but there is a steep incre~ between T3 and T4 along with a much broader range of 

values, ranging from ~.002 to 0.073 cations/ 4.000 oxygens. A wider range of values was 

also noted for other elements in high-grade monazite. The presence of different 

generations of monazite, which likely crystallized under different metamorphic 

conditions and were accompanied by different mineral assemblages, probably accounts 

for part of the range in content values. The rest of the variation can probably be attributed 

to the chemical zoning. For instance, monazite with patchy zoning, generally grains from 

leucosomes or granites, yield a wide range of compositions within a single episode of 

monazite growth. 
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Pyle et al. (2001) reported a steady increase in Y in monazite growing in 

xenoti.me-bearing assemblages and a narrower range of values for monazite in xenotime-

absent assemblages. This study documented a minor but steady increase in Y content 

from Tl to T3 where xenotime progressively leaves the mineral assemblage and a sudden 

increase in Y between T3 and T4. Embayments and resorption textures found in skeletal 

garnets of samples S383 (T4) suggest that garnet is also being consumed. The breakdown 

of garnet could release the Y necessary to explain the sudden increase around the 

sillimanite isograd. However, the scarcity of garnet in the lower and middle-amphibolite 

facies rocks of the LBF is not consistent with this hypothesis. 

In summary, monazite composition varies within each transect and the ranges of 

values tends to increase at higher metamorphic grade. There is a general and systematic 

variation in all elements but P with increasing metamorphic grade. Heavy rare earth 

elements, Ca, Si, Th, U andY, increase with metamorphic grade while LREEs 

correspondingly diminish. Changes in composition appear to be more dramatic from T3 

to T4 which marks the transition from Bt-Crd-Ms-Pl-Qtz-Sil rocks to Bt-Kfs-:'Pl-Qtz-

Sil±Grt migmatites. As proposed for Y variation, reactions between major and possibly 

accessory phases is suspected to be responsible for sharp compositional variations 

coinciding with the sillimanite-in isograd and the onset of migmatisation. 
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6. Geochronology 

6.1 Monazite geochronology 

The U-Th-Pb chemical dating technique_ of monazite by EMP was employed in 

this study to investigate the monazite growth history in a sequence ofPaleoproterozoic 

turbidites, the Longstaff Bluff Formation (LBF), at metamorphic grades ranging from 

upper greenschist to granulite facies (Chapter 2). This technique was chosen for its high 

spatial resolution making it possible to analyse monazite grains of size as small as -5 J..liD 

in diameter (Montel et al., 1996). Its ability to provide information on element 

distribution within the grain and the preservation of the petrological setting are other key 

advantages of the technique (Williams et al., 1999). 

The LBF is an excellent candidate to apply this technique for the following 

reasons: the Paleoproterozoic age of the rocks ensures that the Pb content of most grains 

is high enough to yield an acceptable 2cr error, available U-Pb dates for the study area 

provide a framework for comparison of the results, metapelites are abundant and show a 

large range in metamorphic grade. The main questions that the geochronological 

component of this study aimed to shed light on were, in no particular order, the 

documentation of all episodes of monazite growth, the recognition of detrital grains, 

testing the existence of an age gradient throughout the study area, the linkage of the 

different episodes of monazite growth with structural and metamorphic information, and 

verifying the relationship between the textural, chemical and age variation found in LBF 

monazite. 

Monazite grains were selected from transects crossing the various isograds of the 

study area (Fig. 3.1). Within each transect, specific grains from different petrological 

settings were analysed to provide a regional picture of the variation in the timing of 

monazite growth throughout the area. This chapter presents results from the chemical 

dating of monazite as well as explaining data analysis and age calculation, and provides a 

summary of available isotopic ages for the LBF. Samples and control trace analyses, 

analytical settings, cowling error calculation, and analytical procedure are in Appendices 

101 



1),3, and 7. Distribution and variation of the monazite chemical ages are presented in the 

following sections. 

6.2 Geochronological background 

The northern flank of the Trans-Hudson Orogen (THO) on Baffin Island was the 

subject of few previous geoscientific investigations (Morgan et al., 1975; Tippett. 1985; 

Jackson et al., 1990; Henderson and Parrish, 1992~ Bethune and Scammell, 2003). The 

most recent was a three-year (2000-2002) multicomponent mapping project held through 

a joint partnership between the Geological Swvey of Canada (GSC) and the Canada-

Nunavut Geoscience Office (C-NGO). A U-Pb dating study is being conducted as part of 

this project to constrain the tectonic and magmatic history of the project area. Preliminary 

results were published in Wodicka et al. (2002) and Wodicka et al. (2003). Further work 

using thermal ionisation mass spectrometry (TlMS) is currently being carried out at the 

GSC facilities in Ottawa. In-situ chemical dating of monazite serves to complement and 

provide constmints at higher spatial resolution than the available data. Conversely, 

isotopic dates provide some verification of the results of the monazite chemical dating 

technique. Table 6.1 presents a compilation of the main isotopic ages for the LBF; a 

detailed geochronological inventory is presented in Chapter 7. A brief review of the 

geochronology of the study area is presented below with emphasis on the 

Paleoproterozoic period during which the LBF was deposited, deformed and 

metamorphosed, ca. I. 9-1.8 Ga (Hoffinan, 1988). 

Constraints on the deposition of the LBF turbidites were provided by the analysis 

of detrital zircon from siliciclastic units throughout the study area. The maximum 

deposition age for the LBF, which fonns the uppermost unit of the Piling Group (PG), is 

constrained at 1915±8 Ma (Wodicka et al., 2003) based on the youngest detrital zircon 

found. The minimwn deposition age is 1897+7/-4 Ma (Wodicka et al., 2002). the age of 

igneous zircon obtained from a megacrystic monzogranite interpreted to intrude the LBF 

(Corrigan et al., 200 I; further details in Section 7 .5). Other available geochronological 

data suggest that multiple metamorphic events were recorded in the study area. 

Metamorphic monazite from Paleoproterozoic granites and Archean basement yielded a 
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range of dates from ca.l833 Ma to ca.l877 Ma (W odicka et al., 2003 ). Titanite also 

revealed metamorphic ages from 1841+13/·9 Ma to -1800 Ma (Wodicka et al., 2003). 

These data indicate the range of possible ages for the LBF monazites. The tectonic 

interpretation of the isotopic ages is discussed in Chapter 7 . 

Table 6.1: Summary of the main geochronological constraints available for the 
deposition and metamorphism of the LBF. All ages are U-Pb dates acquired using TIMS 
technique. Full data set of available U-Pb dates for the study area and the central Baffin 
area in Chapter 7. 

Age(Ma) Mineral Interpretation Rock type Source 

1915±8 Zircon Maximum deposition Siliciclastic rocks W odicka et al. 
age from the LBF (2003) 

K-feldspar Wodicka et al. 1897+7/-4 Zircon Crystallization age megacrystic (2002) monzogranite 

-1877-1874 Monazite Age of Archean Wodicka et al. 
metamorphism monzogranite (2003) 

-1856 Monazite Age of Archean granitoid Wodicka et al. 
metamorphism (2003) 

1846+16/- Titanite Age of Archean W odicka, pers. 
12 metamorphism monzogranite comm. 

Age of K-feldspar W odicka pers. 
1839-1833 Monazite megacrystic metamorphism monzogranite comm. 

1835±1 Monazite Crystallization age white anatexic W odicka, pers. 
monzogranite comm. 

6.3 Dating technigue 

In EMP chemical dating of monazite (Montel et al, 1996; Pyle et al., 2002; 

Williams and Jercinovic, 2002), ages are based on trace analyses of 4 elements: Pb, Th, U 

andY (Chapter4 and Appendix 1). Y is analysed to correct for its interference on Pb, and 
its bearing on zoning and petrogenetic infonnation. The three other-elements are used for 

the age calculation. The younger age limit for reliable dating of a monazite grain is 

generally between 100-200 Ma depending on its radiogenic Pb content. In this study; 

counts were optimised by using a higher intensity current (200 nA), a high-sensitivity 
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crystal (PETH) for Pb, and longer background and peak counting time (300 sec at each of 

the two background positions, and 600 sec at peak position~ ali analytical settings 

described in Appendix 1 ). These conditions allowed us to reach detection limits of 40-60 

ppm for Pb, and 100-200 ppm for U, Th andY depending on the abundance of these 

elements. 

6.4 Age and error calculations 

Throughout this chapter, ages calculated from a single analysis are referred to as 

spot ages. Ages calculated from all spot ages of a grain or a domain are referred to as 

grain/domain average ages. Spot ages are calculated from EMP trace analyses ofPb, U, 

Th and Y on selected monazite grains. A detailed analytical procedure is described in 

Appendix 1. Prior to trace analysis, X-ray maps (Pb, Th. U, andY) are produced from the 

grain. These maps are used to determine whether or not the grain is zoned and also serve 

to choose the location of the analyses. Analytical settings are adjusted to each individual 

grain or chemical domain. where applicable (i.e., where the chemical zones are large 

enough, or the number of zones is not too high, e.g. < 4, or the zoning pattern is not too 

complex). A number of spots (5-1 0) are analysed in each chemical domain or grain. 

The spot age is calculated using the equation of Montel et al. ( 1996; see Section 

4.4.1.1 ). Each age is calculated for the analytical conditions at the time of analysis and 

using corrected values ofPb and U. Corrections are made for Y L~t-2 and Th (M2-04 + 
Ml;1-2) peaks overlappiQg Pb Ma as well as forTh My overlapping U Mfl (Section 

4.2.11 ). Conection factors were measured on the JEOL-8200 Superprobe at Dalhousie 

University using Pb- and U-free Y AG and Th02 standards (Appendix 1 ). Analytical error 

was determined for each spot age from the cmmting statistics using equations from Pyle 

et al. (2003; Appendix 2). The error calculation takes into account the standardisation, 

background corrections, corrections for overlap and counting error from each analysed 
spot. Spot ages bearing a 1 cr error greater than I 0% were automatically rejected and not 

included in calculation of the weighted average. The age for a grain or chemical domain 

is the calculated average weighted with the statistical error of every spot age. The 

weighted average is calculated using the specific function in Isoplot/Ex (rev. 2.49) from 
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Ludwig (200 1 ). An example of results from trace analyses performed on grain S38 8-16 

(grain description in Appendix 5) is given in Table 6.2. 

Age variability within a single grain is not automatically interpreted as age zoning 

unless there is clear correspondence with element X·ray maps showing distinct chemical 

domains. In this case, ages are treated separately and a weighted average for each domain 

is calculated. A statistical test is then applied to verify if the two ages are statistically 

distinguishable. The critical value test, proposed by Fleck et ai. ( 1977), is commonly used 

in 40 Ar/39 Ar geochronology to test for the existence of an age plateau. This test is based 

on the Student's t distribution and has the advantage of taking into account the standard 

deviation of the two ages under consideration. According to the critical value test, two 

distinct chemical zones can be considered as two distinct age domains with a 95% level 

of confidence only if the difference between the two average ages is greater than the 

.calculated critical value (Eq. 6.1 ). If the difference is smaller, the two age domains must 

be considered statistically indistinguishable from each other. This test is also used to 

verify that replicate ages of a same grain yielded the same age within error. All replicate 

ages should differ from each other by a value smaller than the critical value. The critical 

value (C.V.) equation from Fleck et al. (1977) is presented below: 

2 2\~ C.V. = 1.960 (a. + <Jz , (eq.6.1) 

where, cr. andcr2 are the standard deviations of the two ages. 

Once all grain/domain average ages have been calculated, it is frrst necessary to 

determine how many different age populations are present in the sample and, second, to 

determine as precisely as possible the average age and limits of each population. This 

can be a non-trivial task when two or more populations with relatively close values are 

mixed together. In this case, it is useful to apply statistical modelling to distinguish 

between the various age populations. For this study, age modelling used the least squares 

method as described in Monte! et al. (1996). Results of modelling and further details on 

the technique are presented in Section 6.6. 
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Table 6.2: Representative trace element analyses: Example from grain S388-16, an elongated subhedral grain included in a biotite and 
parallel to the mineral cleavage. The monazite grain displays a concentric zoning with 2 rims and spot analyses were located in all 
zones . The sample is migmatitic and the biotite is part of the melanosome component (Fig. 6.20 ). Two values are reported for Pb and 
U: uncorrected values and interference corrected values. 

Pb Tb U corrected y Age 
Analysis# 

ppm :1: 1 Ul ppm :!: 1 al ppm :!: 1 CJI ppm :f: 1 era Ma :i: 2 (73 
uncorr. corr. uncorr. corr. 

91 5192 4947 0.49% 41 153 0.26 % 5777 5399 1.02% 22 780 0.16% 1752 40.6 Ma 

91 4629 4381 0.53% 36 608 0.27% 4963 4628 1.15% 23 767 0.15% 1764 45.8 Ma 

....... 
0 

93 4968 4707 0.50% 40801 0.26% 4849 4475 1.18% 24 717 0.15% 1774 46.4 Ma 
0'\ 

94 5038 4765 0.50% 40160 0.26% 5083 4715 1.13% 26 121 0.15% 1787 45.2 Ma 

95 5181 4887 0.50% 39495 0.26% 5637 5275 1.04% 28 605 0.14% 1789 42.2 Ma 

96 5297 5017 0.49% 44544 0.25% 5038 4629 1.15% 26 291 0.15 % 1760 44.8 Ma 

97 5000 4747 0.50% 39942 0.26% 5342 4976 1.09% 23 858 0.15% 1760 43.0Ma 

98 4938 4686 0.51% 37 155 0.27% 5756 5416 1.02% 24 097 0.15% 1772 41.4Ma 

99 4964 4711 0.50% 36 852 0.27% 6037 5699 0.98% 24 213 0.15 % 1760 39.8 Ma 

Average 1768 14.4 Ma 

The error is the relative standard deviation on the k-Yatio of both peak and background measurements for the corrected value. 
2 The error is the relative standard deviation on the k-ratio of both peak and background measurements for the measured value. 
1 Error on the age results jjom the cumulative error on each element e.roe.a~ated through the ag_e e(luation (see Pvle eta/. 2003). 



6.5 Results: 

Geochronological data obtained through this study are presented in the following 

sections. Within this chapter, errors on spot ages and grain/domain average ages are all 

presented at a 2a level of confidence. Throughout this study, grain/domain average ages 

are interpreted to represent the best estimate of the age of an individual monazite grain or 

domain. For each transect, two sets of diagrams are used to present the data. 

The first set presents a compilation of all spot ages for one given transect. It 

combines two histograms of frequency distribution which serve to illustrate the range of 

ages measured and to reveal the most frequent values. The two histograms of spot ages 

are superposed and have a bin size of 20 and 10 Ma respectively. According to statistical 

rules the bit). size should be larger than the sizes used in this study. The relatively small 

age variation between analysed grains requires a smaller bin size to depict changes in age 

distribution. for this pwpose, arbitrary bin sizes of20 Ma and 10 Ma were chosen. 

The second set of diagrams presents results for the grain/domain average ages. A 

histogram of frequency distribution shows the grain/domain average ages using a 20 Ma 

bin size. A cumulative probability distribution curve is plotted in the same diagram and 

overlies the grain/domain average ages histogram. The cumulative probability curve is 

the sum of all probabilities calculated at every time value for each age. The probabilities 

are calculated from the grain/domain average ages using their respective standard 

deviations, assuming a nonnal probability distribution for each age. The cumulative 

probability curve is a simple visual representation of the age distribution that clearly 

marks the dominant, or most common, ages within a set. The cumulative probability 

curve generally represents more realistically the distribution o~ ages by weighting each 

age according to its own analytical error. It shows the effect of uncertainties in age, 

which the frequency distribution does not. Frequency histograms and cumulative 

distribution curves were produced using lsoplot/Ex (rev. 2.49) fro.rn Ludwig (2001). 
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6.5.1 Transect 1 CT1) 

Transect l is the northernmost transect sampled in this study (Fig. 3.1 ). It is 

characterised by the lowest metamo:rphic grade. All samples collected in this transect 

contain Bt-Ms-Qtz. Six grains were analysed fo~ chemical dating with a total of35 trace 

analyses. Grains are generally homogeneous in age. One spot age calculated at 1384 Ma · 

was rejected as an erroneous outlier. The reason for this age discrepancy is not known, 

but it may have been caused by the presence of an inclusion in subsurface, or by 

contamination of the surface, or by charging problems. A spot age of 1844 Ma was also 

rejected because it was located close to the grain edge. The following figures present the 

distribution of the remaining age results. 

Monazite from Tl can be grouped into two sets based on their textural setting 

(Table 6.3). Thin section work and field observations showed the presence of two planar 

fabrics: Sl (schistosity) and S2 (spaced cleavage), both defined by mica orientation. 

Monazite was classified depending on whether it is oriented parallel to one of the fabrics 

or if it has no preferred orientation. Grains selected for dating were either parallel to S 1 

(Fig. 6.4) or S2 (Fig. 6.3). Elongated monazite grains that grew parallel to a fabric (Sl or 

S2) are interpreted to be syn- to post-fabric development. Therefore ages obtained from 

these grains provide a minimum age for the development of the fabrics. 

The spot ages histograms (Fig. 6.1) show two clusters of ages around ca. 17 50 Ma 

and ca. 1840 Ma. This Sl:lggests that monazite from T 1 belongs to two distinct age 

populations. The cum~ative probability curve and the histogram of grain/domain average 

ages (Fig_ 6.2) present the same two predominant ages. Hence, ages obtained for Tl can 

be divided into two age groups. 

Table 6.3 reveals a correlation between the textural setting and the chemical age 

of the grains. Grains parallel to S2 (Fig. 6.3)are systematically younger than S 1-parallel 

grains, which agrees with the relative age inferred from the relationship between the two 

fabrics. S2 grains are all similar in age, however the S I set is not as consistent. The S 1-

parallel 
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Figure 6.1: Histogram of frequency 
distribution of spot ages from Tl (dark 
grey bins = 20 Ma, light grey bins = 10 
Ma). 

Figure 6.2 : Cwnulative probability 
distribution curve and histogram of 
frequency distribution for grain/domain 
average ages in T I (bins are 20 Ma). 

Table 6.3: Grain/domain average ages from Tl. "n" is the number of spot analyses 
performed on the grain used for age calculation. ''r' is the number of analyses from this 
grain that were rejected. Grain descriptions are reponed in Appendix 5, analytical settings 
in Appendix 1, and trace analyses in Appendix 7. from this transect, no included grains 
were analysed. 

Setting Grain category Age ± error (2o-) Grain/zone Analyses 

Parallel to S l Fabric parallel 
1840±56Ma S371-18 n = 7, r = l 

grain 

Parallel to S 1 Fabric parallel 
1815 .± 63 Ma S371-21 n=5 

grain 

Parallel to S l Fabric parallel 
1741 ±48Ma S371-20 n = 6 

grain 

Parallel to S2 Fabric parallel 
1771 ±5fMa 5371-09 n = 5, r= 1 

gram 

Parallel to S2 Fabric parallel 
1756 .± 47 Ma S371-19 n = 4 

gram 

Parallel to S2 Fabric parallel 
1756±36Ma S371-06 n = 6 

grain 

Included grain 

Mattix grain 
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Figure 6.3 : BSE images of grain S3 71-
06 ( 1756 ± 36 Ma), elongated and 
parallel to S2. 

Figure 6.4: BSE images of grain S371-20 
(1741±48 Ma), granular, slightly 
elongated, parallel to S 1, but with an age 
similar to S2-paraJlel grains. 

set includes two older grains, 1840±56 Ma (S371-18) and 1815±63 Ma (S371-21), and a 

grain of distinctly younger age, 1741 ± 48 Ma (S371-20), similar to ages from the S2 set. 

6.5.2 Transect 2 <T2) 

Transect 2 is located about 25 Ion south-west ofTl (Fig. 3.1}. This transect 

crosses the Crd-in and And-in isograds. Analysed samples, S366 and S367, contain the 

assemblage Bt-Crd-Ms-Qtz±And±Pl. Transect 2 samples show a well defined schistosity 

(Sl) and include porphyroblasts ofcordierite locally associated with andalusite. No 

monazite grains included in cordierite were dated from this transect. 

Nine grains were analysed from this transect, with a total of 52 spot analyses. 

Grains are relatively homogenous and do not display any distinct age domains. Analyses 

(n=lO) from 2 grains were not compiled because they were analysed early in the process 

of implementing the EMP chemical dating technique, and the procedure followed at this 

time lacked key steps (e.g., background selection using WDS scan and X-my maps). 

Figures 6.5 and 6.6 present distributions of the 42 remaining ages obtained from the study 

of7 grains. 
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Figure 6.5 : Histogram of frequency 
distribution of spot ages from T2 (dark 
grey bins = 20 Ma, light grey bins = I 0 
Ma). 

Figure 6.6 : Cumulative probability 
distribution curve and histogram of 
frequency distribution for grain/domain 
average ages in T2 (bins are 20 Ma). 

Table 6.4: Grain/domain average ages for T2. "n" is the number of spot analyses 
performed on the grain used for age calculation. Grain descriptions are reported in 
Appendix 5, analytical settings in Appendix I, and trace analyses in Appendix 7. From 
this transect, no included grain was analysed: 

Setting Grain category Age ± error (2cr) Grain/zone Analyses 

Parallel to S 1 Fabric parallel 1878 ±25 Ma S366map1 n=8 grain 

Parallel to Sl Fabric parallel 1823 ±37Ma S366map2 n=6 grain 
Oblique to S 1 Fabric parallel 1751 ± 35 Ma 5366-07 n=S grain 

Overgrown by S2 Fabric parallel 1853 ±39 Ma 5366-16 n=7 grain 
Included grain 

Matrix Matrix grain 1805 ±26 Ma S367-l0 n=6 

Matrix Matrix grain 1791 ± 33 Ma S366-15 n=5 

Matrix Mattix grain 1775 ±32 MA S367mapl n=5 

Dark grey bins (20 Ma) from the spot age histogram (fig. 6.5) show two 

predominant ages, although the distribution of the 10 Ma bins (light grey) does not. The 

cumulative distribution curve and the histogram of grain/domain average ages (Fig. 6.6) 

also presents the same distribution. Grains from T2 display two main age clusters (Fig. 
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6.6) that show a certain range in the measured ages. Table 6.4lists all grain/domain 

average ages obtained from T2. 

The 1878±25 Ma (S366mapl) and 1823±37 Ma (S366map2; Fig. 6.8) ages are 

from prismatic grains with long axes parallel to S l. The 1853±39 Ma (S366-16) age is 

from a granular, rounded grain overgrown or partly included by a biotite grain parallel to 

S2, suggesting that the grain is older than S2. The timing inferred from the textural 

settings of older grains generally corresponds with older measured ages. 

Figure 6. 7 : BSE images of grain S366-07 
which yielded an age of 1751 ± 35. Grain 
is oblique to the S 1 fabric defined by micas 
and lack a preferred orientation. 

Figure 6.8 : BSE images of grain 
S366map2 which yielded an age of 
1823±37 Ma. Grain is parallel to SI fabric 
defined by micas. 

The 1805±26 Ma (S367-10) age was obtained from a sub-prismatic grain showing 

embayments (resorption?) on more than 40% of its periphery. Due to its location in the 

middle of a quartz-feldspar matrix, bordered on one side by a biotite grain, no textural 

constraint on the timing of growth of this grain could be retrieved. The 1791 ±33 Ma 

(S366-15) ~ge came from a sub-prismatic grain located in a quartz-feldspar matrix. The 

Sl fabric is well-developed in mica-rich zones around the grain, but the grain itself does 

not show evidence of a preferred orientation parallel to the fabric . Timing of growth is 

unclear, although likely to be younger than the fabric, as inferred frOm the lack of a 

preferred orientation. The 1775±32 Ma (S367mapl) value was yielded by a granular 

monazite bearing few minor embayments and also located in the quartz-feldspar matrix. 
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The youngest grain dated at 1751±35 Ma (S366·07; Fig. 6.7) is a blocky grain oblique to 

SI and lacking preferred orientation suggesting that this grain grew after the Sl fabric. 

This grain provides a minimum age for the Sl fabric. 

In summary, older grains from this transect are texturally related to the older S I 

fabric (Fig. 6.8) or, in one case, embayed and overgrown by S2. Younger ages come from 

grains that either had no clear relation with S l or S2 as they were located in the quartz-

feldspar matrix or, in one case, overgrow Sl (Fig. 6.7). The broad age range suggests that 

simultaneous growth of all grains from equivalent textural settings was unlikely. One 

explanation is that low-grade monazite generally contains little Pb and little U, therefore 

the error on individual ages is quite large. This large analytical error is probably partly 

responsible for the observed range of ages. On the other hand, it is also possible that the 

age range measured in grains from equivalent textural setting results from either 

diachronous growth of these grains or recrystallization of the older component of the 

grain. Recrystallization may be driven by different mechanisms such as new p. T 

conditions and fluid interaction. 

6.5.3 Transect 3 <T3) 

Transect 3 is located about 44 km south-south-east of Tl and 36 km south-east of 

T2 (Fig. 3.1). The transect crosses the Sil-in and And-out isograds. Samples from this 

transect commonly contain cordierite porphyroblasts. Some samples also contain fibrolite 

formed after breakdown of andalusite and muscovite (see Chapter 3 for details). Samples 

analysed generally contai.it Bt-Crd-Ms-Pl-Qtz±Sil. Fourteen grains from T3 were 

analysed, for a total of 81 spot analyses. Grains are relatively homogeneous and do not 

display any distinct age domains. Analyses (n=S) from two grains obtained early in the 

development of the technique were not compiled because the analytical procedure may 

have been unreliable. This section will discuss results from the analysis of twelve grains 

(n=73). 

The frequency distribution histogram of spot ages (Fig. 6.9) presents a unimodal 

pattern. very similar to a nonnal distribution. The 20 Ma (dark grey) and the 10 Ma 
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(light grey) bin sets show similar distribution pattern. The average ages histogram (Fig. 

6.1 0) shows two predominant age clusters and a distinctly older component. The 

cumulative probability curve (fig. 6.1 0) also shows two peaks at ca. 1800 and ca 1840 

Ma. Table 6.5 lists all grain/ domain average ages obtained for T3. 
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Figure 6.9 : Histogram of frequency 
distribution of spot ages from T3 (dark 
grey bins = 20 Ma, light grey bins = 1 0 
Ma). 
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Figure 6.10: Cumulative probability 
distribution curve and histogram of 
frequency distribution for grain! 
domain average ages in T3 (bins are 
20 Ma). 

The nnusually old age of 1908±29 Ma (S375-12; Fig. 6.11) was obtained from 

one grain located in the quartz-feldspar matrix in a mica-poor layer. The grain is sub-

prismatic with rounded edges. This age is statistically indistinguishable to the maximum 

deposition age known for the LBF (fable 6.1; Section 7.2). Based on the grain habit 

(prismatic with rounded edges), its setting (a sandy bed in a semipelite), and its age, the 

grain is interpreted as detrital. 

Grains S374-03 (1875±33 Ma; Fig. 6.13} and S373-01 (1818±26 Ma) are included 

in cordierite porphyroblasts, while grain S37~01 (1844±20 Ma} shows numerous 

embayments interpreted as resorption and is located in a sillimanite cluster (Fig. 6.14). 

Despite the range of ages from 1818±26 Ma (S373-0l) to 1875±33 Ma (S374-03) 

measured in included monazite grains, no value from the ca. 1800 Ma cluster or younger 

was obtained 
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Table 6.5: Grain/domain average ages for T3. "n" is the number of spot analyses 
performed on the grain used for age calculation. Grain descriptions are reported in 
Appendix 5. analytical settings in Appendix 1, and trace analyses in Appendix 7. From 
this transect. no fabric parallel grain was analysed. 

Setting Grain category 
Age±·error 

Grain/zone Analyses (2o) 

Fabric parallel 
grain 

lncl. in Crd Included grain 1875 ± 33 Ma S374-03 n=9 

Incl. in Crd Included grain 1818 ± 26 Ma S373-0l n=5 

Incl. in fibrolite Included grain 1844 ± 20 Ma S374-0l n=6 
cluster 
Matrix Matrix grain 1908 ± 29 Ma S375-12 n=8 

Matrix Matrix grain 1847 ± 28 Ma S374-02 n=6 

Matrix Matrix grain 1836 ± 18 Ma S374-05 n=8 

Matrix Matrix grain 1836 ±24 Ma S375-ll n=6 

Matrix Matrix grain 1818 ± 39 Ma S374-04 n=5 

Matrix Matrix grain 1805 ± 15 Ma $373-02 n=5 

Matrix Matrix grain 1795 ±23 Ma S373-03 n=5 

Matrix Matrix grain 1792 ± 24Ma $373-05 n=5 

Matrix Matrix grain 1777±23 Ma S373-04 n=5 

Monazite grains from the matrix show a large range of ages from 1777±23 Ma 

(S373-04) to 1908±29 Ma (S375-12). S375-12 is interpreted to be a detrital grain as 

discussed previously. The rest of the matrix grains can be divided into two groups 

roughly corresponding to the ca.l800 Ma and ca.l840 Ma age clusters. One grain, S374-

04 (1818±39 Ma), does not clearly belong to either of the two age groups. Grain S373-04 

(1777±23 Ma; Fig. 6.12) is distinctly younger than other grains from the ca. 1800 Ma 

cluster. 

Three monazite grains from the matrix yielded ages in the older cluster (ca. 1840 

Ma). Grain S374-05 yielded an age of 1836±18 Ma; the grain is included in a mica 

cluster. Ages of 1847±28 Ma and 1836±24 Ma were obtained from S374-02 and 
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Figure 6.11: BSE images of grain S375-
12 which yielded an age of 1908±29 Ma. 
The grain is elongated and rounded, and 
located in the quartz-feldspar matrix_ 

Figure 6.13 : BSE images of grain S374-
03 which yielded an age of 1875±33 Ma. 
Grain is included in a cordierite 
porphyroblast. 

Figure 6.12 : BSE images of grain S373-
04 which yielded an age of l 777±23 Ma. 
The grain is elliptic and rounded, and sits 
in the quartz-feldspar matrix. 

Figure 6.14 : BSE images of grain S374-
0l which yielded an age of 1844±20 Ma. 
Grain is located in a fibrolite cluster and 
bordered by muscovite. 

S375-ll respectively. Both grains are located in the quartz-feldspar matrix with no clear 

constraint on timing of growth relative to other metamorphic minerals or micro-fabrics. 

Monazite grain S374-04, 1818±39 Ma, is from a grain partly bordered by mica 

and quartz-feldspar matrix. The grain has a sharp grain boundary against mica indicating 

growth late- to post-mica fonnation. The grain also has a large embayment No textural 

evidence relates this grain to either specific age cluster 
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The younger age cluster comprises three monazite grains that yielded ages from 

1792±24 Ma (S373-05) to 1805±15 Ma (S373-02). Two ofthese grains, S373-02 and 

$373-03, are in the quartz-feldspar matrix and they show a regular grain boundary with 

subprisrnatic shape. Grain S373-05 with an age of 1792±24 Ma formed along the grain 

boundary between a biotite crystal and the quartz-feldspar matrix, and displays a 

subprismatic shape. 

In summary, ages from T3 monazite grains show two predominant age clusters at 

ca.l800 Ma and ca. 1840 Ma. Monazite grains from the older cluster represent an 

inclusion in cordierite porphyroblast (S374-03), matrix grains (S374-05, S374-02, and 

S375-11) and one grain in a fibrolite cluster (S374-0l). The younger age cluster includes 

monazite located in the matrix. An older grain from the matrix dated at 1908±29 Ma 

(S375-12) is interpreted to be detrital, whereas a monazite inclusion in a cordierite 

porphyroblast, S374-03 (1875±33 Ma), may record an older episode of monazite growth. 

Two grains, S374-04 (1818±39 Ma) with an age intennediate between the two age 

clusters and S373-04 (1777±23 Ma) which is distinctly younger than the youngest age 

cluster, could not be confidently grouped with either of the two age clusters identified in 

T3. These results suggest that at least two monazite-forming events, corresponding to the 

ca. 1800 Ma and ca. 1840 Ma age clusters, affected the LBF in the T3 area. Monazite 

grains included in cordierite provide a maximum age for the porphyroblast growth. 

Further investigation using geochemical data may help to determine whether ages 

recorded by S374-03 (1875±33 Ma) and S373-0l (1818 ± 26 Ma) are distinct episodes 

of monazite growth or if they belong to one of the identified age clusters. 

6.5.4 Transect 4 CT4) 

Transect 4 is located 58 km south ofTl and 31 km south-west ofT3. Transect 4 

does not cross any isograd, but is characterised by the Bt-Crd-Kfs-PI-Qtz-Sil±Grt mineral 

assemblage. Samples from T 4 are migmatitic metasedimentary rocks that experienced 

partial melting with a southward increase in leucosome abundance. Whereas the 

northernmost part of the transect shows little evidence of melting, with sparsely 

distnbuted millimetre·scale leucosomes parallel to compositional layering (transposed 
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bedding), the southernmost outcrops display centimetre-scale leucosomes. alternating 

with leucosome-poor semipelitic beds to form a weU-defmed migmatitic layering. 

Pockets of leucosome are also common and locally disrupt the rock structure. 

In Transect 4, monazite grains were selected from a variety of petrological 

settings to investigate possible age variations. Monazite grains from T4 are abundant, 

large and typically zoned. Grains from T 4 were therefore used to implement and test the 

chemical dating technique and many grains have been dated more than once. 

In the early dating attempts, ages varying from ca. 1600 Ma to 2300 Ma were 

obtained from some grains, although many grains showed geologically significant ages 

(ca. 17 50-1900 Ma ). The discrepancy between results is explained by variation of 

analytical conditions (e.g., PHA window, beam current, use of different standards), 

analytical procedure (e.g., absence ofbackground selection using WDS scan, various 

counting time) and sample preparation (various coating thickness, Pb lap polishing). 

Based on our initial experience, a routine procedure with specific analytical settings was 

adopted, allowing us to reach reasonable level of accuracy and precision in the results. 

Replicate trace analyses generally reproduce the initial results within a 95% level 

confidence, i.e. they differ from the initial results by a value less than the critical value 

(Section 6.3 and Eq. 6.1). All T4 ages reported here were acquired using the current 

analytical protocol (Appendix l ). When possible, grains analysed in the early days of the 

technique development were re-analysed using the standard routine; these cases are noted 

below. 

In order to verify reproducibility of the results and to check the possibility of Ph 

contamination (Section 43.1.4) many grains from T4 were also analysed a second time 

using the same standard routine. All analytical conditions were similar. except that thin 

sections were re-polished on a Pb-free lap before the second run of analyses. Where 

grains or domains were analysed twice, results from both analytical sessions are 

presented. 
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Fourteen grains from T4 were analysed, for a total of 168 analyses. Grains from 

this transect commonly display chemical zoning which in some cases corresponds to age 

zoning. Where there is no clear evidence of age zoning, an average age was calculated for 

the whole grain. If distinct age domains were identified, they were averaged individually. 

Analyses (n=30) from 4 grains obtained early in the development of the technique were 

not included in averages for reasons discussed previously. This section presents the 

results from 10 grains (n=l48). 

The 20 Ma bins (dark grey) in the spot age histogram (Fig. 6.15) show a pattern 

similar to a normal distribution with two peaks. The 10 Ma bins (light grey) reveal the 

presence oftwo predominant age clusters. The average age histogram (Fig. 6.16) 

indicates the presence of at least two main clusters at ca.l790 Ma and ca.l840 Ma. The 

average age histogram also shows two grains or domains with an age between 1880-1900 

Ma and 1900-1920 Ma respectively. Similar older ages were identified in T3. Finally, the 

cumulative probability curve (Fig. 6.16) correlates with the average age histogra:m, but 

also highlights that the two main age clusters on the histograms are in fact two pairs of 

dominant ages. The first pair comprises a minor peak at ca. 1765 Ma and a major peak at 

ca. 1790 Ma The second pair reveals a minor peak at ca.l820 Ma and a major peak at ca. 

1850 Ma. Funher analysis of zoning and petrological setting is presented below, in order 

to establish the significance of individual ages and the relationship between age clusters. 

Table 6.6lists all the grain/ domain average ages obtained for T4. 

The oldest age in T4 was obtained from monazite S392-05 (1913±26 Ma; Fig. 

6.19; Table 6.6). This grain is partly included in biotite. Grain 5392-05 displays distinct 

concentric zoning, but ages from core and rini are statistically indistinguishable from 

each other. Textural setting and grain habit do not clearly suggest a detrital origin for this 

grain. Grain S392-05 is similar within error to both the youngest detrital zircon known 

from the LBF (1915±8Ma; Wodicka et al., 2003) and the emplacem~nt of the 1897+7/-4 

Ma megacrystic monzogranite (Wodicka et al., 2002). which is the oldest event known to 

have affected the LBF after its deposition. 
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Figure 6.15 : Histogram of frequency 
distribution of spot ages from T4 (dark 
grey bins = 20 Ma and light grey bins = 1 0 
Ma). 

Figure 6.16 : Cumulative probability 
distribution curve and histogram of 
frequency distribution for grain/domain 
average ages in T4 (bins are 20 Ma). 

Table 6.6: Grain/domain average ages for T4. "n" is the number of spot analyses 
performed on the grain used for age calculation. Grain descriptions are reported in 
Appendix 5, analytical settings in Appendix 1, and trace analyses in Appendix 7. From 
this transect, no fabric parallel grain was analysed. 

Setting Grain category Age±error Grain/zone Analyses (lcr) 

Fabric parallel grain -
Incl. in Grt Included grain 1855 ±29Ma S392map5 n=8 

Incl. in Grt Included grain 1848±08Ma S388-0 1 inner n=8 rim 
Incl. in Grt Included grain 1835 ± 17 Ma S383-02 n= l3 

Incl. in Grt Included grain 1791± 11 Ma S388-01 core n= lO 

Incl. in Grt Included grain 1791 ± 13 Ma S388-01 n=21 

Incl. in Bt Included grain 1913 ±26 Ma S392-05 n=9 

Incl. in Bt Included grain 1836±26 Ma S392-0l core n= IO 

Incl. in Bt Included grain 1822±09 Ma S383-07 n=l2 

Incl. in Bt · Included grain 1761 ±46Ma S392-01 rim n=1 

Incl. in Bt Included grain 1768 ± 14 Ma S388-16 n=9 
Matrix Matrix grain 1798± 13Ma S383-01 n=9 

Leucosome Matrix grain 1885 ± 34 Ma S392-06 core n=5 

Leucosome Matrix grain 1848 ± 12 Ma S392-17 n=l6 

Leucosome Matrix grain 1821 ± 33 Ma S392-06 rim n=8 
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Additionally, grain S392-05 is correlative in age with grain S375-12 from 13 (1908±29 

Ma). Hence, this grain is interpreted to be detrital in origin. 

Other studies have successfully dated older monazite preserved in garnet 

porphyroblasts (Monte! et al., 2000; Terry et al., 2000). Because garnet porphyroblasts 

are present in migmatites from the high-grade LBF, special attention was paid to 

monazite from this setting. Monazite grains included in garnet may have been shielded 

from interaction with the rest of the rock and therefore may preserve old ages. The timing 

of the garnet growth is important. If garnet grew early in the thermal history of the rock, 

included monazite should be older than matrix monazite and should not preserve ages 

from the younger events. If garnet grew during the last metamorphic event, it could have 

included grains from the latest as well as the earliest events that affected the rock. If the 

garnet is fractured, late hydrothermal fluids may have possibly reacted with monazite to 

fonn a younger rim. 

Figure 6.17 : BSE images of grain 
S392map5 which yielded an age of 
1855±29 Ma. Grain is included in a 
garnet porphyroblast and shows no clear 
age zoning. 

Figure 6.18 : BSE images of grain S388-
0l, included in garnet, which has two 
distinct age domains that yielded ages of 
1848±8 Ma and 1792±12 Ma. 

In T4, four grains included in garnet porphyroblasts were dated. Garnet in S383, 

S388 and S392map5 is resorbed and textural relationships suggest that they grew prior to 
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fonnation of migmatites (Chapter 3). Monazite grain S392map5 (Fig. 6.17) is included in 

an elongated garnet porphyroblast paralJel to the migmatitic layering. The reliability of 

the results acquired from grain S392map5 during the first run of analyses was hindered 

by a stage problem. Ages were older than any obtained with the standard routine and 

highly variable, from 1850 Ma to 2350 Ma, for a grain showing relatively simple 

chemical zoning. X-ray maps revealed the presence of a discontinuous rim, with minor 

Th- and U-enriched zones in the core. Variable ages are thought to be caused by 

problems with the stage. The generally older ages could be explained by the fact that 

despite meticulous cleaning efforts some Pb smeared over the surface of the sample 

during polishing and may not have been removed. An excess of Pb relative to measured 

Th and U wi11 produce an older age. Due to analytical problems, the results from the first 

analytical session were considered dubious and discarded. To resolve the age of this 

~ a second run of analyses was acquired. The new results yielded an average age of 

1855±29 Ma. The chemical zoning did not translate into an age zoning. 

Grain S388-0I (Fig. 6.18, 6.21), also included in garnet, displays distinct 

concentric chemical zoning on X-ray maps. In order to test the reproducibility of the 

results and verify the presence of an age zoning, this grain was analysed a second time. 

The challenge was to discriminate between distinct age domains. During the first set of 

analyses the core, the inner~ and the outer rim were analysed. The second run of 

analyses only re-examined the outer rim and the core. 

Results from trace analyses performed on S388-0l show an unusual variation in 

age. Comparison of results from both analytical sessions confirmed that the grain does 

not have a simple concentric age zoning with an older core and younger rims. The spot 

analyses gave similar ages for the core and the outer rim. Inner rim ages are consistently 

older than both the core and the outer rim. The distribution of spot ages is shown on the 

Y X -ray map in Figure 6.21. Plotting of the spot ages clearly shows that intermediate 

ages come from spot analyses located at the margin of two chemical domains (Fig. 6.21 ). 

The similarity in age between the core and the outer rim, which are statistically 

indistinguishable from each other, suggests that they are contemporaneous and may be 
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considered a single age domain. Hence, ages from the core and the outer rim are averaged 

together. For age calculation, only ages clearly located in one of the two domains are 

used in the average. Other ages located on the margin of the two chemical domains 

(shown in grey circles in Fig.6.21) were not used because they may be dubious. 

Calculated age for the older component (inner rim) of S388-0 1 is 1848±08 Ma and the 

younger component (outer rim + core) has an average age of 1792± 12 Ma. The 

significance and interpretation of the age similarity between core and outer rim, and 

implications in terms of the chemical zoning geometry are discussed in detail in Chapter 

7. 

Figure 6.19 : B8E images of grain 8392-
05 wbich yielded an age of 1913±26 Ma. 
Ages from the core and the rim are not 
statistically distinguishable. 

Figure 6.20 : B8E images of grain 8388-
16 that yielded an age of 1768 ±14 Ma. 
Grain is located in restitic biotite. Core and 
rims ages are not statistically 
distinguishable. 

Monazite 8383-02 (Fig. 6.22), an inclusion in garnet, was analysed twice. Results 

from both analytical sessions were statistically indistinguishable from each other and 

have been combined. The average age for the grain is 1835±17 Ma. The petrological 

setting of monazite grain 8383-02 and the host garnet porphyroblast are presented in 

Figure 6.22. X-ray maps of Ce and P show the location of grain 5383-02 and other 

monazite grains, and the Mg X-ray map highlights the locations of biotite and garnet 

porphyroblasts. The matrix is composed mainly ofbiotite-plagioclase-quartz-sillimanite 

and local K-feldspar. The garnet porphyroblast in Figure 6.22 displays an i.J:regular shape 

with nmnerous embayments (Chapter 3. Appendix 4). 
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Figure 6.21 : Yttrium X-ray map of·grain S388-01. Contour of the grain is drawn by a 
thick solid black line. Because the Y X-ray map area is smaller than the ~ the 
missing parts of the grain were drawn using a BSE image. The thin solid black line 
represents the limits of the inner rim interpreted from the X-ray map. Dotted black line 
outlines area of intermediate composition. White circles indicate spot ages used for the 
average age calculation. Spot ages in grey circles are located in the intermediate zones 
and were not considered in the average age calculation. Spot ages from the outer rim and 
the core were combined together because they are statistically indistinguishable from 
each other. 

Grain 8388-02, also included in a garnet porphyroblast, was analysed twice. 

Results from both analytical sessions were statistically indistinguishable and have been 

combined. Total average age for the grain is 1791±13 Ma. Monazite 8388-02 is located 

in the same garnet pol))hyroblast as grain S388-0l. Monazite grain S388-02 does not 

display any age zoning, despite its relatively complex zoning pattern (Fig. 5.2e). 
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Monazite included in garnet yielded ages as young as 1791±13 Ma (8388-02) and 

1792±12 Ma (8388-01 core+ outer rim). The two young ages were recorded in monazite 

grains included in the same garnet porphyroblast Other monazite grains included in 

garnet, 8383-02 (1835±17 Ma), inner rim of8388-0l (1848±08 Ma), and 8392map5 

(1855±29 Ma) gave older ages. 

Four monazite grains included in Bt were dated. Grain 8392-05 (1913±26 Ma; 

Fig. 6.19) is partly included in a biotite grain that is partially resorbed. This grain has an 

unusually old age and is interpreted to be detrital (see discussion earlier). The core of 

grain 8392-01 gave an age of 1836±26 Ma whereas the rim was dated at 1761±46 Ma 

(Table 6.6). Grain 8392-01 displays a well-defined concentric zoning with multiple 

zones. Only the outermost rim shows a statistically distinct age from the core. Monazites 

8383-07 (1822±09 Ma) and 8388-16 (1768±14 Ma; Fig. 6.20) are included in biotite 

grains and are elongated parallel to the mineral cleavage. 

Figure 6.22 : B8E image and X -ray maps of a part of thin section 8383 showing a garnet 
porphyroblast in a Bt-Qtz-Kfs-Pl -8il matrix. White circles highlight occurrences of 
monazite as inferred from matching Ce and P X-ray maps. Red circle is grain 8383-02 
shown in further detail in Figure 5.2e. On the Mg map, the blue grain is garnet and the 
yellow grains are biotites. 
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Monazite grain S383-0l (1798±13 Ma) is located in the Qtz-PI-Kfs matrix of 

8383. This grain is classified separately from the other grains because S383 is an 

incipient migmatite that contains less than 5% leucosome. The Qtz-PI-.Kfs matrix of this 

grain is a mix of the recrystallized psammitic component of the sample with metamorphic 

PI and Kfs, whereas the two other matrix monazite grains are located in the leucosome. 

Two matrix grains sitting in a Qtz-Pl-I<fs leucosome were dated. These grains are 

located in pockets ofleucosome contiguous to Crd and panially altered Bt. Grain S392-

06 is located at the grain boundary between Kfs and Qtz crystals. The grain displays 

concentric zoning. The core of S392-06 gave an age of 1885±34 Ma whereas the rim 

gave an age of 1822±33 Ma. Monazite S392-17, also located in a Qtz-PI-.Kfs leucosome, 

displays a complex patchy zoning pattern. Spot ages did not reveal age zoning, and 

averaged 1848±12 Ma. 

In summary, monazite in T4 preserves a multi-stage growth history. Ages 

recorded by T4 monazite grains span from 1761±46 Ma (S392-0l rim) to 1913±26 Ma 

(8392-05). Two main age clusters are found around ca.l790 Ma and ca.l850 Ma (fig. 

6.16). Two minor age clusters are also present at ca.l765 Ma and ca.l820 Ma (Fig. 6.16). 

Two distinctly older monazite grains with ages of 1885±34 Ma (S392-06 core) and 

1913±26 Ma (S392-05) respectively were found. 

6.5.5 Transect 5 (T5) 

Transect 5 is located 70 km south-east of Tl and 25 km south-east ofT3. Samples 

from TS are granites derived from partial melting of PG metasedimentary rocks (Section 

3.4, 2.3). Field evidence shows a clear relationship between a granitic body(> 100m2
) 

with edges branching into granitic veins, and then into migmatitic metasedimentary 

rocks. Large veins of leucosome become subparallel to migmatitic layering and split into 

smaller veinlets. Leucogranite pockets are common in the migmatitic metasedimentary 

rocks (details in Chapter 3). 
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Three monazite grains were analysed, for a total of 33 analyses. The grains are 

chemically zone~ but do not display a systematic age zoning. Different chemical 

domains were analysed separately. No ages were rejected. 

The 20 Ma bins (dark grey) of spot ages (fig. 6.23) show two predominant age 

clusters at ca.1800 Ma and ca.l840 Ma. The 10 Ma bins (light grey) present the same age 

distribution. The cumulative probability curve (Fig. 6.24) shows three peaks that 

correspond to the age of the three grains dated from this transect. The results taken on 

their own might not be meaningful because of the small size ofT5 sample. However, T5 

monazite ages correspond to age clusters obtained in previous transects. 
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Figure 6.23 : Histogram of frequency 
distribution of spot ages from T5 (dark 
grey bins = 20 Ma and light grey bins :::: 10 
Ma). 
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Figure 6.24 : Cumulative probability 
distribution curve and histogram for 
grain/domain average ages in T5 (bins are 
20 Ma). Only three grains were analysed. 

Grain S397-02, located in the leucogranite matrix, gave an age of 1858±11 Ma 

(Table 6.7). S397-02 is a sub-rounded grain, with a narrow lighter rim (Appendix 5). 

Grain S397-0l included in garnet yielded an age of 1834±09 Ma (Fig. 6.25). Grain S397-

01 displays simple concentric zoning with both core and rim exhibiting a euhedral shape, 

and statistically indistinguishable ages. Another grain (S40 1-1 ), also located in the 

quartz-feldspar matrix, presents a prismatic euhedral habit and displ~ys complex patchy 

zoning pattern (Fig. 6.26). The spot ages gave an average age of 1804±8 Ma. The grain 

does not present any age zoning despite the complex chemical zoning pattern 
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Table 6.7: Grain/domain average ages for T5 ... n" is the number of spot analyses 
performed on the grain used for age calculation. Grain descriptions are reponed in 
Appendix 5, analytical settings in Appendix I, and trace analyses in Appendix 7. 

Setting Grain category Age± error Grain/zone Analyses (2o) 
Incl. in Grt Included grain 1834±09 Ma S397-0l n=6 

Granite Matrix grain 1858 ± 11 Ma 5397-02 n=IO 

Granite Matrix grain 1804 ± 08 Ma S40l-Ol n=l2 

Figure 6.25: BSE images of grain S397-
0 1 that yielded an age of 1834±09 Ma. 
Ages from core and rim are statistically 
similar and were averaged. Grain is 
included in a garnet porphyroblast. 

Figure 6.26 : BSE images of grain S401-
0 l that yielded an age of 1804 ±8 Ma. 
Grain is located on the edge of a K-
feldspar grain. Grain is highly zoned but 
has no age zoning. 

Monazite from TS record three episodes of growth. These ages correlate well with 

episodes found in other previous transects. There are insufficient data to decipher in 

detail the history of this transect. Data from T5 need to be combined with data from other 

transects before making any interpretation. 

6.5.6 Transect comparisons 

Throughout the study area, 46 grains were analysed for chemical dating providing 

a total of 375 spot analyses. From these, 50 analyses were not regarded as reliable. The 

data compiled in the figures below include 325 analyses from 38 monazite grains. The 
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distribution of monazite grain/domain aventge ages obtained from all transects is shown 

in Figure 6.27. Spot ages range from 1700 to 1980 Ma. The 20 Ma bin distribution shows 

a broad normal distribution skewed towards older ages. The 10 Ma (light grey) bins 

correlate this observation. The average age histogram (Fig. 6.28) displays a broad nonnal 

distribution with a large dominant cluster around ca.1840 Ma. The cumulative probability 

curve (Fig. 6.28) is more infonnative and reveals that two main peaks are present at 

ca.1800 Ma and ca.l840 Ma. Both the average age histogram and the probability curve 

show few but distinct older ages. 

60 
56 

.w 
30 
20 
10 
0 ~ .......... ...1.-U--r'--'--r'-:.......L,j---'--fl- 9 

1700 1750 1800 1850 1900 1950 2000 

Age(Ma) 

Figure 6.27 : Frequency distribution 
histogram of spot ages from all transects 
(dark grey bins = 20 Ma and light grey 
bins= 10 Ma). 
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Figure 6.28 : Cumulative probability 
distribution curve and frequency 
distribution histogram of grain/domain 
average ages in all transects (bins are 20 
Ma). 

Figure 6.29, shows the cumulative probability curve from all transects (black). 

Probability curves presented earlier for each of the five transects are also shown (grey). 

Figure 6.29 highlights the contribution of each transect to the total probability curve. The 

specific age distribution within each transect. displayed by the grey probability curves, 

facilitates comparison between the transects. The composite figure of probability curves 

reveals that the cal790-1800 Ma and ca.l840-1850 Ma episodes of monazite growth are 

recorded in most transects. Transects 4 and 5 present an intermediate age cluster at ca. 

1820-1830 Ma. Lower grade transects show a predominance of younger ages. All 

transects but Tl record monazite growth at ca. 1800 Ma. Only Transects 3 and 4 show 
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older grains at ca. 1910 Ma. Finally, age clusters correlate between transects, although 

minor variations exist. Discussion of the significance of the variation in age between 

transects for specific episodes of monazite growth is addressed in Chapter 7. 

·--·-
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Age(Ma) 

Figure 6.29 : Composite figure showing the cumulative probability curve of average 
ages of all transects, in black. with cumulative probability curves of average ages for each 
transect shown in grey. Probability curve profiles have not been altered and all transects 
have been fitted accorditigly to the X-ax.is scale. The Y axis gives the relative variation in 
probability within each transect. Peaks represent ages with high probability values. 

On the cwnulative probability curve (Fig 6.29). the ca.l830 and ca.l850 Ma age 

clusters are not clearly distinguished; instead a broader peak with a double hinge is 

shown. On the other hand, the ca.l800 Ma peak is distinct in all plots but Tl. A minor 

deflection on the younger shoulder of the curve from ali transects is caused by younger 

ages mainly recorded in Tl. The right shoulder of the cumulative curve from all transects 

presents a minor deflection due to older monazite ages from Transects 3 and 4. Note that 

130 



younger ages are mostly recorded in the nonhero part of the swdy area (T 1 and T2) and 

older ages are more common in the southern part of the area (T3-T 5). 

6.6 Age modelling 

Finally, statistical discrimination of the various age populations recorded through 

the sWdy area is required. This was done using least-squares modelling (Montel et al., 

1996). Calculations were processed using software provided by 1.-:-M. MonteJ. The least-

squares model provides the best age estimate for a given nwnber of population within the 

data set. The model assumes that grains from a single population plot along a normal 

probability distribution curve. Using each individual age and its respective standard error, 

the model calculates the probability that the sample age distribution is the result of a 

specific number of different populations mixed together. The model must first be applied 

assuming that the data set consists of a single population. If the calculated probability is 

too low ( < 5% probability of the chi-square value), the data are remodelled assuming that 

two different populations are present. This continues until the model yields an acceptable 

probability. The software uses a chi-square test to verify the probability that all ages 

grouped within the same population, defined by the least-square model, belong to this 

population. The model must be accepted when the probability of the chi-square value 

exceeds 5% (Montel et al., 1996). If the probability is below this value, the model is 

invalid and the age distribution must be remodelled. This step is repeated until all 

populations yield an acceptable probability. Note that the presence of outliers, such as 

inherited detrital cores, may interfere with the results. All data from identified outliers 

must be removed. 

All grain/domain average ages from all transects were modelled together. 

Monazite grains S392-05 (1913±26 Ma) and S375-12 (1908±29 Ma), interpreted as 

detrital~ were not included in the modelling to avoid interference. Three grains dated at 

1875±33 Ma (S374-03), 1878±25 Ma (S366mapl) and 1885±34 Ma (S392-06 core) were 

also excluded from the modelling because they were interpreted as outliers. The data set 

of average ages was modelled for one single population and successively for larger 

number of populations until a satisfactory chi-square probability value was reached. 
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The results from modelling are presented in Table 6.8 and Figure 6.30. Figure 

6.30 presents the data modelled with a 4 age population model. Age modeJs using 

distribution of 1, 2 and 3 age populations were previously applied to the data set. 

However, only the 4 population distribution yielded an acceptable probability values for 

all populations. Ages calculated for these four populations are presented in Table 6.8. 

Modelled populations match the age clusters observed on the probability curves (Fig. 

6.29). 

Table 6.8: Results from least squares modelling. Data are presented for each identified 
age group. 

Age group Weighted 2cr-err. of CHI2 Probability #of ages average (Ma) meao(±Ma) 
Group#l 1766 9 3.7 88.2% 9 
Group#2 1799 5 6 65.1% 9 
Group #3 1829 5 6.9 73.2% 11 

Group #4 1850 5 3.3 85.1% 8 

Figure 6.30: Age model produced using least-square modelling software provided by J.-
M. Mantel. Small curves are individual normal probability curves drawn for of each age 
data. The broader curve is the cumulative probability curve of all ages from every 
transects (excluding outliers and grains interpreted as detrital). Arrow indicates modelled. 
age populations. Vertical bars are population limits. 
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6.7 Summary 

In summary, the EMP chemica) dating ofLBF monazite reveals that growth of 

monazite in the LBF spanned over range of ca. I 00 My. The age data are mainly 

distributed around two broad age clusters. Furth~r data analysis including statistical 

modelling and normal probability curve plots led to the suggestion that the two main 

broad peaks represent four age clusters. The oldest monazite grains analysed (S375-12 

and S392-05) yielde4 ages of ca. l9l 0 Ma and can arguably be interpreted as detrital as 

well as metamorphic (Section ).A last group of three grains similar in age, ca. 1880 Ma, 

is also reported. 
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7. Discussion and conclusions 

7.1 Introduction 

This chapter mainly discusses the significance of the results obtained from the 

EMP chemical dating of LBF monazite. The first section provides a detailed review of 

available geochronological data for the study area and their interpretation. The second 

section discusses the significance of a chemical age and the notion of closure temperature 

for monazite. The following sections present a synthesis of the geochronological data 

obtained in this study and discuss the constraints that each age provides using 

information from the petrological setting of individual grains. Finally, geochronological 

infonnation from chemical dating of LBF monazite grains is combined with available 

isotopic and geological data for this part of the Trans-Hudson Orogen (THO), and 

implications for the tectono-metamorphic evolution of the rocks from the study area are 

discussed. 

7.2 Regional geochronological context and interpreted tectonic historv 

Zircon from the stratigraphically lowest basal quartzite (Dewar Lakes Formation) 

sampled just above an Archean dome revealed a source of exclusively Archean age. 

Another quartzite from the Flint Lake area (Fig. 2.2) revealed Archean zircons, but also 

showed a wider range of ages including some Paleoproterozoic zircons as young as 

2159±: 16 Ma (Wodicka et al., 2003 ). A quartzitic sample from within the Bravo Lake Fm 

gave similar results, suggesting that the Dewar Lakes Formation and the Bravo Lakes 

Formation recorded a transition from a basin-margin siliciclastic depositional 

environment, fed by erosion of the Archean Rae craton, to a shallow-marine depositional 

environment fed by new and younger sources, possibly volcanic arcs. Analysis of detrital 

zircons from the LBF, which forms the highest stratigraphic unit of the Piling Group, 

yielded predominantly Paleoproterozoic ages ranging from 1990-1915 Ma The youngest 

zircon yielded an age of 1915±8 Ma, hence providing a maximum depositional age for 

the LBF. The contrast with the lower units of the Piling Group indicates a drastic change 

in the sediments source (Wodicka et al., 2003). 
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A large K-feldspar megacrystic monzogranite pluton found in the southernmost 

partofthe srudy area has been dated at 1897+7/-4 Ma (Wodicka et al .• 2002). Although 

this pluton was originally thought to be a northern extension of the Cumberland 

Batholith, the 1897+7/-4 Ma age is significantly older than the Cumberland Batholith 

dated at ca.l870-1850 Ma further south (Wodicka and Scott, 1997; Scott, 1999). The 

1897+ 7/-4 Ma K-feldspar megacrystic monzogranite was suspected to have caused the 

partial melting of the sedimentary rocks in the south of the study area where abundant 

migmatite and peraluminous leucogranite were found (Corrigan et al, 2001). 

In support of this hypothesis, rafts and enclaves of migrnatitic sedimentary rocks 

are common in the pluton. If these are Piling Group sedimentary rocks, it would provide 

a minimum age of sedimentation at 1897+7/-4 Ma. A mafic sill intruding the Bravo Lake 

Formation and dated at 1883.3±4.7 Ma was first thought to be pene-contemporaneous 

with sedimentation (Henderson and Parrish, 1992) and to provide a maximum age for 

deposition of the LBF. However, recent work now suggests that the mafic sills were 

intruded after deposition of the Bravo Lake formation (Scott et al., 2002; Wodicka, pers. 

comm. ). Another sill, also intruding the Bravo Lake Formation, yielded an age of 

1897+10/-S·Ma (Wodicka, pers. comm.). The favoured hypothesis is now that the 

metasedimentary enclaves contained in the megacrystic monzogranite are Piling Group-

related implying that the LBF is younger than 1915 Ma (age of the youngest zircon found 

near the bottom of the Longstaff Bluff Fm) but older than 1897 Ma (time of megacrystic 

monzogranite emplacement). Enclaves contained in the monzogranite show evidence of 

metamorphism prior .to or during pluton emplacement. However, no regional 

metamorphic ages on either monazite or titanite correspond to the megacrystic 

monzogranite emplacement The absence of metamorphic ages contemporaneous with 

the monzo~te emplacement suggests that the metamorphic event recorded by the 

enclaves was local, probably a high-temperature contact metamorphism (Wodicka, pers. 

conun.). The regional metamorphic ages recorded by monazite and titanite, which are 

consistently younger than the megacrystic monzogranite, implies that the regional 

melting event, evident from the southward increase in metamorphic grade and the 

135 



abundance of migmatites, was not directly related to the 1897 Ma megacrystic 

monzogranite. 

U-Pb TIMS work by Wodicka (pers. comm.) on a white monzogranite interpreted 

to be derived from sediments yielded an age of 1835±1 Ma that is inferred to be the age 

of partial melting. It is also suggested that this metamorphic event recognised in the south 

of the study area was synchronous with the main metamorphic event described north of 

the study area (D 1 P in Corrigan et al., 200 1 ). This metamorphism was the result of 

thrusting and folding as thin-skin deformation was ongoing over the area. 

Another tectonic event affected the southern part of the study area at ca. 1800-

1810 Ma (Wodicka et al., 2003, Wodicka pers. comm.); this is inferred to be responsible 

for the thrusting of the Bravo Lake Formation to its present structural position on top of 

some LBF turbidites. This would have also caused exhumation of higher-grade rocks 

south of the Great Southern Thrust (a major thrust surface that juxtaposed rocks from the 

Lower Piling with rocks of the Upper Piling Group during D 1 p; de Kemp et al., 2002). 

This event is likely correlative with the thick-skinned deformation event (D2p in Corrigan 

et al., 2001). Metamorphic monazite from Archean basement also yielded ages of 1877-

1874 Ma and 1856 Ma (Wodicka et al., 2003). These ages mark the onset of regional 

metamorphism. 

7.3 Significance of chemical age. closure temperature and Pb diffusion in monazite 

Chemical ages calculated for monazite are based on its Pb, T~ and U content. The 

chemical age represents the time when diffusion ofboth radioactive parent and daughter 

elements stopped. In fact, the chemical age is the record of the time at which the U-Th-Pb 

monazite system closed: the time at which the parent as well as the daughter radioactive 

elements be<:ame immobile. This definition applies to mineral that grew above its closure 

temperature. If the mineral grew at conditions below its closure temperature, the age 

represents the time of mineral growth. 
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Because solid diffusion of elements in mineral phases is strongly dependent of 

temperature (Dodso~ 1973), the time at which diffusion of radioactive parent and 

daughter elements stopped corresponds to a specific temperature. Dodson (1973) 

demonstrated that the range of temperamre over which radioactive elements become 

immobile is short relative to the long half-life of elements such as Th and U. The 

temperature below which elements from a chemical system become immobile is called 

closure temperature. 

Knowledge of the closure temperature of a chemical or isotopic system bears 

great significance in the interpretation of the age. In monazite, diffusion studies of Pb 

were carried out to more accurately restra~ the range of monazite closure temperatures. 

The earlier Pb diffusion studies of Smith and Gileni ( 19971997) found closure 

temperature in the order of 500°C and 6500C for monazite crystals of 10 and 100 J..1.1I1 

respectively. However, many studies report monazite grains that retained older ages 

through later magmatic or metamorphic temperatures as high as 71 0±30°C (Parrish, 

1990) or 850°C (Spear and Parrish, 1996) suggesting that monazite has a higher closure 

temperature. Most recent work from Chemiak et al. (2004) on Pb diffusion in monazite 

reveals that diffusion rates of Pb in monazite are low. Closure temperature calculated 

from the results ofChemiak et al. (2004) give values of950°C and 1050°C for monazite 

grains of 10 and 100 .,un respectively at a cooling rate of 10°C/Ma. These latest results 

suggest that monazite has an ability to retain Pb more efficiently than zircon. Finally, 

other factors such as fluid interaction may lower tlie closure temperature of monazite and 

cause the resetting of the chemical system likely by dissolution (Hawkins and Bowring, 

1997; Townsend et al., 2000). 

For .the LBF, the earlier considerations on monazite closure temperature imply 

that, since metamorphic conditions did not exceed 900°C in the area (Table 2.1), older 

generations of monazite were not likely to be reset by subsequent metamorphic events. 

However, hydrothermal events (Hawkins and Bowring, 1997; Townsend et al., 2000) or 

even dissolution and reprecipitation of monazite in response to changes affecting the 
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matrix phases (Ayers et al., 1999) could have caused resetting of monazite U-Th-Pb 

system. 

7.4 Age distribution. 

Data obtained from EMP chemical dating of monazite from the LBF reveal a 

range of ages from ca.l740 Ma to ca.l91 0 Ma. Graphical representation of age data using 

histograms and cumulative probability curves (Chapter 6) show that the data are not 

randomly distributed, but cluster around few values. These age clusters can be interpreted 

as distinct age populations. The spread of ages either around each cluster would then 

represent a nonnal distribution resulting from analytical error. 

Results from statistical modelling are compared to the age distribution within each 

transect using cumulative probability curves. The following section presents the variation 

in age distribution in each transect. Age variation between transect is examined and 

correlation between transects is proposed. Figure 7.1 presents nonnal probability curves 

drawn from grain/domain average ages for each transect (grey) the cumulative 

probability curve for all transects (black). Results from statistical modelling are also 

shown. 

In Figure 7.1, one can observe that data within each transect cluster around 

specific values. These age clusters possibly represent different episodes of monazite 

growth. The age of the J?opulations modelled is indicated on top ofFigure 7.1 and is 

projected through the_probability curves (dashed grey lines). Correlation between age 

clusters and the four modelled age populations is relatively good, although not perfect. 

Figure 7 .I shows that not all age clusters are present in every trn.nsect The number of 

clusters is variable from one transect to another and. importantly, the position of each 

cluster also varies slightly. These two observations are important in interpreting results 

from age modelling. The age population modelling assumes a single value for each age 

population, however it is possible that the same event occurs at a different time in 

different transects. Variation in the number of age clusters shown on Figure 7.1 and in the 
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Figure 7.1 : Composite figure showing the cwnulative probability curve of average ages 
of all transects~ in black, with cumulative probability curves of av~ge ages for each 
transect, in grey. Probability curve profiles have not been altered and all transects have 
been fitted according to the X-axis scale. The Y axis gives the relative variation in 
probability within each transect~ Peaks represent ages with high probability values. Age 
populations detennined from statistical modelling are shown in grey. 
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position of these age clusters is interpreted to reflect spatial variation in the monazite 

growth history. 

The two sets of ages not included in the modelling (outliers) are also 

distinguishable in Figure 7 .1. The first set (Eo) comprises two grains that gave ages of 

1908±29 Ma (S375-12) and 1913±26 Ma (S392-05) and are probably detrital (Table 7 .I). 

The second set consists ofthree grains dated at 1875±33 Ma (S374-03), 1878±25 Ma 

(S366mapl), and 1885±34 Ma (S392-06 core; Table 7.2), which are slightly younger 

than the first set and distinctly older than the rest of the LBF monazite dated. These three 

grains are very similar in age. Despite no clear textural resemblance could be drawn 

between these grains, they possibly represent an earlier phase (E 1) of monazite growth. 

This event would be the first record of monazite growth in the LBF. Ages from Eo and E1 

are grouped separately in this section, but the large error on the age of these grains 

relative to the age difference do not allow to firmly state that these age clusters are 

distinct (details in Section 7.5). 

The second oldest episode of monazite growth (£2) docwnented in the LBF 

corresponds to the 1850±5 Ma modelled age population. Two age clusters in T3 and T4 

as well as one grain from T5 correlates with this event. Ages consistently get younger 

from T5 to T3, varying from 1858 Ma to 1848 Ma and 1838 Ma. Ifthese grains all 

correspond to the same monazite-forming event, the northward younging of ages 

indicates the existence of an age gradient. A record of this event in Tl and T2 is not clear 

from the probability curves. although results presented in Table 6.3 and 6.4 revealed that 

in each transect one grain yielded ages at ca. 1840-1850 Ma and may be correlated with 

this event. The few Ez ages yielded by grains from T l and T2 in the north may indicate 

that E2 ~y affected the nonhero part of the study area. However, north of the study 

area, some monazite and titanite grains also yielded ages similar to E2 (W odicka. pers. 

comm.). List of all grains grouped in E2 is given in Table 7.3. 

The second age population defined from modelling was 1829±5 Ma (E3). 

Probability curves reveal that only one age cluster from T 4 and one grain in T5 show 
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ages correlative with this event. Age variation between T4 and T5 suggests that this 

monazite-fonning event was recorded earlier in T5. The age gradient would be younging 

towards the north similarly to the E2 event. However, data are too scarce to firmly support 

the presence of an age gradient. The lack of correlative age clusters in other transects is 

tentatively explained by the possibility that E3 may be a local episode of monazite growth 

restricted to the southern part of the study area. List of monazite grains grouped in E3 is 

provided in Table 7 .4. Since the distribution of age clusters suggests that E3 was not 

recorded in T3 and that the 1838 Ma age cluster in T3 is interpreted to be correlative with 

E2 grain, ages from 1810 to 1830Ma were assigned to the nearest event, E2 or & (Tables 

7.3 and 7.5). 

Distinct age clusters correlative with the third model age population (&), 1799±5 

Ma, are found in T2 to T4. One grain in each ofTl and T5 also yielded correlative ages. 

Ages of the three correlative age clusters are very similar and no age gradient is observed 

{Fig. 7.1). The two grains in Tl and TS also present very similar ages. The record of this 

event is more widespread and correlative ages are also found funher north. This contrasts 

with E2 and E3 that show a northward younging age gradient and were arguably more 

restricted to the south. The list of grains grouped in this event is given in Table 7.5. 

The youngest age population (Es), 1766±9 ~ defined from modelling is mainly 

found in Tl and T2 although rare occurrences were recorded in T3 and T4. This suggests 

that this event was more local and mainly affected the northern part of the study area. 

In summary, Eo and E 1 are possibly distinct events, but the large error on the ages 

does not allow to confirm this hypothesis. The modelled age populations correspond 

roughly to age clusters on the transect probability curves. The age cluster distribution 

reveals that E2 and E3 monazite-forming events were not recorded simultaneously 

throughout the transects. The age distribution for E2 and E3 suggests that monazite grew 

asynchronously through the study area during these two events. Age data indicate that 

monazite first grew in the south and then progressed to the north. Hence, the modelled 

age populations E2 and E3 correspond to the average age of each of this event that was 
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recorded progressively through the field area. Data for E,. indicate that this episode of 

monazite growth was recorded synchronously within all transects. FinaUy, the latest 

event, Es, was mainly recorded in the northern pan of the area, although, single data were 

measured in T3 and T4. Correlation between age clusters is presented in Figure 7.2. 

7.5 Interpretation of monazite chemical ages and constraints on the LBF history 

The multiple episodes of monazite growth recorded in the LBF agree with field 

evidence for a complex tectono-metamorphic history (Corrigan et al., 2001; Scott et al., 

2002a; Allan and Pattison, 2003; Bemiolles, 2003). Results from U-Pb TlMS dating 

(Wodicka et al., 2002; Wodicka et al., 2003; Section 7.2) also suggest that the study area 

experienced a complex history, recorded at least partially by monazite grains. 

As presented above in Section 7.4, six distinct monazite age groups are recognised 

throughout the study area. Four of these groups are interpreted as distinct episodes of 

monazite growth within the LBF. One group comprises two grains interpreted as detrital 

(Section 6.4). The last group includes three grains close in age that are considered as 

outliers in statistical modelling. Each of the monazite age group is examined in the 

following section. Constraints on the tectono-metamorphic and microstructural 

development of the LBF provided by the different episodes of monazite growth recorded 

throughout the field area are presented and discussed. Comparison with isotopic ages is 

also provided. 

The oldest data (Eo) come from two monazite grains that yielded ages of 1908±29 

Ma (S375-l2) and 1913±26 Ma (S392-05) respectively. These grains are int:eJpreted as 

detrital (Section 6.4) and indicate that sources for the LBF were. partially at least, young 

Paleoproterozoic rocks. The two detrital grains correlate with results from the 

conventional TIMS U-Pb dating ofLBF detrital zircons that gave ages as young as 

1915±8 Ma (Wodicka et al., 2003; Section 7.4). 
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Figure 7.2 : Composite figure showing the cumulative probability curve of average ages 
of all transects, in black, with cumulative probability curves of average ages for each 
transect shown in grey. Probability curve profiles have not been altered and all transects 
have been fitted accordingly to the X-axis scale. TheY axis gives the relative variation in 
probability within each transect. Peaks represent ages with higher probability values. 
Grey boxes represent proposed correlation between age clusters from different transects. 
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Table 7.1: Monazite grain/domain average ages grouped in detrital age group (Eo). Grain 
descriptions are reported in Appendix 5 and spot age data in Appendix 6. Relevant 
figures for each grain are indicated in parenthesis in the Texture column. 

Transect 

Tl 
T2 

T3 

T4 

TS 

Setting 

Interstitial in 
Qtz-Kfs 
Included in 
Bt 

Grain 
categon 

Matrix grain 

Included 
grain 

Age±2G 
(Ma) 

1908±29 

1913±26 

Grain 

S375-l2 

S392-05 

TeJ:ture 

Subprismatic, rounded edges 
(Fig. 6.11} 
Subhedral. concentric zoning 
(Fig. 6.19) 

The second age group represents the record of the oldest monazite chemical ages 

since deposition of the LBF and comprises three grains of age ranging from 187 5 to 1885 

Ma. These grains, similar in age, may represent the earliest record, in the LBF, of a 

monazite-fonning event (E1). The relatively large error on the age of these grains (ca. ±30 

Ma) and the small number of data (3), makes it difficult to discriminate with confidence 

if the data represent a distinct episode of monazite growth or if they belong to another age 

group. Statistically the grains from E 1 are not distinct from Eo or E2 as calculated from 

statistical modelling, although grains from Eo are statistically distinct from E2. 

Petrological setting and chemistry of each grain are used to verify the possibility that age 

cluster E 1 is a distinct episode of monazite growth. 

Data from Wodicka et al. (2002) revealed that the emplacement of the 

megacrystic monzogranite to the south ofT5 occurred at 1897+4/-7 Ma. Both detrital 

monazite grains as well as the three grains from E 1 may legitimately be attributed to the 

emplacement of the megacrystic monzograni~ because they are not statistically 

distinguishable. Textural information strongly suggests that S375-12 (1908±29 Ma} is 

detrital. However, textural information from S392-05 (1913±26 Ma) does not as clearly 

point towards a detrital origin. The relationship of the grains from E, relative to the 

emplacement of the megacrystic monzogranite also cannot be clearly established. The 

three grains come from different transects and are located in different settings (Table 

7.2). 
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Table 7.2: List of monazites grain/domain avemge ages grouped in Event I (E1). Grain 
descriptions are reported in Appendix 5 and spot age data in Appendix 7. Relevant 
figure(s) for each grain are indicated in parenthesis in the Texture column. 

Transect Setting Grain Age%2cr Grain Texture categorv (Ma) 
Tl 

Parallel to Fabric 
T2 Sl parallel 1878:!:25 S366mapl Prismatic, subhedral 

grain 

n Included in Included 1875±33 5374-03 Granular, anhedral, embayed Crd grain 

T4 Leucosome Matrix 1885±34 S392-06 Anhedral. embayed grain 
T5 

Results from trace analyses ofT~ U, andY were used to try distinguishing 

between Eo and E1 age populations (fig. 7.3). Grain S375-12 and the core ofS392-05 

have composition relatively distinct from the four other grains or domains. The three 

grains from E1 have a relatively similar composition. The rim of S392-05 also has a 

composition similar to the three grains from EJ. Trace analyses for the rim of S392-05 

gave an age of 1881±59 Ma and 1921±29 Main the core, but, because they were 

statistically ~distinguishable :from each other, ages from both domains were combined. 

Based on chemical composition, it is proposed that the rim and the core be considered as 

the record of two distinct episodes of monazite growth. Ages from the core and the rim, 

although not statistically different, are similar toS375-12 and Et respectively. To 

discriminate if the E1 ages are the record of the granite emplacement, or ifthey represent 

an episode associated with a different tectonic event, the data are not sufficient. Note that 

metamorphic monazite dated by TIMS (Wodicka, pers. comm.) yielded ages at ca. 1877· 

1874 Main the Dewar Lakes area (Table 6.1). The average age ofEt grains is closer to 

these monazite ages measured by TIMS than the age of the monzogranite emplaceme.at. 

Using the petrological setting constraints on the metamorphic history can be 

inferred fi:om these monazite grains. Grain S374-03 is included in a cordierite grain and 

shows minor embayments indicating that cordierite growth occurred after the grain 

crystallised at 187 5±33 Ma. Embayments on the monazite grain indicate that monazite 
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was partially consumed prior to cordierite growth. The core of grain S392-06 is 1885±34 

Ma. The core is rounded and has an irregular boundary. One cuspate emba"yment is 
present These observations indicate that prior to growth of the rim the core was partially 

consumed. The last grain is S366mapl which gave an average age of 1878±25 Ma. This 

grain is subprismatic and parallel to the mica fabric. This fabric is tentatively interpreted 

to be Sl. Hence, S366 mapl provides a minimum age of 1878±25 Ma for development 

ofS1, since the parallelism of the monazite grain suggest that it likely grew during or 

after S I. This is older than the S I maximum age ( 1840±5 6 Ma) inferred from grain S3 71-

18. Because ofthe large error on S371 -18, caused by the low U and Pb in the grain, 

S366map1 and S371- I8 ages are not statistically different. The weighted average of the 

four grains grouped in E~o including S392-05 rim, is 1879±17 Ma. 
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Figure 7.3 : Plot of Y vs Th content and Y vs U content of grains from both Eo and E1. X 
represents detrital grains and circles grains from E 1• Content of~ U and Y is from trace 
analyses proceeded on the grains. 

The second event (E2) modelled at 1850±5 Ma is correlated by an age cluster in 

T3 and T4. Single grains correlative to this event are found in Tl, T2 and T5. Based on 

the probability distribution curve, ages are interpreted to get younger northward (Fig. 

7.8). Ten grain/domain average ages are attributed to this event The petrological setting 
of these grains indicates that this episode of monazite growth predated the development 
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of garnet and low-temperature cordierite. Table 7.3 lists the grains with their petrological 

setting and textural features. 

Two grains, 8388..() 1 and S392map5, included in a garnet porpbyroblast provide a 

maximum age for the garnet growth. Grain S388-0l is zoned and the rim (Table 7.5) is 

interpreted as a late hydrothermal recrystaJlization of the grain. The garnet porphyroblast 

is cracked and fluids may have circulated through the cracks of the garnet porphyroblast. 

The unusual shape of the monazite core with long and narrow cuspate embayments can 

be realistically explained by an inward progressive. recrysta1Jization likely caused by 

hydrothennal fluids. Grain S388-02 is included in the same garnet porphyroblast than 

S388-0l and presents an age similar to the recrystallized rim of S388-0l. Monazite 8388-

02 has patchy zoning pattern which has been interpreted by other studies (Stem and 

Sanborn, 1998; Ayers et al., 1999) as the result of differential recrystallization or 

replacement. Other studies (Hawkins and Bowring, 1997; Townsend et al., 2000) also 

reported that grains with patchy zoning commonly yield younger ages that are likely 

related to partia1 resetting by recrystallization of the grain. Accordingly, 8388..()2 displays 

the same younger age than S388-0l rim. Additionally, both monazite grains are included 

in the same garnet porphyroblast and cracks in the garnet are visible around both 

monazite grains. Hence, S388-02 would be the result of a complete recrystallization via 

fluid interaction. Finally, the LBF shows a predominant location of patchy monazite in 

leucosome and granitic material derived from metapelites melting suggesting that melt 

interaction played an important role in the origin of the patchy zoning p~ which 

would agree with observations from other studies mentioned earlier (Stem and Sanborn. 

1998; Ayers et al, 1999). 

Grain S397 -02 located in a gxanite matrix is granular and rounded unlike typical 

magmatic monazite grains. This suggests that the grain was consumed partially during or 

before granite emplacement Hence, granite must be younger than the monazite grain at 

1858±11 Ma. Another~ 5392-17, located in the leucosome component of a 

.migmatite shows a large embayment and provides an upper limit for the age of 

migmatisation, which is interpreted to be contemporaneous with the production of 
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Table 7.3: List of monazite grain/domain average ages grouped in Event 2 (E2). Grain 
descriptions are reported in Appendix 5 and spot age data in Appendix 7. Relevant 
figure(s) for each grain are indicated in parenthesis in the Texture column. 

Transect Setting Grain Age* Gr:ain Texture category 2cr CMa) 
Fabric 

Tl Parallel to S l parallel 1840±56 S37l-18 Anhedral, elongated, parallel to S l 
grain 

Overgrown by Fabric Rounded, irregular boundary, minor T2 pamllel 1853±39 5366-16 S2 grain embayments 

n Contiguous Matrix 1847±28 S374-02 Subhedral, one side bas an irregular 
withQtz-Ms grain boundary with embayments 

T3 In fibrolite Included 1844±20 5374-01 Nwnerous embaymenrs, anhedral 
cluster grain ·(Fig. 6.14) 

n WithinMs Matrix 1836±18 S374-05 Prismatic, many small embayments, 
cluster gnin straight inclusions 
Along Qtz-Bt Matrix T3 grain grain 1836±24 S375-ll Euhedral. prismatic 
boundary 

T4 Included in Included 1855±29 S392-map5 Embayed. irregular boundary 
Grt grain (Fig. 5.2~ 6.17) 

T4 Leucosome Matrix 1848±12 5392-17 Complex zoning, large embayments 
grain one side (Fig. 5.lg; 5.2f) 

Included in Included S388-0l Irregular core with cuspate 

Grt grain 1848±08 embayments. cracked (Fig. 6.18; core 6.21; 7.2) 
Included S392-0I Resorbed core, multiple zonjng 

T4 In Bt cluster 1836±26 
grain core (Fig. 5.1f) 

T5 Leucogranite Matrix. 1858±11 S397-02 Granular, subrounded 

peraluminous leucogranite, at 1848±12 Ma. Note that S392-17 also displays a patchy 

zoning. Grain S366-l6 (1853±39 Ma) is overgrown by S2 and provides a maximum age 

for the development ofS2. In Tl, a grain paralJel to Sl gave an age of 1840±56 Ma. 

Finally, matrix grains in T3 gave ages ranging from 1836 Ma to 1847 Ma. Record ofthis 

event is reported by Wodicka (2003) who dated metamorphic monazite that yielded an 

age of ca. 1856 Ma. This age is interpreted as the onset of metamorphism. Data from 

chemical dating of monazite suggest that the E2 event was regional because correlative 

ages are in every transect. The petrological setting of the grains also indicates that the E2 
event occurred prior to growth of low-temperature cordierite and garnet porphyroblasts 
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but after or synchronously with the development of the S 1 fabric. The record of this event 

was masked by later metam01phic events. 

The third event (E3) corresponds to the age population modelled at 1829±5 Ma. 

From the age distribution on the probability curves, this event is interpreted to be 

recorded only in Transects 4 and 5. Two monazite grains included in garnet, S383-02 and 

S397-01, yielded similar ages of 1835±17 Ma and 1834±09 Ma respectively providing a 

maximum age for growth of garnet. These garnet potphyroblast are interpreted to be from 

the same generation than the garnet porphyroblasts including monazite grains from E2• 

Table 7.4: List of monazite grain/domain average ages grouped in Event 3 (E3). Grain 
descriptions are reported in Appendix 5 and spot age data in Appendix 7. Relevant 
figure(s) for each grain are indicated in parenthesis in the Texture colwnn. 

Transec:t Setting Grain Age:i::lo Grain Texture 
cate&or~ {Ma} 

Tl 

T2 

T3 

T4 Included in Included 1835±17 S383-02 Elongated 
Grt grain (Fig. 6.22) 

T4 Leucosome Matrix 1822±33 S392-06 Rim partially embayed 
grain rim 

Included in Included Subhedral. elongated, concentric 
T4 Bt grain 1822±09 S383-07 zoning, parallel to cleavage (Fig. 

6.22) 

T5 included in Included 1834:i::09 S397-0l Zoned, euhedral core and rim 
Grt grain (Fig. 5.ld; 6.25) 

The maximum age for garnet growth is provided by the youngest included 

monazite grain or domain which does not show indication of possible recrystallization. 

Hence, the garnet-forming event may be younger or synchronous to crystallisation ofE3 
monazite grains. Consequently, it is reasonable to propose that garnet growth is 

associated with the E3 event. 
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Available isotopic data from TIMS suggest that an event related to thin-skinned 

deformation (DIP in Corrigan et al., 2001) culminated at ca 1838-1835 Ma (Wodic~ 

pers. cornm.) and caused the partial melting of the LBF metasedimentary rocks in the 

south. This event correlates well with the E3 event of monazite growth. However, 

information from the petrological setting of monazite grains does not suggest that this 

event was related to a major melting event. Ages of monazite from the study area rather 

suggest that partial melting of the LBF metasedimentary rocks and migmatisation 

occurred around ca. 1800 Ma during the ~monazite forming event as discussed below. 

The fourth monazite-forming event (E4) occurred at ca.l800 Ma and the 

corresponding modelled age population was 1799±5 Ma. This event is abundantly 

recorded throughout the study area. Age clusters correlative with this event are found in 

T2, T3 and T4. Single grains of similar ages are also found in Tl and T5. Information 

from chemical ages and petrological setting suggests that some grains formed during E4 

event grew during partial melting partial of the metasedimentary rocks. 

Monazite S401-01, a well-shaped euhedral grain dated at 1804±08 M.a. is located 

in a leucogranite formed from the partial melting of the LBF metasedimentary rocks. 

Another grain, S383-0 1, located in the Qtz-Kfs-Plleucosome of a migmatitic sample was 

dated at 1798±13 Ma Additionally, munerous matrix grains from T2 and T3 (Table 7.5) 

also gave ages of ca.1800 Ma. These data strongly suggest that melting occurred at ca. 

1800 Ma. Oppositely, TIMS ages indicate that the migmatisation event occurred between 

1830-1835 Ma (Wodicka, pers. comm.). The discrepancy between these two 

interpretations is not clear. Since the samples dated by both methods were collected from 

locations -40 km apart, it is possible that two different generations ofleucosom.e were 

sampled. -r:tUs would imply that the LBF metasedimentary rocks melted twice, which has 

not been documented. 

Gamet porphyroblasts, interpreted to be younger or contemporaneous wi1h El, are 

generally resorbed. Gamet porphyroblasts located in the Qtz-Kfs-Plleucosome of the 

migmatitic samples display a skeletal habit with multiple major embayments interpreted 
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as resulting from resorption and the grain also contains numerous fractures. Hence, the 

young ages obtained from S388~0 1 rim and S388-02 can be attributed to interaction with 

fluids associated to the melting event that circulated the garnet network of cracks 

(Fig.6.18) 

Table 7.5: List of monazite grain/domain average ages grouped in Event 4 (&). Grain 
descriptions are reported in Appendix 5 and spot age data in Appendix 7. Relevant 
figure(s) for each grain are indicated in parenthesis in the Texture column. 

Transect Setting Grain Age± Grain Texture 
cate~orr 2CJ(Ma) 

Tl Parallel to Sl Fabric parallel 1815::1::63 S371·2l Subhedral, elongated. str.Ught edges 
grain 

T2 Parallel to S l Fabric parallel 1823±37 S366map2 subhedral, subprismatic, elongated, 
grain parallel to Sl (Fig. 5.lb; 6.8) 

T2 Bt-Qtz grain Matrix grain 1805±26 $367-10 grain resorbed (embayed) on half of 
boundary its grain boundary 

T2 Bordered. by Matrix grain 1791±33 S366-15 subhedral, few inclusions. zoned Bt and Qtz-Pl 
Contiguous one large embayments. sttaight T3 withMsand Matrix grain 1818±39 S374-04 
Qtz-Pl boundary with micas 

T3 Included in Included grain 1818±26 S373-0l anhedral, gr.umlar, irregular 
cro boundary 
Interstitial 

T3 between Qlz- Matrix grain 1805±15 S373-02 gr.mular, one small embayment 
Kfs 

T3 Qtz-Kfs..PI Matrix grain 1795±23 S373-03 subhedraJ, subprismaric matrix 

Contiguous 
n withaBt Matrix grain J792±24 S373-05 subbedral, straight edges, prismatic 

grain 

T4 Leucosome Matrix grain 1798±13 S383-0l euhedr.li core, rounded rim (Fig. 
5.lc; 5.2c; 6.22) 

Included in S388- anhedlal, granular, irregular rim, 
T4 Grt Included grain 1792±12 Olrim core with cuspate embayments (Fig. 

6.18; 6.21; 7.2) 

T4 lncJuded in Included grain 1791±13 S388-02 anhedral, granular, complex zoning, 
Grt numerous cracks (Fig. S.2e) 

TS Leucogranite Matrix grain 1804±08 S401-0l euhedral. complex mning; prismatic 
(Fig. 5.lh; 6.26) 
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Two grains from Tl and T2, 8371-21 (1815±63) and S366map2 (1823±37), 

parallel to Sl yielded ages correlative with E4 , although these ages are slightly older. This 

would attribute the development of S 1 to the ~ event that produced the fourth generation 

of monazite. However, Sl was earlier interpreted to be linlced to the older D1p event 

described in Corrigan et al. (2001). One explanation may arise from the large analytical 

errors of these two grains which makes them statistically indistinguishable from E3 or 

even E2 events. Hence, these two grains could in fact be formed during ~- This example 

shows that the narrow time span between the multiple monazite-forming events that 

occurred in the LBF is challenging the limit of resolution of the chemical dating of 

monazite. Use of other information such as grain chemistry, zoning pattern and 

petrological setting generally successfully correlates with grain chemical ages that 

occasionally have larger errors. 

The fifth and last event (E5) occurred around ca.1770 Ma (age population 

modelled at 1766±9 Ma). The youngest event recorded in the LBF is mainly found in the 

northern part of the area. As highlighted by monazite grown parallel to S2, it is likely 

linked to the development of the S2 fabric in the north. It is possible that this event was 

more local. No TIMS ages are correlative for this age. Because of the generally small size 

of the grains bearing this age, it is likely that these grains could not be recovered from the 

crushing process preceding TIMS analysis or that bulk rock composition was not 

appropriate as LBF samples collected were psammites and wack.es. 

The existence of a younger grain in an older setting (S 1) can be explained as the 

result of later monazite growth or recrystallization parallel to S 1. In support of this 

hypothesis, the grain is not elongated to the same extent as the other two S 1-parallel 

grains. Also, its age is similar to S2-parallel grain ages, corresponding to a known period 

of monazite growth. 

Ages correlative with E5 were also found in monazite grains partially included in 
resorbed biotite. This is unexpected as the textural relationship suggests that these should 

be older. A 1761±90 Ma age was yielded by the outermost rim of grain 8392-01 and is 
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interpreted to be from hydrothermal origin. The fluids could have migrated through 

biotite cleavage and fractures, providing that the grain was not perfectly sealed, and 

caused growth or resetting of the outermost rim. In the case of S388·16 (Fig.6.21 ). the 

1768± 14 Ma age is in the whole grain. The grai.n is parallel to the mica cleavage and 

would normally be interpreted to be syn-biotite growth. Hence, this age is difficult to 

explain in regards to its petrological setting. One explanation could be that the grain was 

epitaxial and replaced an earlier mineral or recrystallization of the grain was caused from 

hydrothermal fluid infiltration. 

Table 7.6: List of monazite grain/domain average ages grouped in Event 5 (Es). Grain 
descriptions are reported in Appendix 5 and spot age data in Appendix 7. Relevant 
figure(s) for each grain are indicated in parenthesis in the Texture column. 

Transect Setting Grain Age::t2cr Grain Texture categorv (Ma) 

Tl Parallel to Fabric parallel 1771:1:51 S371·09 Subbedral, subprismatic (Fig. 5.2a) S2 grain 

T1 Pandlel to Fabric parallel 1756:1:36 S371~06 · 
Elongated. straight edges 

S2 grain (Fig. 6.3) 

TI Parallel to Fabric parallel 1756±47 S371~19 Subprismatic (Fig. 5.la) S2 grain 

Tl Parallel to Fabric parallel 1741:1::48 S371~20 
Anhedral, granular, fiactun:d 

Sl gr.Un (Fig. 6.4) 

contiguous Anhedral, granular, minor T2 witbMsand Matrix grain 1775%32 S367map1 embayment on one side Qtz-Pl 

T2 Oblique to Fabric parallel 1751±35 S366-07 Square, subprismatic, oblique to S I 
SI grain fabric, embayment (Fig. 6. 7) 

Contiguous Anhedral. granular T3 withMsand Matrix grain tmm S373-04 (Fig. 6.12) 
Q1z 

Iru:luded in Elongated. concentric zoning. 
T4 Included grain 1768±14 S388~16 discontinuous rim, parallel to Bt Bt cleavage (Fig. 6.20) 

T4 In Bt cluster Included grnin 1761±46 S392-0l Discontinuous rim. embayed or 
rim minor overgrowth (Fig. S.lt) 

TS 
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LBF monazite grains yielded ages spanning over more than 100 My. These ages 

cluster around two main broad peaks ( ca.l800 Ma and ca. 1840 Ma; Fig. 7 .2), which, 

based on observation of age probability distribution in individual transects and statistical 

modelling, are likely combined peaks (younger broad peak, ca.l765Ma and ca.l800 Ma; 

older broad peak, ca.l830 Ma and ca.l850 Ma). In this study, the these four age cluster 

were discussed separately and evidence from petrological setting of monazite grains, 

statistical modelling and good correlation with known TIMS ages tend to support the 

hypothesis that these age clusters represent distinct episode of monazite growth. 

However, the large error on grain ages relative to the difference bet te different age 

cluster do not allow to dismiss completely the possibility that of more than 

In suqunary, five distinct monazite-fanning events are recognised in the LBF. 

Also two detrital grains were identified. Monazite-forming event (EJ) may be correlative 

with emplacement of the megacrystic monzogranite in the south or represent a younger 

metamorphic event yet unrelated to any specific metamorphic feature of the LBF. The 

second event (E2) was more regional and pre-dated development of garnet and low-grade 

cordierite. Development of the Sl fabric is likely related to this event. Event £2 was 

probably masked by later metamorphic event. The third event (£3) seems to be restricted 

to the southern part of the study area and may be related to formation of garnet and 

cordierite porphyroblasts. The fourth monazite-forming event(~) was synchronously 

recorded throughout the study area and corresponds to the partial mehing of the 

metasedimentary rocks. Finally. the last monazite-forming event (Es) is related to the 

development of the a late mica fabric identified as S2. 

7.6 Implications for the THO tectono-metamorphic history 

The record of 5 episodes of monazite growth suggests a complex tectono-thennal 

history for the LBF. The recognition of potential age gradients is interesting in terms of 

tectonic evolution of the LBF. The northward younging of the E2 and E3 episodes of 

monazite growth correlates very well with the idea of a northward progression of the 

thin-skinned deformation. Faulting and thickening of the supmcrustal material occurring 

early in the south correlates with monazite ages being older in the south and the 
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progression of the defonnarion to the north is recorded by the northward yoWlging 

monazite age gradient. 

The synchronous development of the ~ monazite generation throughout the study 

area indicates drastic changes in the nature or dynamics of the operating tectonic 

processes. The chemical age data for monazite suggest that this event. related to the 

partial melting of the sedimentary rocks, occurred synchronously throughout the 

transects. But it is more likely that the progression of the deformation occurred much 

faster than for previous events, so progression in age from the south to the north could 

not be recognised within the resolution of monazite chemica] daring. 

The last event mainly recorded in the northern part of the study area could 

represent the locking of active deformation in the south and progression of the 

deformation front funher north. The geochronological data obtained from monazite 

chemical dating suggest that THO was active for a period spanning from ca.1880 Ma to 

1770Ma. 

The ·good agreement of monazite ages yielded by chemical EMP dating confirms 

the potential of this technique for deciphering the thermal history of areas affected by 

multiple events. Preservation of the petrological setting of the analysed grains and 

information on their chemical content reveal to be very insightful in interpreting the grain 

ages. However, the lower resolution of the technique may require to use it in combination 

with another isotopic technique when attempting to distinguish between ages differing 

only by a small amount of time. The development ofthermobarometry tools using 

monazite will give further significance to these ages. 

7.7 :Suggestions for further work 

Investigation of the LBF monazites provided useful information on the tectono-

metamorphic history of the THO in this area as well as on monazite behaviour with 

increasing metamorphic grade. However, the limited extent of the study left many-

questions pending. Numerous problems certainly deserve greater attention from 
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researchers. Areas of work for which further investigation would be complementary with 

this study and help understanding monazite behaviour under prograde metiunorphic 

sequence are presented below. 

1) Detailed examination of the bu1k rock geochemistry of the samples is required to 

permit comparison with other prograde metamorphic sequences since bulk rock 

composition has been proven to be an important controlling factor for monazite stability 

under a range of metamorphic conditions. 

2) A more extensive study of the distribution and nature of accessory phases in the LBF 

combined with element mapping tools, bulk rock geochemistry and the chemical 

characterisation of accessory minerals will provide a better understanding of the interplay 

between monazite and other accessory phases. 

3) Further investigation of migmatites to better understand the behaviour of monazite 

during partial melting of metasedimentary rocks will be helpful. 

4) Thermometry and barometry of monazite with accompanying mineral assemblage 

would give precise knowledge ofthe P-T conditions at the time of monazite equilibrium 

and provide significant information on the P-T -t history of the rock. 

5) Investigation of monazite inclusions would reveal information on pre-monazite 

mineral ~semblages and possibly P-T conditions. 

6) SHRIMP analyses carried out on selected monazite grains previously dated by EMP 
chemical dating would allow to test the accuracy of the CHIME technique and confinn 

the validity of the results. 

7.8 Conclusions: 

1. In the LBF. monazite appeai"s early in the prograde metamorphic sequence. Upper 

greenschist rocks contain small but widespread metamorphic monazite grains. The 

156 



low to moderate CaO content of the LBF possibly suppressed the stability field of 

allanite, a common precursor to monazite in metapelites, allowing monazite to appear 

first at upper greenschist facies. 

2. The transition from the Kfs-Sil zone to the migmatite zone coincides with a 

significant increase in size and abundance of monazite and significant changes in 

monazite composition, notably a significant increase in Y content. Highly resorbed 

garnets are reported from this transition. 

3. Increasing metamorphic grade strongly influences the composition ofLBF monazite. 

The LREE content decreases, whereas the HREE, Ca, Th, U, Y content increases; the 

P and Si content is relatively stable. The broader.spread in element content values 

observed at higher grade indicates that other factors than metamorphic grade also 

control monazite composition. Brabantite substitution is the main mechanism to 

incorporate Th and U in monazite. 

4. Monazite is scarce in leucosomes, but abtmdant in granitic bodies. Inherited 

monazites were identified in the granite. Both monazite and xenotime with euhedral 

magmatic textures were identified in the granite suggesting a magmatic 

crystallisation. The absence of monazite from the leucosomes suggests that the melt 

was not yet saturated enough in P04 and LREE to crystallise monazite. 

5. Based on EMP U-Th-Pb chemical dating of monazite 6 different age populations 

within LBF monazite were recognized. Detrital grains {Eo) older than 1908 Ma were 

identified. Episodes of monazite growth were dated at ca. 1878 Ma (Et ), 1850 Ma 

(E2), 1.830 Ma (E3), 1800 Ma (lit) and 1770 Ma (Es). 

6. Significance ofE1 was not resolved. E1 ages are within error from Eo grains that are 

probably detrital; E1 monazite ages are also statistically similar to the age of the 

morizogranite emplacement in the south (1897+7/-4 Ma), and similar to metamorphic 

monazite ages reported by Wodicka et al. (ca.l877-1874 Ma; 2003). 
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7. E2 monazite ages are correlative with thin-skinned deformation and petrological 

textures suggests it may be associated with cordierite growth and S I development. 

8. EJ monazites ages are within error from E2 ~nd E4, but normal probability plots, 

statistical modelling and petrological setting suggest that it represents a distinct 

episode of monazite growth. However, further work is required to confirm this 

hypothesis. Petrological data suggest that E3 is associated to garnet growth. 

9. ~monazite is interpreted to be associated to partial melting of the LBF in the south. 

This event is widespread in the study area. 

10. Es monazite ages were mainly reported from monazite in T 1. The parallelism of the 

grains with an S2 fabric suggests that these grains are syn- to post- S2 development 

11. The age data indicate a northward younging of the E2 and E3 events. These two 

events are mainly recorded in the southernmost transects. E4 is synclrronously 

recorded throughout the field area and E5 is mainly recorded in the northern part of 

the study area. This new information suggests a variation in the tectonic style 

through time and/ or a migration of the main deformation zone. 
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Appendix 1 

Procedure for monazite analysis and chemical dating 

using the JEOL 8200 Superprobe at Dalhousie University 

Al.l Pre-analysis specifications 

Polished thin sections should be free of any Pb contamination. Ideally, thin 

sections should be entirely polished using a Ph-free disc. Samples polished using a lead 

lap need to be re-polished using a lead-free lap. 

Sections should have a double carbon coat for any analysis (single gram 

mapping, thin section mapping, line analysis or trace element analysis) done using 200 

nA current. Otherwise, permanent beam damage is likely. Burning off the carbon coating 

may also affect the accuracy of results. For analysis done at 20nA (major element 

analysis), a single caxbon coating is sufficient A good cleaning is essential It is 

recommended to first use soap and rinse. Then, use alcohol and ultrasonic bath to get rid 

of all the oil (often deposited on the thin section during the polishing process). At high 

current (-200 nA) oil trapped between the rock material and the carbon coating will heat 

up, boil, and blow off the coating. 

Two reference points, using a sharp pennanent marker, should be put on opposite 

comers of the upper surface for (re)Location of analysed grains. For easy recognition in 

SEM, COMPO, or BSE imaging, the points should be drawn directly on the rock rather 

than the epoxy. 

Al.2 Location of monazite grains 

Locate the two marker points drawn on the thin section and take note of their 

coordinates. Also, make sure to note the orientation of the thin section and its position in 

the thin section holder. This is your best way to find again the. analysed grains quickly 

(coordinates are in mm)! Two methods can be used to find the monazite grains in the thin 

section. 
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A 1.2.1 Scanning in BSE mode 

In BSE imaging mode, grains with higher average atomic number appear brighter. 

Because of its chemical composition monazite is generally one the brightest minerals in 

regular granitic, metapelitic, or sedimentary rocks. Its density (i.e. its mean atomic 

number) is much greater than most common silicates. By enhancing the contrast to merge 

into the dark background all the minerals with low mean atomic number (e.g. silicates 

and oxides), only the brighter spots due to minerals with high mean atomic number will 

remain visible. If the composition and/or the metamorphic grade of the rock is right, it is 

likely that some of the bright spots are monazite grains. Analyse the suspect bright spots 

with EDS (A1.3) until you find monazite. Then adjust the contrast to merge into the 

background all other minerals but the monazite. This will distinguish monazite and 

minerals with a similar or greater average atomic number (e.g., zircon, iron oxides and 

sulphides). Mineral textures and habit help to distinguish monazite from other bright 

minerals. 

Al .2.2 Thin section X-rav mapping 

X-ray chemical mapping of the full thin section or selected parts of it for 

characteristic elements (e.g., Mg, Ca, Ce, Y, P) provides information to locate monazite 

by finding matching spots of high concentration of elements specific to this mineral. It 

bas the advantage of showing the distribution of monazite grains within the thin section. 

Up to 5 elements and a BSE image map can be simultaneously obtained. This method 

provides a lot of infonnation on the rock texture and monazite in various settings. X-ray 

mapping requires more time than BSE scanning, but allows location of fine-grained 

monazites. By combining information from various element maps, it is possible to locate 

monazite and other phosphate phases accurately (e.g., Ce and P for monazite, Y and P for 

xenotime, Ca and P for apatite). Elements to be mapped can be changed, but possible 

combinations depend on spectrometer configuration (i.e. specific elements can only be 

analysed on certain crystals, so not all combinations are possible). 

The selection of the interval, which is the perimeter (length x width) in mm of the 

area to be mapped, is your choice. Resolution depends on the pixel size you choose (from 
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1 ).ll1l to 100 ).llll). The time spent to produce a single map depends on the number of 

pixels (max: 800 x 800) and the dwell time (in msec) spent on each pixel For an area of 

16 x 16 mm with 800 x 800 pixels and a dwell time of 15 msec, it takes about 3hrs 30min 

to generate a map with a pixel size of 20 ).llll. In fine-grained schists, this level of 

resolution is good enough to reveal monazite and xenotime down to 10 ).ll1l in diameter. 

The level of resolution you need depends on the grain size of the rock analysed and the 

size of the smallest monazite grain you expect to fmd. Table A l.l provides recommended 

analytical settings; the analytical procedure is given next. 

Table Al.l: Typical thin section X-ray mapping analytical conditions 

Ace. Voltage: 15kV Scan Type: Stage (uni) 
Probe current: 200nA Stage Drive: Normal 

Probe diam.: 0.5 ).ll1l Pixels (X. Y): 800 X 800 

Magnification: 40x Pixel Size (X, Y): 20.0~ X 20.0 f.1ID. 
Dwell time: 15 msec 

Thin section X-ray mapping procedure 

1. In the upper Bar Menu go to the .. Analysis" icon. From the menu choose .. Map 

Analysis". In "Sample" choose ''MonaziteTrace" 

2. Go to "Measurements"> ''Element conditions ... Choose the elements to be mapped 

and verify that "Measur. order" is right (e.g., Ca on CHI , Ce on CHS, Mg on CH3, 

P on CH2 and Yon CH4) 

3. Go back to ''Measurements" and click on ''EOS conditions". Adjust the settings 

according to the left column of Table Al.l. 

4. Back to "Measurements", go to .. Stage cond." > ''Pos. Input". A screen similar to 

Figure Al.l should appear. Give a name to your map file in the "Comment" box. 

Verify-that settings are similar to the right column of Table A 1.1 above. 

5. To select the area to be mapped, position your beam at the upper right comer of the 

desired area. Go to "Store''> "Read"> ''To starf'. Go to ••confirm", the stage will 

move to every comer defining the area to be mapped. You must record each of these 

positions by hitting the "Store" button on the joystick pad every time the stage 
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moves to a new position. If you realise the position is wrong, hit "Cancer' and either 

relocate your start position or change the number of pixels in the X- or Y-axis. 

Complete recording by hitting the "Apply" button. 

6. "Close" > "Preset Measur." To see mapping in progress: Upper Bar Menu go to the 

"Process" icon > "To map" > .. Realtime" > "Starf' 

Figure Al.l: Snapshot of the screen in mapping mode. 
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Al.3 Identification of monazite (EDS analysis) 

Before spending time analysing and mapping a grain, confirmation of the nature 

of the grain should be obtained using quick qualitative EDS analysis. 

Qualitative EDS analysis procedure 

1. First turn off the "PRB scan" button (green button on your left goes off!) 

2. Then, click on "EDS" icon on the very bottom tool bar; a screen will come up on 

your right 

3. Hit the "Acquire" button; the analysis will start. You can stop it after a few seconds, 

once you can clearly distinguish the different peaks. To do so, just hit the button 

again. 

Since X-rays have characteristic energies, the solid-state detector records and 

separates the electrons received based on their energy. In qualitative electron dispersive 

spectrometry (EDS) analysis mode, a histogram of the abundance of electrons with the 

different energies is displayed using a bin size of 0.01 KeV (Figures Al.2-A1.5). The 

energy of the peak (in KeV) is characteristic for each element and its intensity (in counts 

per second) indicates its relative abundance. The EDS pattern provides information on 

the composition of the mineraL Monazite can easily be recognised to its typical pattern. 

Figure Al.2 provides an example of typical monazite qualitative EDS pattern and figures 

Al.3-Al.5 show typical EDS pattern measured from zircon, xenotime and apatite grains. 

Figure Al.2: Typical qualitative EDS pattern of a monazite grain 
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Figure A1.3: Typical qualitative EDS pattern of a zircon grain 
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Figure Al.4: Typical qualitative EDS pattern of a xenotime grain 
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Figure Al.S: Typical qualitative EDS pattern of an apatite grain 
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Al.4 Characterization of element distribution CBSE imaging and sing1e grain X-ray 

mapping) 

Before analysing monazite for major and trace element chemistty, it is important 

to assess the chemical homogeneity. You must verify if the grain is chemically 

homogeneous or zoned. In the case of a zoned grain, you need to know the geometry of 

the chemical zones. Each zone will have to be characterized for its major element content 

and will be analysed separately for trace element content. 

Identification of chemical zonation is important because each zone will require a 

specific ZAF correction that will be defined by its average major element composition. 

Also, zoning in Pb, U, and Th may, but not always, indicate an age zonation. 

Al.4.1 BSE imaging 

The chemical homogeneity of the monazite can be evaluated by looking at the 

grain in BSE imaging mode and enhancing the contrast. Because the elements Pb, Th, U 

and Y have a high atomic number, and together they account for a significant proportion 

of the composition of monazite, BSE imaging will generally reflect zonation in these 

elements. BSE images should give you enough information to select the location of major 

element spot analyses. Later on, you can choose grains for dating based on BSE and 

major element data. However, it will be necessary to obtain an X-ray map of the grain 

before proceeding to trace element analysis. 

Procedure for acquisition of a BSE image 

1. Adjust the magnification and the contrast to the desired level. It is strongly 

recommended to save and print an image of your grain to locate your analyses and to 

keep in your records. 

2. To take a picture simply hit the "Photo" button. 

3. To print go to "Utility"> "Graphics•• > "hnageMagick" 

4. Find the picture in the folder, open, view at half-size, and print 

176 



Al.4.2 Single grain X-ray mapping 

Once a grain is chosen for dating, it is recoi:nmended to obtain an X-ray map for 

U, Th, Pb and Y in order to verify and constrain the zoning in these elements. It is 

important to identify the different chemical zones. Analytical conditions in trace analysis 

mode are set for each domain. 

Table A1.2: Single grain X-ray mapping analytical conditions 

Ace. Voltage: 15kV Scan Type: Stage (uni) for grain> 60 J.liil 
Beam for grain < 60 IJl1l 

Probe current 200nA Stage Drive: Normal 

Probe diam.: 0~ Pixel Size: 0~ 

I Magnification: 
vary with the size Dwell time: 40 msec of the grain 

Single grain X-ray mapping procedure 

1. In the upper Bar Menu go to the "Analysis" icon. From the menu, choose "Map 

Analysis". In "Sample" choose "MonaziteTrace". 

2. Go to "Measurements" > .. Element conditions". Choose the elements to be mapped 

and verify that "Measur. order'' is right (e.g., Pb on CH5, Th on CHI, U on CH2 and 

YonCH4). 

3. Go back to "Measurements" and click on "EOS conditions". Adjust the settings 

according to the left column of Table Al.2. 

4. Back to "Measurements", go to ••stage cond.'• > "Pos. Input'. A window similar to 

Figure ALl appears. Give a name to your map file in the "Comment" box. Verify 

that settings are similar to the right column of Table A1.2. 

5. Position your beam in the centre of the grain. Go to "Store"> "Read"> "To center''. 

Go to "Confirm"; the stage will move to every comer defining the area to be 

mapped. You must record each of these positions by hitting the "Store" button on the 

joystick pad every time the stage moves to a new position. If you realise the position 

is wrong, hit .. Cancef' and either relocate your start position or change the number of 
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pixels in the X- or Y-axis. Complete recording by hitting the "Apply" butto~ then 

"Close". 

6. "Measurement"> "Preset Measur." To see the mapping in progress: Upper Bar 

Menu go to the "Process" icon >"To map"> "Realtime"> "Start'. 

A1.5 Major element analysis 

The next step is acquiring complete major element analyses to characterize 

monazite chemistry and to establish the ZAF correction to be used during trace element 

analysis. 

Major element analysis procedure 

1. On the upper bar menu, go to "Analysis" > "Quantitative Analysis" > 'tSample" > 

"Group"> "AgeDate" > "MonazMajor" 

2. Before starting, make sure the settings are correct. Go to "Quantitative Analysis" and 

verify that settings under ''EOS cond." correspond to Table A1.3, the settings under 

"Measur. Order" correspond to Table A1.4 and settings under "Element Cond.•• 

correspond to Table Al.6. 

3. Before starting analysis you must run a control sample to verify the accuracy of the 

calibration. Move the stage to the Monazite 53 sample. 

4. To record the spot to analyse: under "Quantitative Analysis", go to "Stage cond. •• > 

"Pos. Input"> "'Read & Apply" > "Close" 

5. To run analysis: go to "Stage cond." > "Pos. Input"> "One-by-one"> "Acquire" 

6. Verify that the results correspond to those in Table A 1.5. For small variations, you 

can simply adjust the intensity of counts recorded in the standard for this element 

and for larger variations you must recalibrate for this specific element. 

7. To adjust the intensity of counts recorded in the standard for this element go to 

"Analysis" > "Standard analysis" > "Measurement' > "Check data" > "Net 

intensities" and "Save" after data intensities are adjusted. While adjusting the values, 

note that changes made on the counts produce the inverse effect on the result of the 

analysis (i.e. decreasing the count intensity. by 3% on the standard increases the wt% 

value by 3%). 
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8. To recalibrate an element: go to "Analysis"> "Standard analysis"> "Sample" Then. 
you choose the standard of the element to recalibrate. Table Al.71ists all the 

standards used for major element analysis of monazite, and their compositions. 

9. Once you have selected the standard, verify the analytical conditions. Press 

"Acquire". Afterwards, run another control analysis on Monazite 53 to verify that 

values are now within error. Once results on monazite control are satisfactory, you 

can start to analyse unknown monazites. 

10. To record and run analysis on unknown monazite grain(s): go to "Quantitative 

Analysis", "Stage cond." > "Pos. Input"> ''Read & Apply". To enter many points, 

position the stage at the new spot location and record with "Read & Apply''. Repeat 

for each spot. Go to ''Stage cond." and "Preset measur." to start analysis. 

Table A1.3: Major element analysis typical EOS conditions. 

Ace. Voltage: 
Probe current: 

15kV 
20nA 

Probe diam.: 
Magnification: 

OJ.Illl 
4000x 

Table A1.4: Measurement order of the elements for major element analysis. 

CHI (PETJ) 

Ca 
p 
Th 
u 

CH 2 (LIF) 

Ce 
Dy 
La 

CH3 CH4(TAP) 

Si 
y 

CH 5 (LIFH) 

Gd 
Nd 
Pr 
Sm 

Table Al.S: Average composition of Monazite 53 control in oxide wt %. 

Element weight% Element weight% 

CaO: 0.42 Pr203: 3.49 

Cez03: 32.31 SiOz: 0.81 

Dyz03: 0.14 Smz~: 1.00 

GdzO:J: 0.54 Thz03: 3.24 

Laz03: 16.53 U(}z: 0.06 

NdzOJ: 11.24 Yz~: 0.52 

PzOs: 28.26 Total: 98.55 
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Table Al.6: Element conditions for major analysis. 

Element Ca Ce D;t Gd La Nd 

Line Ka La La L~ La LJ3 
Standard K.K CePO• REE4 REEl LaP04 REE2 
Spectrometer 1 2 2 5 2 5 
Crystal PETJ LIF LIF LIFH LIF LIFH 
Peak 107.542 178.195 132.790 128.470 185.443 150.671 
BkgWL 5.0/5.0 3.0/3.0 5.5/2.3 1.0/1.0 5.0/5.0 5.15/5.89 
High V. (V) 1610 1700 1700 1610 1700 1730 
Gain 32 8 8 32 8 32 
Baseline 1.0 0.2 0.2 1.0 0.2 1.0 
Window Width 8.0 9.3 9.0 8.0 8.0 (V) 
Mode Diff. Diff. Int. Diff. Diff. Diff. 

Peak (s) · 40 40 40 40 40 40 

Background ( s) 20 20 20 20 20 20 

Table A1.6 (continued): Element conditions for major analysis. 

Element p Pr Si Sm Th u y 

Line Ka L~ Ka LJ3 Ma Mf3 La . 
Standard CeP04 REE3 Sanidine REE2 Th02 u~ YAG 

Spectrometer 1 5 4 5 I I 4 

Crystal PETJ LIFH TAP LIFH PETJ PETJ TAP 

Peak 197.187 157.122 77.275 139.058 132.468 118.94 69.87 

BkgUH 5.0/5.0 1.25/24.2 5.0/5.0 II.80/5.8 2.0/2.0 2.9/1.6 1.0/1. 
3 0 

High V. (V) 1708 1730 1650 1730 1718 1700 1700 

Gain 16 32 32 32 16 16 32 

Baseline 2.0 1.0 1.0 1.0 4.0 2.0 3.5 

~indow ~idth 4_0 8.0 8.0 8.0 4.5 4.0 5.0 

Mode Diff. Diff. Diff. Diff. Diff. Diff. Diff. 

Peak (s) 40 40 40 40 40 40 40 

Background ( s) 20 20 20 20 20 20 20 
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Table Al.7: Standard for each element with its composition. 

Element Standard Weight% Element Standard Weight% 

Ca K.K CaO, 10.30% Pr REE3 Pr203, 4.44 % 

Ce CeP04 Ce203, 69.81 % Si Sanidine Si02, 64.67 % 

Dy REE4 Dy203, 4.36 % Sm REE2 Sm203, 4.26% 

Gd REEl Gd203, 4.46 % Tb Th02 Th02, 99.99% 

La LaP04 La203, 69.65% u U02 U02, 98.87% 

Nd REE2 Nd203, 4.26 % y YAG Y203, 57.06% 

p CeP04 P205, 30.20 % 

AL6 Trace element analysis 

Trace element analysis is a critical step in the dating procedure of monazite (see 

Appendix 2 for age calculation procedure). It is essential to follow rigorously each step to 

make sure that calibration and corrections are done adequately_ It is also very important 

to recognize chemical domains and deal individually with each of them. 

Trace element analysis procedure: 

1. On the upper bar menu, go to f,4 Analysis" > "Quantitative Analysis" > , Sample" > 

••Group" > .. AgeDate" > "MonaziteTrace" 

2. You must start by calibrating Pb, Th, U andY: Go to «Analysis" > .. Standard 

Analysis"> .. Sample". Choose the standard depending on the element (Crocoite for 

Pb. Th02 forTh, YAG for Y, and U02 for U). Go to ''Measurement", check "EOS 

cond." with Table Al.8. 

3. Check "Element Conditions", which should be similar to Table AL9. Make sure that 

peak and background measuring times are 40 and 20 seconds respectively. 

4. Run calibration, "Stage cond.'' > "Pos. Jnpur > "Read & Apply"> ''Acquire". If 

low compared to last calibration, check PH.A. and adjust if necessary. Then, 

recalibrate following the same procedure. 

5. Go to "Analysis"> '"Quantitative Analysis ... Before starting, make sure the settings 

are correct. Verify that "EOS cond." settings correspond to Table Al.8. 
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6. Using X-ray maps of the grain to be dated you can identify the various chemical 

domains present. For every chemical domain, calculate the average major element 

composition. Transform the oxide wt% values into element wt% values using the 

Excel spreadsheet ( OxiCorrv.xls) available on the service computer. 

7. You must determine the position of low and high backgrounds for each element 

measured in trace mode within every chemical domain. Run a WDS scan. Go to 

"Analysis" > "Qualitative" > "WDS Scan". In "Sample" choose 

"MonaziteWDSscan". Verify that the settings correspond to Table Al.lO. Record 

spot location ("Stage cond." > "Pos. Input"> "Read & Apply") and proceed to 

analysis ("Stage cond." >"Preset measur. ''). 

8. You can view the analysis in real time: in the upper Bar Menu go to "Process" > 

"WDS Scan"> "Realtime"> "Starf'. Print the scan window (see Figure A1.6) and 

determine the background positions on both sides of each peak (see Figure Al.7). 

Positions have to be close to the peak of interest while also being as far as possible 

from any interfering peak. 

9. Go to "Element Cond." and insert the new values for background positions. Also 

verify that settings under .. Element Cond." correspond to Table A 1.11 and do not 

forget to reset times to 600/300sec, (peak/background). 

10. Enter the fixed weight calculated for all elements including 0, except the four 

analysed in trace mode (Pb, Th, U and Y). Note that background positions and 

average element wro/o values must be determined for each chemical domain. 

11. Set up points on unknown monazite grain(s) and run analyses. 

12. To calculate ages, plug in element (as ppm) and other required values in the Excel 

spread sheet available on the service computer. 

13. CoJlect BSE images of analysed grains - burned marks show exact locations of 

analysed spots 

Table A1.8: EOS conditions for calibration in trace analysis mode. 

Ace. Voltage: 

Probe current: 

15kV 

200nA 

Probe diam. ij.u:n): 

Magnification: 

182 
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4000x 



Figure A1.6: WDS scan of a monazite grain (Pb CH-5, Th CH-1 , U CH-2 and Y CH-4) 
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Figure Al. 7: Interpolated background below a Pb Ma peak from a WDS scan on 
monazite (PETH crystal, PlO, 15 kV, 200nA). 
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Table Al.9: Analytical settings for trace element analysis calibration 

El. Pb Th u y 

Line Ma Ma M~ La 
Standard Crocoite Th(h uo2 YAG 
Spec 5 1 2 4 
X tal PETH PETJ PETJ TAP 
Peak 169.198 132.468 118.898 69.870 
BkgUH 3.3/4.0 2.0/2.0 5.0/5.0 1.011.0 
High v. (V) 1700 1718 1700 1700 
Gain 64 16 64 32 
Baseline 0.7 4.0 2.5 3.5 
Window Width (V) 3.5 4.5 2.8 5.0 
Mode Diff. Diff. Diff. Diff. 

Peak (s) 40 40 40 40 

Back (s) 20 20 20 20 

Table Al.lO: WDS Scan analytical conditions 

Ace. Voltage: 15 kV Scan: ON 
Probe current: 200nA Magnification: 4000x 

Channel #1: Th 
X tal: PETJ Interval: 50 jliil 
Start: 127mm Length: IOmm 
End: 137mm Dwell time: lOOOms 

Channel #2: U 
Xtal: PETJ Interval: 50 J1ID 
Start: llOmm Length: 15mm 
End: 125mm Dwell time: lOOOms 

Channel #4: Y 

X tal: TAP Interval: 50 !JlD. 
Start: 67mm Length: 6mm 

End: 73mm Dwell time: lOOOms 

Channel #5: Pb 

Xtal: PETH Interval: 50 J.llll 

Start: 163mm Length: 13mm 

End: 176mm Dwell time: lOOOms 
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Table Al.ll: Analytical conditions for trace element analysis. 

Element Pb Th u y 

Line Ma Ma MfJ La 
Standard Crocoite Th02 uo2 YAG 
Spectrometer 5 I 1 4 
Crystal PETH PETJ PETJ TAP 
Peak 169.198 132.468 118.940 69.870 
Bkg I.JH 3.0/4.0 2.0/2.0 2.9/1.6 1.0/1.0 
High V. (V) 1700 1718 1700 1700 
Gain 64 16 16 32 
Baseline 1.2 4.0 2.0 3.5 
Window Width 2.5 4.5 4.0 5.0 (V) 
Mode Diff. Diff. Diff. Diff. 
Peak (s) 600 600 600 600 
Background (s) 300 300 300 300 
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Appendix2 

Error and age calculation procedure 

A2.1 Theory of counting statistics and age calculation 
Quantification of errors in monazite chemical analysis is based on counting 

statistics. This arises from both the nature of X-rays and the functioning of an electron-

microprobe (EMP). The following section describes each step in assessing error through 

the monazite dating procedure. Note that calculations are shown here in detail for 

illustrating the principles, but in practice all data are entered into an Excel spreadsheet 

and calculation of errors is automated. 

Radiation produced through beam excitation is recorded by counters in the EMP. 

X-ray emission is a random phenomenon occurring through time. which obeys Poisson 

statistics (Scott and Love, 1983). The standard deviation (a) of a typical Poisson 

distribution is equal to --lN. where N is the number of counts. 

This basic relation applies to EMP counting statistics. During a typical 

quantitative analysis. a spectrometer records a number of counts at the peak (Np) through 

a length of time tp. The standard deviation for peak measurement can be reported as 

.../Npltp. The spectrometer also measures counts from the background (NB) during the 

length of time t8 , from which a standard deviation can also be calculated of the form 

.../Nsf to. 

A2.2 Intensity calculation 

Measurement values are reported as intensity (I) expressed in counts per second 

(cps). The intensities from peak and background correspond to the following equations: 

lp = Np/ tp (eq. A2.1) and Io = NB I tB (eq. A2.2) 

where 

lp, 18 = intensity {cps) at both peak and background positions. 

Np, N8 = total measured counts { cnts) at both peak and background positions. 

tp, to = measuring time ( s) at both peak and background positions. 
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Because continuwn X-rays (Bremsshtralung X-rays) and other phenomena 

produce a continuous background radiation through the whole X-ray spectrum, the 

intensity measured at the peak must be corrected for background noise. The net intensity 

is simply obtained by subtracting background intensity from the peak value. 

lnet = lp- Ia (eq. A2.3) 

Hence, error on the net intensity is calculated by summing the error from both 

peak and background. Note here that N/t can be replaced by I, especially if data are 

given on the print-out as intensity values. 

Genernl equations for standard deviation for peak and background. 

NP) (Ns) UP- a = - 2- + - 2- eq. (A2.4) or 
lp t8 

u--.= (~ H::) (eq. A2.5) 

and relative standard deviation: 

&M= (~}(~)/(~)-(:) (eq.A2.6), or 

&P- s= (:}(:: ))/p-Js) (eq. A2.7), or 

&P-a=a P-a/lnet*lOO (eq. A2.8) 

However, background intensity cannot be directly measured underneath the peak. 

because peak and background signals are merged together and are indistinguishable from 

each other. This difficulty is overcome by measuring background intensities on both sides 

of the peak at interference· free positions and a linear interpolation allows estimation of 

the value under the peak position. Interpolated background is calculated through equation 

A2.9. 
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lB = fat x LliL + IsH " LBH (eq.A2.9) 
LBL+LBH 

lsL = Count intensity (cps) measured at the low background position 
IsH = Count intensity (cps) measured at the high background position 
LBL = Distance (mm) of the low background p~sition to the peak 
LsH = Distance (mm) of the high background position to the peak 

Background positions should be selected based on a WDS scan obtained for every 

chemical domain and/or grain. The figure below shows an example of background 

positions selected on both sides of a Pb Ma peak with the interpolated linear background 

drawn in as a dotted line. 

Figure A2.1: Interpolated background below a Pb Ma peak from a WDS scan on 
monazite (PETH crystal, PIO, 15 kV, 200nA). 

Ch5 400 
PEnl 

200 J 
- -~---- --lnt~..,.lbtul lxlcl:taound line-

D - 164 166 168 110 172 174 176 

Because the interpolated background value (Is) is a function of two independent 

measurements (18L and IsH), the error inherent in each measurement must be incorporated 

into the 18 value before error is calculated on the net intensity (lnet). This can be done 

through the following equation by summing the standard deviation on both backgrounds: 

The equation for calculating error on lnet ( <Jp.o) then becomes, 

Both factors (denominators) that are used to normalize the counts (N), which are 

background distances from peak and counting time, must also be squared to preserve the 

unit relationship. Replacing the terms in the previous equation gives equation A2.12. 
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( ) ( )2 ( ) ( )2 ( J ~ UL ML UH N~ 
G'P-B= - + X - + X -iJ. LBt+lBH ~~L ut+LBH t~H 

(eq. A2.12) 

Because of the relation I = Nit, the equation can be simplified to: 

()( )2( )( )2( ) fp UL IBL UH lBH 
G'P-B= - + X - + X -

tp UL + UH lBL ur+ lBH lBH 
(eq. A2.13) 

Once error has been calculated on the net intensity (Inet) in the unknown, the error 

arising from standardisation must also be added. This is important because the EMP 

software uses the k-ratio (intensity unknown/intensity standard) to measure the 

proportion that a specific element contributes to the unknown sample. Therefore, the 

error on the k-ratio is the combination of the error on both peak and background from the 

standard and the unknown. Errors on lnet from the standard are calculated the same way 

as for the unknown. Relative standard errors are added in quadrature through equation 

A2.14: 

(eq. A2.14) 

Another important consideration in EMP analysis of monazite is the X-ray line 

interference problem. There are many overlaps between lines, although only three require 

correction. These are Y and Th lines interfering with Pb, and a Th line interfering with U. 

The effect of overlap is an increase in the measured signal. In trace element analysis for 

chemical dating, this results in a variation in age. To correct for this problem, we need to 

determine the amount of interference affecting Pb and U. Assessing the amount of 

interference from an element y on an element x is done by measuring the signal of x in a 

x-free standard ofthe elementy. In the case ofmonazite dating, analyses were done at the 

Pb Ma position on Th02 and Y AG (Yttrium-Aluminium-Garnet), both Ph-free standards, 

as well as at the U Mf3 position on the Th(h (U-free) standard. Because these standards 

are Pb- and U-free, no signal should exist at the U and Pb peak positions. Consequently, 

all counts measured at the peak position are interpreted as interference. The relative 
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intensity of overlap is obtained by calculating the ratio of x k-ratirl y k-ratio in the x-free 

standard K-ratios are used rather than count intensity to facilitate the matrix correction. 

Because peak ratios of an element are nearly constant, the ratio of y interfering peak (i.e., 

located at the x peak position) to the y main peak remains regular independent of the 

nature of the matrix. Therefore, peak ratios measured in the x-free standards can be used 

to determine the amount of overlap from a y interfering peak in monazite. 

Figure A2.2: Example of two Th peaks in monazite. The Th MJ3 peak is 58% of the 
intensity of the Th Ma peak used in trace analysis. Therefore, this ratio could be applied 
in a case where the main peak of an element is located at the same position as Th MJt 
The intensity of overlap will equal 58% of the intensity of the Th Ma peak. 
Chl 
PETJ 600 

111111 125 130 135 

Measurements for Pb and U in Th02 and YAG, were done repeatedly and 

averaged. The average value can be used as a constant factor for all analyses done with 

the same instrument under the same analytical conditions. Corrections are done on the k-

ratio prior to matrix correction. The correction is specific to every instrument. 

Calculation of the corre_ction factor: 

CFx-y = y;~::W,/x;~;tio (eq. A2.15) 

Calculation of apparent Pb from the Th interference: 

Pb:f'::!crm:e.cwt%) = ( CF TTt-Pb }x (Th~~lio )x (PbZAF faclor) x (Pbstd. wroA.) ( eq. A2.16) 
Correction of Pb for Y and Th interference: 
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Calculated correction factor for interference of Y U::1•2 on Pb Mo.: 0.0053 

}
~ 

Calculated correction factor for interference of Th (M2-04 + M~1•2) on Pb Mo.: 0.0015 

Calculated correction factor for interference of Th My on U M~: 0.0094 

Correction for interference also introduces error due to uncertainty in the 

correction factor itself and on the measurement made for the interfering element in the 

unknown. The error on corrected values is calculated the following way Pyle et _al. 

(2003): 

Error on corrected U: (eq. A2.18) 

2 2 2 [(- Th. nr•-std XTh,w)]2 

u U.<:On'.UIIir=U u.uncor~.llffir+U U.Th-:sui ( X ) u' U-std Th, Th-srd 

2 [(U, T~t-;sJd XTh, nr•-srd XTh, unk }]
2 

2 [(U, Tit-sui XTh, nr•-std XTh, unt )]
2 

+<T u.U-"Srd ( ) 2 ( ) +u Th,Th-srd ( X )2 U, U-std Th, Tlt-std U, U-sul Th, Tit-sui 

2 [ (-u' Th-sul XTh, llllk )]
2 

2 [ (-u, Th-std XTh, Th•-sttf )]
2 

+ U Th, Tlf•-srd + <T Th,unk ~___;_-~__;_-~ (U, u-srd XTh, Th-sul) (U, u-nd XTh, TIHrd) 

where each term is the value in counts per seconds (cps) measured in the specific 

standard The superscript o indicates calibration measurements done at 200 nA. All 

standard deviation values are alSo in counts per second (cps). 
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The age is calculated by iteration using the following equation from Montel et al. (1996): 

Pb = 231fi /232 X [e23211
- 1] X 208 + tlJ 238U/238.04 X (e238J..t- 1] X 206 

+ 1iJ 235U/ 238.04 X ( e 235
i..

1 
- 1] X 206 

where 

• Pb, Th, U are in ppm 

(eq. A2.20) 

• 232A., 235A, 238A. are the radioactive decay constants of 232Th (4,95E-ll), 235U 

(9,85E-l0), and 238U (1,55E-10), respectively (Monte! et al., 1996) 

• tiJ is the relative crustal abundance of u isotopes e38U = 0.9928 and 
235u = o.0072). 

• Pb is the total amount of radiogenic Pb produced by all the parent atoms. 

• ~ time, is in years in the equation, but age is entered as My in the Excel™ age 

calculation spreadsheet used for age calculation. 

Error is propagated through the age equation using the following equation: 

(eq. A2.21) 

The age for a grain or chemical domain is simply the average of all the spot ages 

obtained within the grain or chemical domain weighted with the individual error of each 

spot age. The weighted average is calculated using Isoplot/Ex (rev. 2.49) from Ludwig 

(2001). _ L{(xi -x~;,.} 
ju~ ( eq. A2.22) 

x~ L(/u!J 
Error on the grain is calculated by summing and averaging the error from all analyses 
done witlrin this grain or chemical zone using the following equation: 

(eq. A2.23) 
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A2.3 Worked example 

Here is a worked example with data acquired from grain S392-0l, analysis #657. 

The grain is a subhedral, zoned monazite included in biotite from a migmatitic metapelite 

at upper amphibolite facies. Analysis #657 is located on the rim of the grain. 

Figure A2.3: Analytical conditions for trace analysis of the sample as showed on the 
print-out. Take note of background positions and counting times highlighted by boxes. 
Different background positions were used for standardisation. The background positions 
(in mm) used for calibration were: Pb = -3.5/+5.0, Th = -2.0/+2.0, U = -3.0/+3.0 andY = 
-2.0/+2.0. 

Meas~remen~ condition 
i\'DS elements 
Element x-ray Crystal CH Acc.v ?eak Pos. (run) BCL BG_U {I:IID) 

1 Th Ma ?Bi'ro' ( 1) 15.0 132.. !>2"/ O. U38: 12.000 2.000 
2 u Mb ?::r;:: ( 2) 15.0 E.8.898 0.37160 2.500 4.000 
3 "! La 'I'AP { 4) 15.0 6.9.884 0.64488 1.000 1.000 
4Pb Ma ?3T'H ( S) 15.0 16.9.199 0.52860 '2.000 2.000 

Element Peak Back Pksk. Gain High.v aase.L w~~do~.w MoC.e 
1 '!'h :360-.0180] (sl l 16 1700 .:..o s.o ('i) Dif 
2 u !360.0 180.0 (S) i 64 1700 : .o 5.0 (V) Dit 
3 y :360.0 180.0. (S) ... 32 1700 2.0 6.0 (V) Dir 
4 Pb 360.0 180.0 Cs) - 64 1700 :.2 2.5 (V) Dif 

Measurement Order of aiDS 
Order C!Umnel . 2 3 4 5 

Th u '!! Pb 

Calc. Elements : La (Fixed) Ce {Fixed• Pr !Fixed) 
Nd. (Fixed) Sm (Fixed, Gd I fixed) 
!)y (Fixed) Ca {Fixed) Si I Fixed) 
p (Fixed) 0 (Fixed• 

Figure A2.4: Data from standardisation (calibration) of Pb, Th, U, and Y. Intensities 
measured on peak and both background positions for each element are shown in a box. 

Standard Data 
Blement Standard name Mass(%) ZAP Fae. z A !!' 

l Th Th02 87.8800 :.6363 1.9598 0.8349 1.0000 
2 u 002 87.1500 :.3150 1.5286 0.8603 1.0000 
l y YAG 44.9l00 2.6890 3.8386 0.7005 1.0000 
C Pb croc:oite 64.1100 2.4678 3.1295 0.7886 1.0000 

Standard ~tensity of WDS 
Elenent: C".Jrr. (A) Net( cps) Bg-(cr.>s) 'Bg+(cps) S.D.(~) Date 

1 Th 2.001£-07 12.989.1 182.9 155.6 O.l4 Nov 15 2l:45 2003 
2 u 2.001£-07 2161,.4 433.4 437.5 0.11 Nov 15 21:40 2003 
3 y 2.001E-07 47672.5 4048.0 582.8 0.08 Nov 15 21:31 2003 
4 Pb 2.001E-07 3812S.5 528.4 202.7 0.08 Nov 15 21:35 2003 
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Figure A2.5: Data acquired from trace analysis of the unknown at spot #657, intensities 
values measured at peak and both background positions, mass(%), K-raw (%)and ZAF 
factors are given for Pb, Th, U, and Thin the boxes. K-raw (%)is the k-ratio calculated 
bytheEMP. 

unknown Specimen No. 65 7 
Group AgeDa~e 
:lNK Ko . EfS? 

Sample : Monazit~ace 
Comment : S392- 0l - : 

stage X<= <.0. 7773 Y- 90.3746 ? - 9.9930 
Ace. Voltage 1~.0 (kV) Probe Dla. : 0 Scan : Oo 
Dated on Nov :s 23:09 2003 
WDS or.l y No. of accwm.o:ation : 1 

Cu..""r. {A} : 2.002£-07 
Elemer..t Peak (em) Ne:.(c~s) 3g'- Bg+ s . :>. ltl :>.L. (ppm) 

l Tl:. 132.531 339.5 73.1 71.8 0.34 43 
2 u 118.898 :o:;.o 230.8 191.6 1.20 44 
:; '{ 69.874 ~1328.3 958.11 ():J. ·; 0.22 20 
' Pb 169.199 190.1 167.6 148.] 0 .6/ ::.6 

ZAF Y.:.er:c.l 
Elemer:t: ~ss('l l>.~om(~J 3:(%i K-.cu~f%1 ZAF ., 

" Th 12.8773 0.4699 2.2960 :2.6127 :.253 ~ 
. . 19]"} 

u , 0.5100 0.0812 c. 11153 :o.4.165 : . 2280- .:..1882 
y 11.4231 0.6065 :.2512 '2- 78<.8 :. .nn a . 9 ~ 2·1 

Pb ! 0.4125 o.ns4 0.3195 io .4984 :.. 2912 .:. . 0817 
La 11.1000 3.o:na Fixec 
Ce 26.4700 7.1581 f'ixeC. 
Pr 3.8300 1.0299 FixeC. 
t.:C. 9.3700 2 .-i615 t'ixcC. 
Sm 1.5300 0.3856 Fixee 
GC 1.3200 0.3181 f"lxec 
Dy- c.oooo o.oooc Fixed 
Ca 0.5800 J.>483 Fixed 
Si. 0.1100 0.1484 Fixed 
p 12.5400 :..5.3426 Fixed 
0 28.8600 6B.34E8 Fixed 

~eal 100.9329 :oo.oooo 4.2820 6.3724 Iteration - 3 

Mag 4000 

1\ F 
:.0498 1.0000 
.:.0335 :.oooo 
1 .2068 :.0000 
1.1937 :.oooo 

The rest of this section will show how probe data were used to calculate the chemical age 

of the grain at this spot and the cowtti.ng error associated with it. All data used in the 

following sections can be found in the figures above. Calculations are done in logical 

order. When the same calculation applies to each element, only Pb is shown and results 

for other elements are given at the end of the section. 

Step 1: Interpolated background 

l• = laL K LaL + laH x LaH 
LsL+LaH 

(eq. A2.9) 
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Standard background: 

Pb, la = (528.4 * 3.5 + 202.7 * 5.0) I (3.5 + 5.0) == 336.81 cps 

Th = 169.25 cps, U = 435.45 cps andY= 2315.40 cps 

Unknown background: 

Pb, ls = (167.6 * 2.0 + 148.3 * 2.0) I (2.0 + 2.0) = 157.95 cps 

Th = 72.45 cps, U = 206.68 cps andY= 816.05 cps 

Step 2: Intensity on peak 

lp = Inet +Is (eq. A2.3) 

Standard peak intensity: 

Pb, lp = 38 125.5 + 336.81 = 38 462.31 cps 

Th = 13 l58.35cps, U = 22 049.85 cps andY= 49 987.90 cps 

Unknown peak intensity: 

Pb, lp = 190.1 + 157.95 = 348.05 cps 

Th = 411.95.cps, U = 309.68 cps andY= 2144.35 cps 

Step 3: Standard deviation on both peak and background 

Standard deviations on both peak and background are simply added in quadrature through 

the following equation: 

(fp) ( UL. )
2 (/aL) ( Lim )

2 ([BH) (J'P-B- - + X- + X-
fp uL+hm fBL Lm+uH fBH 

eq. (A2.13) 

Standard peak and background standard deviation: 

Pb, 

(
38462. 31) ( 3.5 )

2 
(528. 4) ( 5.0 )

2 
(202. 7) 31 27 O'P-B,std= + X -- + X - = . cpS 

40 3.5+5.0 10 3.5+5.0 10 

Th = 18.37 cp~ U = 23.94 cps andY= 36.95 cps 
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Th = 1.24 cps, U = 1.43 cps andY= 3.24 cps 

Step 4: Relative standard deviations on peak and background 

e P-B. std = ( 0" P-B. Sid * 1 00) I Inet and, E P-B, unk = ( (J P-8, unk * 1 00) I I net 

Standard relative standard deviations: 

Pb, E P-B, Sld = (31.27 * 1 00) I 38 125.5 = 0.08 % 

Th = 0.14 %, U = 0.11% andY= 0.08% 

Unknown relative standard deviations: 

Pb, & P-8. un1t = (1.36 * 100) I 190.1 = 0.71 % 

Th = 0.37 %, U = 1.39% andY= 0.24 % 

Step 5: Relative standard deviation on k-ratio 

EP-B.k-ratio=~C P-B,std+C P-B,unlc 

Pb, e P - B ,A: - rario ::;:; .Jo.os 2 + 0.71 2 = 0.72 % 

Th = 0.39 %, U = 1.39% andY= 0.26 % 

Step 6: Correction factor for interference ofY and Th lines on Ph Ma, and Th lines 

onUM~: 

Pb::!1wt%) = Pb:!rr(wt%) - [(CF n-n )x (Th:!.lio )x (PbuF factor )x (Pbsr.i. ""')] 
- [(CFy_n)x (~':!"Jx (PbuF FDCIDr)x (Pbsu~.wt%)] 

Pb corr = 4125 ppm- (0.0015 X 2.6127 X (1.2912 I 100) X 641 100 ppm) 
- (0.0053 X 2.7848 X (1.2912/100) X 641 100 ppm)= 3970 ppm 

Ucorr = 4837 ppm 
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Step 7: Relative standard deviation on corrected Pb 

Equation A2.17, Pbcorr = 0.979% and Ucorr = 2.014% 

T bl A21 D . d. a e . . ata reQurre mequat:J.on A217 . 
Intensity (cps) Std dev. (cps) 

Pb, ~std 56.8 4.78 
Th, Th, std 13164.9 18.48 
Th, Th0

, std (calibration) 13193.2 18.525 
Pb, Y, std 203.3 3.46 
Y,Y,std 48137.8 37.24 
Y, Y0

, std (calibration) 48618.25 37.06 
U, Th, std 199.6 5.89 

Step 8: Age caJculated bv iteration using equation of Montel et al. 1996 

Ph = 232Th /232 x [ e232
)J - 1] x 208 + m 238U/238.04 x [ e238'·t- 1] x 206 .,..--

+ tiJ 
235U/ e8.04 X [ e 235'· t - 1] X 206 ( eq. A -1.20) 

Considering, Pboorr = 3970 ppm, Uoorr = 4837 ppm, Th = 28 773 ppm 

3970 = 28 773/232 X (e4·9SE-ll x UIJI£+09 - 1] X 208 + 0.9928 X 4837/238.04 X (el.SSE-!Ox 

L&JIE+<l9 - I] x 206 + 0.0072 x 4837~~ [e 9.ssE-Jo x J.SJIE~- 1] x 207 

Age= 1832Ma 
~ 

Step 9: Propagation of error through the age calculation 

Pbcorr = 0.979 %, Th = 0.39 %, Ucorr = 2.014% 

& agt! = .J 2.014 2 + 0.392 + 0. 9792 = 2.27% 

#10- Standard deviation on the age: 

2.27% x 1832 Ma/ 100 =41.7 Ma 

1832 Ma ± 2.27 % or 1832 Ma ± 41.7 Ma References 
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Table A3.1: Data from trace analysis of Th02 at Pb Ma and Th Ma positions (15 kV, 200 nA, Pb on PETH, 
Th on PET crystals, 40 sec. on peak and 20 sec. on backgrounds). 

Intensity (cps) Intensity (%) Raw K·ratfos {%) 
Trace Std dev. (P·B) Rei. Std dev. (P·B) 

Anal~sls Ratio Pb/Th 
Pb, Th02 Th, Th02 Pb, Th02 Th, Th02 Pb, Th02 Th, Th02 Pb, Th02 Th, Th02 

#596 49.8 13926.6 4.86 19.07 9.77 0.14 0.1293 99.8483 0.0013 
#597 52.9 13900.1 4.87 19.06 9.21 0.14 0.1374 99.6091 0.0014 
#598 52.4 13925.6 4.87 19.07 9.30 0.14 0.1359 99.7421 0.0014 
#599 50.5 14007.9 4.87 19.13 9.64 0.14 0.1312 100.3815 0.0013 
#600 43.5 13902.1 4.85 19.06 11.15 0.14 0.1130 99.5735 0.0011 

..... #601 46.8 14043.2 4.86 19.15 10.38 0.14 0.1213 100.5841 0.0012 1.0 
1.0 

#602 53.9 14001.4 4.88 19.12 9.05 0.14 0.1399 100.2853 0.0014 
#630 64.5 12422.3 4.71 17.92 7.31 0.14 0.1686 100.6425 0.0017 
#631 69.8 12483.7 4.73 17.96 6.77 0.14 0.1827 101.1397 0.0018 
#832 60.4 12513.7 4.70 17.98 7.79 0.14 0.1581 101.3323 0.0016 
#633 56.9 12432.2 4.69 17.92 8.25 0.14 0.149 100.7229 0.0015 
#634 66.0 12397.4 4.72 17.90 7.15 0.14 0.1726 100.4404 0.0017 
#635 65.2 12464.8 4.72 17.94 7.23 0.14 0.1706 100.9867 0.0017 
#636 62.2 12486.6 4.71 17.96 7.57 0.14 0.1628 101.1632 0.0016 
#637 57.1 12343.0 4.69 17.86 8.22 0.14 0.1495 100.0501 0.0015 

Average 56.8 13150.0 4.78 18.47 8.59 0.14 0.1481 100.4334 0.0015 



Table A3.2: Data from trace analysis of Th02 at U MB and Th Ma positions (15 kV, 200 nA, U and Th on PET 
crystals, 40 sec. on peak and 20 sec. on backgrounds). 

Intensity (cps) Intensity(%) Raw K-ratlos (%) 

Trace 
Std dev. (P·B) Rei. Std Dev. (P·B) 

Anal~sis U,Th02 Th 1 Th02 U,Th02 Th, Th02 U,Th02 Th, Th02 U, Th02 Th, Th02 Ratio U/Th 
#603 155.7 14032.0 6.08 19.14 3.91 0.14 0.7694 100.3544 0.0077 
#604 155.1 14004.4 6.08 19.12 3.94 0.14 0.7659' 100.0792 0.0077 
#605 154.1 14010.8 6.08 19.12 3.94 0.14 0.7611 100.2033 0.0076 
#606 164.6 13978.7 6.10 19.10 3.71 0.14 0.8133 99.9732 0.0081 
#607 157.2 13888.8 6.08 19.04 3.87 0.14 0.7767 99.3303 0.0078 

~ 
#608 158.6 14054.6 6.09 19.15 3.84 0.14 0.7837 100.5159 0.0078 

0 
0 #609 164.1 14058.1 6.10 19.15 3.72 0.14 0.8106 100.5410 0.0081 

#638 224.9 12420.4 5.69 17.92 2.53 0.14 1.0347 100.5763 0.0103 
#639 239.3 12401.2 5.72 17.91 2.39 0.14 1.1016 100.4716 0.0110 
#640 236.3 12415.1 5.72 17.92 2.42 0.14 1.0869 100.5339 0.0108 
#641 229.9 12351.9 5.70 17.87 2.48 0.14 1.0578 100.0216 0.0106 
#642 239.3 12462.1 5.72 17.95 2.39 0.14 1.1011 100.9147 0.0109 
#643 241.0 12527.9 5.73 17.99 2.38 0.14 1.1088 101.4472 0.0109 
#644 238.2 12584.2 5.72 18.03 2.40 0.14 1.0957 101.9030 0.0108 
#645 235.7 12507.1 5.71 17.98 2.42 0.14 1.0845 101.2791 0.0107 

Average 199.6 13179.8 5.89 18.49 3.09 0.14 0.9435 100.5430 0.0094 



Table A3.3: Data from trace analysis ofYAG at Pb Ma andY La positions (15 kV, 200 nA, Yon TAP, Pb on PETH 
crystals, 40 sec. on peak and 20 sec. on backgrounds). 

Intensity (cps) Intensity(%) Raw K-ratios (%) 

Trace 
Std dev. (P·B) Rei. Std dev. (P·B) 

Pb, VAG V, VAG Ratio Pb!Y 
Anal~sis Pb, VAG V,VAG Pb, VAG V,VAG Pb, VAG V,VAG 

#610 203.4 48698.9 3.47 37.64 1.71 0.08 0.5268 98.4908 0.0054 
#611 199.7 48719.4 3.46 37.65 1.73 0.08 0.5171 98.5323 0.0053 
#612 199.9 48594.9 3.46 37.60 1.73 0.08 0.5181 98.3293 0.0053 
#613 200.1 48332.0 3.46 37.52 1.73 0.08 0.5184 97.7487 0.0053 
#614 198.5 48432.5 3.46 37.55 1.74 0.08 0.5144 98.0007 0.0053 
#615 196.5 48723.0 3.45 37.65 1.75 0.08 0.5089 98.5396 0.0052 

N 
0 #616 193.7 48307.0 3.44 37.51 1.77 0.08 0.5016 97.6983 0.0052 - #646 209.0 47677.3 3.46 36.90 1.66 0.08 0.5460 99.8623 0.0055 

#647 204.3 47551.0 3.45 36.86 1.69 0.08 0.5337 99.5977 0.0054 
#648 203.5 48121.5 3.44 37.05 1.69 0.08 0.5314 100.7423 0.0053 
#649 211 .0 48136.6 3.47 37.05 1.64 0.08 0.5509 100.7740 0.0055 
#650 207.8 48020.8 3.46 37.01 1.66 0.08 0.5427 100.5315 0.0054 
#651 212.4 47414.7 3.48 36.81 1.64 0.08 0.5546 99.2627 0.0056 
#652 208.4 47722.5 3.46 36.91 1.66 0.08 0.5441 99.9070 0.0055 
#653 202.0 47615.2 3.44 36.88 1.70 0.08 0.5275 99.6824 0.0053 

Average 203.3 48137.8 3.46 37.24 1.70 0.08 0.5291 99.1800 0.0053 



Table A3.4: Data from standardisation of elements for trace analysis (15 kV, 200 nA, 40 sec. on peak and 
20 sec. on backgrounds). 

Intensity (cps) Intensity(%) Position (mm) 
Trace Net Std Oev. Bkg Bkg Rei. Std Oev. Bkg Bkg Peak Analysis Intensity (P·B) Low High (P·B} Low High 

Pb In crocoite 
{#597-602, 38399.6 31.39 477.0 233.2 0.08 3.2 4.0 169.243 
#610-616) 

Pb In crocolte 
(#630-637, 38237.7 31.32 539.3 205.5 0.08 3.5 5.0 169.195 
#646-~53) 

.Average 38318.65 31.355 0.08 
ThIn Th02 

(#597-602, 14031.0 19.14 228.4 184.9 0.14 2.0 2.0 132.583 
N #603-609) 
~ Th on Th02 

(#630-637, 12355.4 17.91 162.6 139.8 0.14 3.0 2.0 132.542 
# 638-645) 

Average 13193.2 18.625 0.14 
U in U02 20222.3 23.21 443.9 443.8 0.11 3.0 3.0 118.898 (#603-609) 
U in U02 21736.5 24.01 444.0 436.1 0.11 3.8 4.4 118.898 (#638-645) 

Average 20979.4 23.61 0.11 
Yin VAG 49469.6 37.18 3336.5 540.8 0.08 2.0 2.0 69.889 (#610-616) 
YIn YAG 47766,9 36.94 3969.7 572.2 0.08 2.0 2.0 69.879 (#646-653) 

Average 48618.25 37.06 0.08 .. 



Appeodix4 

Sample descriptions 

203 



N 
i 

8366 
Transect 2 
Bt- Ms·Pl-Qtz 

Min. % 

Qtz 50 

Bt 30 0.3-0.8 

Ms 10 0.1-0.3 

Pl 10 0.04-
0.3 

UTM zone 18 
7 623 300m. N. 
553 493 m. E. 

Texture 

Euhedral, elongated 
abundant radioactive 
halos 

Euhedral, elongated 

Anhedral, granular Field of view: 2.5 mm across 
Type of Polarised light 

0.05-Op 1 0.2 
Thin section description: The cleavage 
(82) is defined by biotite oriented 

1-- - t--- t----+------ ---l horizontally (E-W) in extinction. The 
Anhedral, granular 

Ap <1 <0.08 
main schistosity (S I) is defined by' 
biotite and muscovite crystals oriented 

1--- t---1----+---------l NE-SW. Bedding is also present in the 

Subhedral, 
subprismatic 

Mnz 
/Zm 1 <0.3 Granular, rounded sample, but not evident at the scale of 

the picture. 

Field of view: 2.0 mm across 
Type of light: Crossed polars 
Thin section description: Same area as 
depicted in image on left under crossed-
polars. Granoblastic and heterogranular 
texture of the matrix are more obvious. 
Note the spotty texture of biotite from 
radioactive damage induced by inclusions 
of zircon and monazite. 

Sample description: Metasedimentary rock ofpsammitic composition with rare thin horizons of pelitic material. The rock has a 
granoblastic texture with a relatively heterogranular quartz-plagioclase matrix. Grain size varies from fine- to medium-grained. The 
micas are preferentially oriented along Sl or S2. The schistosity Sl is the best-developed foliation in the sample, especially in the 
thin pelitic horizons. Compositional layering is recognizable but not well defined. Graded bedding is locally observed. Two types 
of biotite grains are present in the sample. One population of biotite is anhedral with a darker colour and a weak pleochroism and the 
second population is euhedral, generally parallel to the planar fabric S 1. Muscovite grains are smaller and narrower than biotite. 
Coalescent quartz with undulose extinction exists in local elliptic segregation of coarser quartz material. 



S367 
Transect 2 
Bt-Crd·Ms·Pl 

Min. % 

Qtz 50 

Bt 25 

PI 10 

Ms 10 

Crd 5 

Size 

0.04-0.3 

0.2-0.6 

0.04-0.3 

0.1-0.3 

2-5 

UTMzone 18 
7 623 050 m. N, 
553 754 m. E. 

Texture 

Anhedral, granular 

Anhedral/. euhedral 

Anhedral, granular 

Euhedral Field of view: 2 mm across 
Type of t: Polarised light 

Anhedral, Thin section description: Biotite 
Poikiloblastic crystals oriented NE-SW define the 

t----:1--- +----+------- -i main schistosity Sl, The sample has a 
Op 0.05-1 Anhedral/ prismatic granoblastic texture. Note the large dark 
t--~1---+----+---------1 anhedral biotite crystals. 

Ap 

Mnz/ 
Zrn 

<1 

tr. 

0.02-0.1 Prismatic/ granular 

<0.04 Anhedral, granular 

Jars 
Thin section description: Same area 
depicted as image to left, but under 
crossed polars. The matrix has a 
granoblastic and equigranular texture. 
Biotite commonly display radioactive 
damage halo from zircon and monazite 
inclusions. 

Sample description: Metasedimentary rock of psammitic composition with thin horizons of semipelitic material displaying a well-
defined compositional layering corresponding to SO. The micas have a preferred orientation (S 1) defining a fabric at low angle to SO. 
The two planar fabrics are subparallel. The rock is fine-to medium-grained with a dominant granoblastic texture. The quartz-
plagioclase matrix is equigranular. Cordierite is relatively smalJ with porphyroblast from 2-5 mm. Biotite is found as anhedral 
crystals of irregular shape that are darker and present a weaker pleochroism. Biotite is also conunonly found with the more typical 
mica shape. These crystals are lighter and display a good pleochroism. 



S371 
Transect 1 
BtMMsMQtz 

Min. 0/o 

Bt 40 

Qtz 35 

Ms 25 

Ap <1 

Op <1 

Size 

0.1-0.3 

0.02-
0.15 

UTM zone 18 
7 648 219m. N. 
573 776 m. E. 

Texture 

Euhedral Parallel to 
Sl or 82 

Anh., Gran 
Equigranular, 
rounded 

0.05-0.2 Euhdr. Par. Sl or S2 

0.01-
0.08 

0.05-0.2 

Euh., Prism. Mainly 
found in the matrix 

Anh./prism 

Field of view: 1.5 mm across 
Type of light: Polarised light 

Thin section description: The bedding 
(SO) is oriented NNW -SSE. Contact 
between a psammitic and a semipelitic 
bed located in the lower left defines SO. 
Biotite grains vertically oriented define 

t-----tl-------1- - - -+-- - - - - - - ---l the S I foliation at low angle with SO. A 
Mnzl 
Zm tr. <0.03 Granular weaker foliation (S2) oriented NE-SW is 

also defined by biotite grai~s. 

Field of view: 1.5 mm across 
Type of light: Crossed polars 
Thin section description: Picture has the 
same orientation as image on the left. 

' Biotite parallel to S I is in extinction. S2 
biotite grains are oblique to S 1 and 
oriented NE-SW. The quartz matrix is 
fine-grained. 

Sample description: Metasedimentary rock composed of alternating horizons of psammitic and pelitic material of thickness varying 
from 0.2-1 em. The rock is fine-grained and presents a dominant lepidoblastic texture. Matrix quartz is relatively equigranular, 
although local elliptic segregation of coarser quartz is present. Three foliations were identified in this sample. The bedding (SO) is 
defined by compositional layering. The main schistosity is defined by the preferential orientation of micas (S l) and is at low angle 
relative to SO. A more subtle planar fabric also defined by mica orientation was identified and is interpreted as S2. The S2 fabric is at 
higher angle than S 1 relatively to SO. The radioactive minerals (monazite and zircon) are very difficult to find because of their small 
size. Dark radioactively~induced halos are rarely recognised in micas. 



S373 
Transect 3 
Bt-Crd-Ms-PI-Qtz 

Min. % Size 

Qtz 52 0.05-
0.25 

Bt 25 0.1-1 

PI 10 

Ms 

UTM zone 18 
7 607 678 m. N. 
587 960 m. E. 

Texture 

Anhedral, granular 

Euhedral 

Anhedral, granular 

Field of view: 2. 7 mm across 
Type of light: Polarised light 

Field of view: 2.5 mm across 
Type of light: Crossed polars 

1------L---L-----~~--------------~------------ - --- - ---
Sample description: Metasedimentary rock composed of an alternation of semipelitic and psammitic layers of thickness varying from 
0.4 -1 em. Psammite layers are larger and more abundant than semipelitic layers. The rock is medium~grained with a dominant 
granoblastic texture. The quartz-plagioclase matrix is heterogranular. Anhedral, dark biotite is very abundant. Numerous pleochroic 
radioactively-induced haloes are present in biotite. Biotite is also locally chloritized. A planar fabric, S 1, defined by the micas is at 
low angle with the bedding (SO). The mica parallel to fabric S 1 wraps around the cordierite porphyroblasts. Inclusions in cordierite 
define an older fabric oblique with S 1. 



tv 
0 
QO 

S374 
Transect 3 
Bt-Crd-Ms-Pl·Qtz 

Min. % Size 

Qtz 40 0.05-0.4 

Bt 25 0.1-1 

Crd 15 5-10 

Ms 10 0.2-0.6 

PI 10 0.05-0.4 

UTM zone 18 
7 607 678 m. N. 
587 960m. E. 

Texture 

Anhedral, granular 

Euhedral, 

Anhedral, 
ikiloblastic 

Euhedral 

Anhedral, granular Field of view: 8 mm across 
Type of light: Crossed polars 

Op <1 0.02-0.4 Anhedral, granular C d' . 
1----f--- 1-----11------------1 Thin section description: or 1ente 

Ap <1 0.05- Euhedral, prismatic porphyroblast with fresh core and rim 
t---t-- t-0:::..:·:..::0..::.2=--__,1-----------1 altered to white micas and pinite. 

Mnz/ 
Zrn tr. <0.05 Anhedral, granular 

Inclusions in the cordierite define a 
fabric oblique to the external fabric (S 1 ). 

Field of view: 2.6 mm across 
Type of light: Polarised light 
Thin section description: The micas are 
mainly oriented NE-SW along S 1. A 
steeper fabric also oriented NE-SW 
seems to have caused displacement 
between micas. This feature has not been 
related to S 1 or S2 .65 

Sample description: Metasedimentary rock mainly composed of an alternation of psarnmitic and semi pelitic horizons of thickness 
varying from 0.4-1 em. Psammite component is dominant in the rock. The rock has a grano-lepidoblastic texture. Anhedral dark 
biotite represents a minor proportion of all biotites. Biotite is locaJly chloritized. Large elliptical poikiloblastic crystals of cordierite 
are found in the more pelitic layers. Cordieritegives the rock a "spotted" aspect. Core of cordierite crystals is fresh, while the outer rim 
is retrograded to muscovite. The inner rim is probably a mix of very fine-grained white micas. The inclusions in cordierite define an 
internal fabric oblique to the external fabric (S I). The mica fabric is well developed in the pelitic layers but much weaker in the 
psammite layers. A weak second fabric is observed in the sample, but has not been related to S I or S2. 



S375 
Transect 3 
Bt-Ms-PI-Qtz-Sil 

Min. % Size 

Qtz 50 0.1-0.5 

Bt 20 0.2-0.6 

PI 12 0.1-0.3 

Kfs 5 0.1-0.4 

Ms 2 0.1-0.4 

UTMzone 18 
7 607 205m. N. 
587 643 m. E. 

Texture 

Anhedral, granular 

Euhedral 

Anhedral, granular 

Sil 4 0.05-0.1 Euhedral, prismatic 
1---t---+-----t--------------l Thin section description: Fibrous 

Grt 2 <0.2 Subhedral, minerals in the centre are fine-grained 
1---~-1----4----~---------l 

Anhedral, sillimanite needles fonning clusters of 
Crd 4 0.2-0.8 poikiloblastic fibrolite. Fibrolite fonned in the samples 
1---~-1----~-------------l after muscovite. No muscovite (Ms) is 

Mnz/ tr. <0.05 Anhedral, granular present near the cluster. All micas in the 
1-=Z.:..:rn:::._-1----1--- -+----------l picture are biotite. 

Ap <1 .0.05-0.1 Euhedral, prismatic 

Thin section description: The mica in 
the centre-right is a partially resorbed 
muscovite crystal. Note the presence of 
fibrolite clusters in contact with it. Matrix 
comprises a mix of quartz, plagioclase, 
and local K-feldspar. 

Sample description: Psammitic metasedimentary rock with abundant fibrolite clusters. The fibrolite clusters are 0.5-5 mm in 
diameter. The rock mainly has a granoblastic texture and grain size is heterogranular. Muscovite is rare and resorbed in the sample. 
K-feldspar and cordierite are present in minor amount. Cordierite is not as poikiloblastic and does not have an elliptic shape as in other 
samples that are Ms-bearing with no fibrolite. K-feldspar is the product of muscovite breakdown. Rare minute grains of garnet were 
identified. Garnet grains are granular to prismatic. 



N -0 

S378 
Transect 3 
Bt-Crd-Ms-Pl-Qtz 

Min. % Size 

UTMzone 18 
7 606 451 m. N. 
587 949 m. E. 

Texture 

Qtz 35 0.05-0.25 Anhedral, granular 

Bt 27 0.2-0.6 Euhedral, oriented 

Ms 20 0.1-0.4 Euhedral, oriented 

Crd 10 5-15 Anhedral, 
lastic 

Pl 8 0.05-0.2 Anhedral, granular Field of view: 6 mm across 
Type of light: Crossed polars 

Op <1 <0.2 Anhedral Thin section description: Large 
t---+- -t-----+---------1 cordierite porphyroblast with inclusion 

trail in the outer rim slightly oblique to 
the external fabric (S 1 ). The inclusions 

l---t---l----- 1----------l in the core are randomly oriented. The 
MZmnz/ tr. <0.05 Anhedral, granular whole porphyroblast is retrograded to 

fine-grained white-micas 

Ap <1 0.02-0.1 Euhedral, prismatic 

Field of view: 2 mm across 
Type of light: Crossed polars 
Thin section description: Pelitic 

: horizons with a strongly developed S 1 
fabric. No evidence was found for an 82 
fabric. 

Sample description: Metasedimentary rock comprising psammitic and pelitic layers of thickness varying from 0.4-1.5 em. Numerous 
cordierite porphyroblasts are present in the more pelitic layers. The S 1 fabric wraps around the cordierite crystals. Biotite is locally 
chloritized, especially around the cordierite porphyroblasts. Muscovite is abundant and stable in this sample. No sillimanite was 
identified. 



N ....... ..... 

S383, Transect 4 
Incipient mlgmatite 
Bt-Crd-Grt-Kfs-Qt~Sil 

Min. % Size (mm) 

Bt 25 0.5-2 

Kfs 25 0.5-4 

Pl 20 0.5-4 

Qtz 15 0.5-2 

Crd 10 0.5-4 

UTMzone 18 
7 592 200m. N. 
580 651 m. E. 

Texture 
Euhedral, locally 
resorbed 

Anhedral 

Anhedral 

Anhedral 

Anhedral Field of view: 0.8 mm across Field of view: 2.6 mm across 
Type of light: Polarised Type of light: Polarised light 

----4--------------r~=----=----------~--------~~~ 

Grt 5 0.5-2 
Anhedral, Thin section description: Biotite and Thin section description: Skeletal 

blastic sillimanite partially consumed to form garnet porphyroblast in a quartz-
1------J---1---------If...!E:.....u_h.:...e....:d:.....ra_l_, -----1 contiguous cordierite porphyroblast. In plagioclase matrix. Some of the 

Ap <1 <0.1 prismatic the centre (arrow), a monazite grain surrounding biotite is also partially 
t----:---t-- 11------t!-=---------i surrounded by a pleochroic halo is consumed. Monazite inclusions were 

Mnz/ <1 <0.1 Anhedral, granular included in a biotite grain. identified in the garnet. Zm 
Sample description: This sample is an incipient migmatite with probably less than 5% of melt extracted. Leucosome veinlets are rare 
and thin. Areas surrounding the leucosome show resorbed biotite with cordierite and K-feldspar. Coarsening of the matrix is observed 
close to leucosome veinlets. Most of the sample is a Bt-Grt-Kfs.Pl-Qtz.Sil-bearing rock with no evidence of partial melting. Monazite 
and zircon are larger in this sample, up to 0.1 mm in diameter. No muscovite is present. Gamet is partially resorbed. The rock has a 
predominant granoblastic texture. 



N ..... 
N 

S384, Transect 4 
Migmatite 
Bt-Crd-Grt-Kfs-Qtz-Sll 
Min. % Size 

UTMzone 18 
7 592 200m. N. 
580 651 m. E. 
Texture 

_ Kfs 40 Anhedral 
'$. 
~~P~l--1-2-5~0-.-5--4--~-A-n_h_e-dr-al------~ 
II) 

~·-----~-1------+-----------~ 
tl) Qtz 20 0.5-2 Anhedral 

~ ~---+~----4-------~ 
......1 Crd 15 0.5-3 Anhedral 

Bt 35 0.5-3 Euhedral, resorbed Field of view: 6 mm across 
of Polarised Ji 

~~---~---b------4-------------~~~~~~~~~~=--------L~~~~~~~~~~~-------1 

'#. Kfs 20 0.5-2 Anhedral Thin section description: The picture 
~ t----t----t--------1------------l shows partially resorbed biotite crystals, a Crd 20 0.5-3 Anhedral, elliptic in dark, the grey areas comprise 
Sl Sil 15 Euhedral, inclusions essentially altered cordierite with minor j 0·5•1·5 in Crd amounts ofK-feldspar and sillimanite . 

...:; PI 10 0.5-2 Anhedral 
Mnz/ Zm <1 0.5~0.15 Anhedral, granular 

! Thin section description: Partially 
i resorbed biotite crystals with altered 

cordierite, sillimanite and K-feldspar. 

Sample description: Stromatic migmatite with abundant leucosome, up to 40%. The sample shows a well-defined migmatitic 
layering. Schistosity (Sl) and cleavage (S2) are not preserved. The sample is relatively altered. Cordierite is all retrograded to white 
micas and locally altered to pinnite. Cordierite commonly contains clusters of sillimanite. Accessory minerals, monazite and zircon, 
are larger and easier to identify. Monazite included in cordierite typically has a moat of altered cordierite surrounding it. 



N -w 

S388, Transect 4 
Mlgmatite 
Bt-Crd-Grt-Kfs-Qtz-SU 

Min. % Size 

UTMzone 18 
7 590 377 m. N. 
580 658 m. E. 

Texture 

-. Kfs 35 10-30 Anhedral 
~ r-----;-----;-------------~------------------------~ 
~ PI a 
~ Qtz 

! Ort 

Crd 

~ PI 
j Sit 

~ Kfs 

35 

25 

s 

30 

25 

25 
10 

10 

10-30 

5-20 

5-30 

2-8 

S-IS 

5-15 
2-6 

5-10 

Anhedral 

Anhedral 

Anhedral, skeletal 

Field of view: 4.5 mm across Euhedral, resorbed Type of light: Crossed polars 
Field of view: 3.1 mm across 
Type of light: Crossed polars 

Thin section description: Fractured Thin section description: In the centre-
grey coarse crystal in the centre is a left a thin vertical band of partiaiJy Anhedral, elliptic 

Anhedral cordierite (Crd) grain and white fibres in resorbed biotite forms the restitic 
the core are sillimanite inclusions. : material. On both sides are veinlets of 
Surrounding minerals are biotite (Bt), granitic leucosome mainly composed of Euhedral 

Anhedral plagioclase and K-feldspar. Matrix is K-feldspar, plagioclase and quartz with 
t---'-------'-------'--------------'L---------------------------'----'c-'-o-'-'-ar....:.s-'--e with irre_gular grain boundaries. local_garnet and biotite schlieren. 

Sample description: Stromatic migmatite with a well-defined rnigmatitic layering. Veins of leucosome vary from 0.2-2 em in width. 
Cordierite is mainly restricted to the melanosome. Few skeletal garnet grains are located in the leucosome along with partially 
resorbed biotite crystals. Leucosome has a granitic composition and comprises mainly K-feldspar, plagioclase and quartz with local 
garnet and biotite schlieren. The leucosome is coarse-grained with a granoblastic texture. 



S390, Transect 4 
Migmatite 

Min. % Size 

UTM zone 18 
7 589 659 m. N. 
580 646 m. E. 

Texture 

10-30 ~ Kfs 50 
~~--+----~----~--------------~ 

Anhedral 
.......,_ 

30 I PI 

~ Qtz 20 

10-30 Anhedral 

5-20 Anhedral 

.- Bt 30 2-8 Euhedral, resorbed 
~ 
or---+---+-----~--------------~~~--~~--------~---------L~~--~--------~----------~ 

~ Crd 30 5-10 Anhedral, elliptic Thin section description: In the left Thin section description: Picture is 
IU side is the melanosome bearing Bt+Crd same as previous seen under crossed 
§ PI 15 5-l 0 Anhedral +Kfs+Pl+Sil. The light area in the .right polars. Leucosome displays large grains g ----------------1 side is the leucosome bearing with irregular grain boundary and a 
d Sil 10 2-6 Euhedral 
~ 1---·1---.J.------ ----------------1 Kfs+Pl+Qtz. Dark minerals are biotite granoblastic texture. 

Kfs 1 0 5-1 0 Anhedral crysta Is. 

Sample description: Stromatic migmatite with a well-defined migmatitic layering. Veins of leucosome vary from 0.2-3 em in width. 
Cordierite is mainly restricted to the melanosome. Leucosome has a granitic composition and comprises mainly K-feldspar, 
plagioclase and quartz with few partially resorbed biotite crystals and thin biotite schlierens. The leucosome is coarse-grained with a 
granoblastic texture. 



S392, Transect 4 
Migmatite 
Bt-Crd·Grt-Kfs-Qtz-Sil 

Min. % Size 

~ Kfs 35 3-10 
0 

~ PI 35 3-10 

~ t-Q_ tz_t-2

5

_s_ ... _3-_8 _ _ 

~ Grt 1-5 

UTM zone 18 
7 588 997 m. N. 
580927 m. E. 

Texture 

Anhedral 

Anhedral 

Anhedral 

Pulhedral, resorbed 

25 Field of view: 3 mm across Field of view: 3 mm across .- Bt l-4 Euhedral, resorbed "$. Type of light: Polarised light Type of light: Crossed polars 
~ t-C- r-d-t--25--!t-2- _-4- -- Anhedral Thin section description: Irr- eg_u_l-ar_a_n_d___.__Thin section description: The picture is 
~ ..._-·l---1-----+-- ----- elongated garnet (arrow) is located in a the same than on the left. Extinct 
Cll Sil 20 1-4 Euhedral thin leucosome pocket. Darker minerals minerals are garnets. Light-gray minerals 
~ ..._--t-- -t--- --l---------1 are resorbed biotite crystals with are quartz and feldspars. Garnet has an 
~ Grt 15 1-5 Anhedral, resorbed contiguous cordierite. irregular shape. 

PI 15 2-4 Euhedral 
Sample description: Stromatic migmatite with a well-defined migmatitic layering. Veins of leucosome vary from 0.2-1 em in width. 
Cordierite is mainly restricted to the melanosome and textures indicate it formed after biotite and sillimanite breakdown. Abundant 
skeletal garnets is located in both the leucosome and melanosome. Gamet crystals are elongated and have very irregular grain 
boundaries suggesting partial resorption. Leucosome has a granitic composition and comprises mainly K-feldspar, plagioclase and 
quartz with local garnets and biotite schlierens. The leucosome is coarse-grained with a granoblastic texture. 



N -0\ 

8394, Transect 4 
Migmatite 
Bt-Crd-Grt-Kfs-Sil-Qtz 
Min. % Size 

Kfs 35 4-20 

PI 30 4-20 

4-12 

Grt 15 2-15 

UTMzone 18 
7 581 032 m. N. 
594 185m. E. 
Texture 

Anhedral 

Anhedral 

Anhedral 

~edral,resorbed 

Field of view: 6 mm across 
~ Bt 45 5-l 0 Euhedral, resorbed Type of light: Polarised light 

~ Crd 
20 

Thin section description: In the centre, 
~ 4-12 Anhedral thin band of restitic material, mainly 
9~ r----r---~------~------------~ _, biotite, sillimanite and cordierite, with 
§ PI 10 4-12 Anhedral leucosome of granitic composition on 
"il both sides. Few biotite grains are 
~ g

1
·1 isolated in the leucosome. 25 2-6 Euhedral 

Field of view: 6 mm across 
Type of light: Crossed polars 

i Thin section description: Same area as 
depicted in image to left, but under 
crossed polars. Leucosome is coarse-
grained with very irregular grain 
boundaries between minerals. 

Sample description: The sample is metatexite that presents a slightly undulating migmatitic layering. The structure of the rock is not 
disrupted. Leucosome is abundant and forms veins up to 2 em in width. Melanosome is mostly composed of restitic material, biotite 
and sillimanite, as well as cordierite and local plagioclase. Leucosome is coarse-grained with irregular-shaped K-feldspar, plagioclase 
and quartz grains. Local embayed garnet and partially resorbed biotite porphyroblasts were identified in the leucosome. 



N --...) 

S397, Transect 5 UTM zone 18 
Syenogranite 7 580 302m. N. 
Kfs-Pl-Qtz-Grt 594 301m. E. 

Min. % Size Texture 

Kfs 40 2-10 Anhedral 
_........ 
'$. 

PI 25 2-10 0 Anhedral 
QO 
'-" 

J Qtz 20 1-4 Anhedral 

Euh., prism./ anh., Grt 5 2-10 resorbed 

Bt 35 1-4 Euhedral, resorbed Field of view: 6 nun across Field of view: 6 mm across 
Type of light: Crossed polars Type of light: Crossed polars - Thin section description: Massive Thin section description: A large '$. Crd 35 2-6 Anhedral, granular 

0 coarse-grained syenogranite mainly skeletal and resorbed garnet crystal is 
~ 
"' composed ofK-feldspar, plagioclase and , located on the right and top part of the 
Cl) quartz. Contact between crystals is very ' picture. The garnet is extinct. Matrix > Sil 25 0.5-2 Euhedral ~ g irregular. I comprises large irregular crystals of K-
~ I feldspar~ plagioclase and quartz. 

Anhedral, resorbed, Grt 5 1-6 skeletal I 
! 

Sample description: Coarse-grained syenogranite with irregular compositional foliation defined by abundant biotite schlieren and 
metasedimentary enclaves. The metasedimentary enclaves comprise Bt-Crd-Grt-Sil and probably correspond to restitic material 
formed during partial melting. Both nice euhedral and skeletal garnet porphyroblasts are found in the sample. These suggest that the 
rock inherited garnet from the sample as well as crystallizing new garnet. The syenogranite minerals show no indication of 
defonnation. 



IV ..... 
00 

8399, Transect 5 
Migmatite 
Bt-Crd-Kfs-Pl-Qtz-Sil 

Min. % Size 

- Kfs 35 1-4 ';f:, 
~ e 
~ PI 35 }w4 
~ 

0 

e Qtz 25 0.5-2 ....J 

UTM zone 18 
7 580 302m. N. 
594 301m. E. 

Texture 

Anhedral 

Anhedral 

Anhedral 

Crd 25 0.5•2 Anhedral, elliptic Field of view: 2 mm across 
-.. t-~~~~~~~~~~~~~~~~~~~~~~~·~~~~~ T~peofHgh~Polarisedlight 
~ 
~- Bt 25 0.2-2 Euhedralj resorbed Thin se

1
ction descrifption.: .on the right; 

- coarse eucosome o gramt1c 
~ Sil 15 0.2•1 Euhedral, abundant the right. Melanosome comprising , composition. On the left, melanosome 
<I) t-~+--·1-~~- t-=in'-c_lu_s_io_n_;_s_in---"~--1 sillimanite (shiny bright needles), biotite with a large cordierite located between 
~ Kfs 10 0.5-2 Anhedral (brown crystals), cordierite, and K- the two dark masses of biotite. Cordierite 
~ feldspar are on the left. is altered to pinnite. A monazite crystal 

Grt 5 0.4-2 Anhedral, resorbed surrounded by an alteration moat is 
"--~~~~---..__________,------------- located on the right edge of the cordierite. 

Sample description: Stromatic migmatite with abundant leucosome horizons . Leucosome bands of thickness up to 2-3 em. 
Leucosome typically composed ofKfs-Pl-Qtz. The melanosome comprises partially consumed biotite and siJlimanite as well asK-
feldspar and cordierite crystals fanned at the expense of biotite and sillimanite. Migmatitic layering undulating but not disrupted. The 
leucosome locally contains biotite schlieren. 



8401, Transect 5 
Syenogranlte 
Kfs-Pl·Qtz-Grt 

Min. 

Kfs 

Pl 

Qtz 

Grt 

Bt 

Sil 

Mnzl 
Zrn 
Op 

Ap 

% 

45 

25 

20 

10 

s 
1 

<1 

<1 

<1 

Size 

2-10 

2-10 

1-4 

2-10 

1-4 

0.5-2 

0.05-0.2 

0.5-3 

0.5-2 

UTM zone 18 
7 578 948 m. N. 
593 261m. E. 

Texture 

Anhedral 

Anhedral 

Anhedral 

Subhedral to 

Euhedral 

Euhedral, aggregates 

granular to euhedral 

anhedral, granular 

Euhedral, prismatic 

Thin section description: 
Subhedral garnet grain located in · 
the middle of a large K-feldspar 
crystal. Gamet is fresh and shows 
no resorption. 

Field of view: 6 mm across 
of light: Crossed L.p..:..o,;,;:;la..:..rs:o__ _ ____ _ 

Thin section description: The extinct crystal 
on the left is a garnet. The picture highlights 
the granoblastic texture ofthe rock. The 
matrix minerals (quartz, plagioclase and K-
feldspar) are coarse, 5-15 mm. Contact 
between grains is very irregular. 

~--L--L---~L--------~------------L------Sample description: The sample is a coarse and massive syenogranite bearing Bt-Crd-Grt. Elongated aggregates of Bt-Grt-Sil are 
locally observed and are interpreted to represent the remnants ofhighly assimilated metasedimentary enclaves. Aggregates are 10-30 
em long and 1-10 em in width. Thin biotite schlieren were also observed on the outcrop. The granite has no foliation. Garnet is 
abundant in the granite and commonly displays a euhedral to anhedral habit suggesting that most of the garnet grains probably 
crystallised in the granite. 



Appendix 5 

Monazite graio descriptions 

220 



Miner. Cham. Size Area Comments Age St. Dev. Map Grain Picture Trans. para g. Habit Setting Chemistry zoning (pm) (sq. J.lm) (Ma) (Ma :t 2a) $371-· bt-mu- skeletal, In mu along Th-5.89% 
#1 along., bt Y-0.67% homo. 8x45 360 skeletal 01 .. qz±pl Irregular boundary U-0.01% 

subhedr., 
8371- bt-mu- square- elongated Th-6.67% 

none #1 like, Y-0.91% homo. 15 X 30 450 02 qz:tpl irregular along S1 U-0.01% 
border 

8371- bt-mu- Th-3.17% 
none #1 Y-0.83% homo. 03 qz±pl U-0% 

8371- bt-mu- subhedr., Th-3.84% elongated along S1? tv #1 in bt cluster Y-0.78% homo. 10 X 25 250 tv 05 qz±pl prismatic U-0.03% (cleavage) -
$371-~ subhedr., in bt, Th-6.88% 

#1 bt-mu- prismatic, parallel to Y-0.86% homo. ax 15 120 parallel to S2 (cleavage) 1756 36 Yes 
06 - qz±pl elong. grain U-0% boundary 

anhedral, in bt and Th-4.81% 8371· #1 bt-mu- granular, mu cluster, Y-0.82% homo. 12 X 23 276 paralle to S1 (schistosity) 07 qz±pl elliptical elongated U-0.06% along S1 

$371- bt-mu- anhedral, Th-5.05% 
#1 Irregular Y-0.87% homo. 12 X 40 277 08 qz±pl shape, U-0.08% 



Grain Picture Trans. Miner. Habit Setting Chemistry Chern. Size Area Comments Age St. Dev. Map parag. zoning (.,.m) (sq • .,.m) (Ma) (Ma :t 2a) 

~#1 In bt and Th-4.91% bt-mu- subhedr., mu cluster, Y-0.94% homo. 12 X 40 278 1771 51 Yes qz±pl prismatic elongated U-0.03% along S2 

sm-~ anhedral, along bt- Th-4 .62% 
#1 bt-mu- irregular mu-qz Y-0.91% homo. 22x38 836 10 ·• qz±pl shape grain U-0.04% boundary 

S371-~ anhedral, located Th-5.64% 
#1 bt-mu- fractured, within bt- Y-0.94% slightly 18 x35 630 fractured or possibly 

11 ' t d 
qz±pl Irregular mu cluster U-0.04% zoned coalescent grains 

shape 

~ 9~~1-~ 
along bt-

bt-mu- subhedr., mu grain Th-7.63% slightly #1 elong., boundary, Y-0.89% 10 X 22 220 qz:tpl prismatic parallel to U-0.09% zoned 

81 

9371- bt-mu- Th-4.22% 
none #1 Y-0.57% 13 qz:tpl U-0% 

along bt-

9371- bt-mu- subhedr., mu grain Th-4.20% 

14 none #1 qz:tpl prismatic boundary, Y-0.80% homo. 12 X 20 200 
parallel to U-0% 

81 



Grain Picture Trans. Miner. Habit Setting Chemistry Chem. Sfze Area Comments Age St. Dev. Map parag. zoning (pm) (sq. pm) (Ma) (Ma t2a) 
along bt-

S371· bt-mu- subhedr., mu grain Th-5.49% 
15 none #1 qz:l:pl prismatic boundary, Y-0.89% homo. 10 X 25 250 

parallel to U-0% 
S1 

along bt-
S371· bt-mu- subhedr., mu grain Th-2.57% 

16 none #1 qz±pl prismatic boundary, Y-0.80% homo. 15x 25 375 
parallel to u-o% 

S1 

along bt-
S371· bt-mu- subhedr., mu grain Th-1.91% 

17 none #1 qz±pl prismatic boundary. Y-0.69% homo. 20x25 500 
parallel to U-0% 

81 
N 
N 
Vol within 

S371· #1 bt-mu- anhedral, matrix, n.a. slightly 7 X 35 245 elongated along S1 1840 56 Yes 18 qz:l:pl along. bordered zoned 
by mu-qz 

S371· bt-mu- subhedr., along bt- Th-3.99% slightly 2 sides straighter, 2 sides 
19 #1 qz±pl prismatic mu grain Y-0.87% zoned 13 X 19 247 irregular 1756 47 Yes 

boundary U-0.23% 

along bt-6371-rJ bt-mu- anhedral. mu grain Th-2.33% slightly 
20 #1 qz±pl granular, boundary. Y-0.73% zoned 10 X 20 200 fractured 1741 48 Yes 

oval parallel to U-0.12% 
S1 



Grain Picture Trans. Miner. Habit Setting Chemistry Chern. Size Area Comments Age St. Dev. Map para g. zoning (!Jm) (sq. JJm) (Ma) (Ma :t 2a) 

along bt-
S371· bt-mu- euhedral, mu grain Th--2 .99% slightly 

21 #1 qz±pl prismatic, boundary, Y-0.90% zoned 9 X 22 198 1815 63 Yes 
elong. parallel to U-0.11% 

S1 

s~-c bt-crd- granular, bordered Th-4.0% 
01 1 . #2 mu-qz rounded by muand Y-0.78% homo. 16 X 18 227 No . ±pi bt U-0.1% 

8366-~ bt-crd- subhedr., bordered Th-4.23% irregular grain boundary 
02 #2 mu-qz prism., by bt and Y-0.93% homo. 8 X 22 176 (resorbed?) No 

±pi elong. qz U-0.28% 

tj S366· bt-crd- bordered Th-6.56% irregular grain boundary 
~ 03 #2 mu-qz anhedral by bt and Y-0.92% homo. 20 X 35 700 (resorbed?} ±pi qz U-0.03% 

S366- bt-crd- anhedral, within Th-7.65% 
04 #2 mu-qz elong .• matrix with Y-0.86% homo. 12 X 30 360 

±pi granular qz+ pi U-0.05% 

5366- bt-crd- anhedral, within Th-4 .37% 
06 #2 mu-qz Irregular micas Y-0.96% homo. 15 X 40 600 flat edges parallel to S2 

±pi cluster U-0.01% 

bt-crd- subhedr. , in mu Th-3.67% 5366- cluster, slightly 
07 #2 mu-qz prism., bordered Y-0.87% zoned 23x30 690 square-like, indented 1751 35 Yes 

tpl granular U-0.29% 

bt-crd- subhedr., along grain Th-5.36% S366· #2 mu-qz granular, boundary, Y-1.08% homo. 10x20 200 fractured 08 bordered ±pi subprlsm. by qz-bt U-0.04% 



Grain Picture Trans. Miner. 
parag. Habit 

8366-
09 

5366-
10 

#2 

#2 

s~~-~ #2 

5366-
12 

S366· 
13 

S366· 
14 

8366· 
15 

5366· 
16 

none #2 

none #2 

none #2 

bt-crd· 
mu-qz 

±pi 

bt-crd-
mu-qz 

±pi 

bt-crd-
mu-qz 

±pi 

bt-crd· 
mu-qz 

±pi 

granular, 
rounded 

subhedr., 
granul~r. 

prism. 

subhedr., 
along., 
prism. 

subhedr., 
granular, 
subprlsm. 

bt-crd· subhedr., 
mu-qz granular, 

tpl subprism. 

bt-crd· 
mu-qz 

±pi 

bt-crd· 
mu-qz 

±pi 

bt-crd-
mu-qz 

±pi 

subhedr., 
prismatic 

granular, 
rounded 

Setting Chern. 
Chemistry zoning 

Included in Th-6·79% 
bt Y-0.87% homo. 

u-o% 
along grain 
boundary, 
bordered 
byqz-bt 
along bt 

grain 
boundary, 
bordered 
by qz-bt 

Th--6.09% 
Y-0.97% 
U-0.02% 

Th-5.25% 
Y-0.94% 
U-0.03% 

bordered Th-5.16% 

homo. 

homo. 

by bt and Y-0.97% homo. 
qz U-0.02% 

bordered Th-4.95% 
by bt and Y-0.97% homo. 

qz U-0% 

bordered 

totals too 
low 

Size 
(l.lm) 

5x4 

15 X 20 

20 x50 

15 X 20 

10 X 20 

b bt and Th-3·91 % r htl y . Y-0.93% 5 l9 y 24 x 30 
mat~x p~f qz U-O.OS% zoned 

within bt, In 
contact 
withqz 
matrix 

Th-3.25% slightly 
Y-0.92% zoned 25 x 30 
U-0.18% 

Area 
(sq.lJm) 

20 

300 

1000 

300 

200 

720 

750 

Comments Age St. Dev. M 
(Ma) (Ma :t 2a) ap 

fractured 

Irregular grain boundary 

1791 

irregular boundary related to 1853 cracks in bt 

33 Yes 

39 Yes 



Grain Picture Trans. Miner. Habit Setting Chemistry Chern. Size Area Comments Age St. Dev. Map parag. zoning (~m) (sq. ~m) (Ma) (Ma :i: 2a) 

S366 bt-crd· subhedr., bordered totals too slightly 
map1 #2 mu-qz prismatic by bt-qz low zoned 15 X 25 375 parallel to 51 1878 25 Yes 

±pi 

S366 bt-crd· subhedr., bordered totals too slightly 
map2 #2 mu-qz prismatic by bt-qz low zoned 20x45 900 parallel to 81 1823 37 Yes 

±pi 

S367· bt-crd· anhedral, Interstitial Th-3.02% 
01 #2 mu-qz granular, within qz + Y-1.11% homo. 5 X 15 75 

±pi elliptical kfs matrix U-0.23% 

interstitial, 
S367· bt-crd- subhedr., in matrix, Th-4.14% 

N #2 mu-qz between 2 Y-1 .23% homo. 10 X 20 200 
N 02 ±pi prismatic bt grains U-0.29% 0\ 

and qz 

bt-crd· anhedral, along bt Th-4.61% 5367- B #2 mu-qz granular, and qz Y-1.27% homo. 12 X 15 180 03 ±pi rounded grain U-0.25% boundary 

S367· bt-crd· anhedral , interstitial , Th-2.99% 
04 none #2 mu-qz granular, In matrix qz Y-1 .15% homo. 10 X 20 200 

±pi irregular grains U-0.27% 

bt-crd· In matrix, Th-4.28% 5367- #2 subhedr., bordered Y-1.25% homo. 12 X 18 216 in contact with euhedral, 
OS mu-qz prismatic by qz-kfs· stable, prismatic ap ±pi ap U-0.36% 

bt-crd- within Th-4.17% S367· euhedral, matrix 
06 #2 mu-qz prismatic bordered Y-1.21% homo. 9 X 14 126 

±pi by qz U-0.29% 



Grain Picture Trans. Miner. Habit Setting Chemistry Cham. Size Area Comments Age St. Dev. Map parag. zoning (tJm) (sq. t-~m) (Ma) (Ma :t 2o) 

S367· bt-crd· subhedr., totals too 
07 #2 mu-qz prismatic low homo. 10 X 15 150 

±pi 

c bt-crd· within Th-4.05% stable subeuhedral crystals S367· euhedral, matrix 
08 #2 mu-qz prismatic bordered Y- 1.21% homo. 12 X 15 180 (3) of ap in proximity (within 

±pi byqz U-0.44% less than 70 urn radius) 

bt-crd· anhedral, within Th-2.37% S367- matrix grain boundary relatively #2 mu-qz granular, Y-1.04% homo. 14 X 18 252 09 ±pi sub prism. bordered U-0.18% irregular 
byqz 

along bt 
6367- bt-crd- subhedr., grain Th-2.78% irregular grain boundary #2 mu·qz boundary, Y-1 .19% homo. 12 X 18 216 1805 26 No 10 ±pi subprlsm. bordered U-0.31% (resorbed?) 

N 
N by qz-bt ....:a 

9367- bt·crd- subhedr., 
11 #2 mu-qz prismatic n.a. homo. 22 X 37 814 

tpl 

bt-crd· anhedral, within 
S367 matrix, totals too slightly 1 side of the grain in contact 
map1 #2 mu-qz granular, bordered low zoned 12 X 22 264 with bt is Irregular (resorbed) 1775 32 Yes 

±pi rounded by mu-qz 

6373· bt-Crd· anhedral, within a qz Th-3.52% 
01 #3 mu-qz granular, inclusion in Y-1 .18% homo. 13x 39 507 1818 26 No 

tpl elliptical crd U-0.36% 

bt-crd· anhedral, In matrix, Th-4.62% 6373· #3 granular, along qz- Y-1.58% homo. 10 X 25 250 1805 15 Yes 02 mu-qz kfs grain ±pi enrptical boundary U-0.70% 



Grain Picture Trans. Miner. Habit Setting Chem. Size Area Comments Age St. Dev. Map parag. Chemistry zoning (pm) (sq. J.lm) (Ma) (Mat 2C1) 
in matrix, S373·· bt·crd- along qz- Th-3.12% kfs in contact with mnz are 

03 #3 mu-qz subhedr. kfs-mu Y-0.95% homo. 19x 37 703 slightly altered 1795 23 Yes 
±pi grain U-0.24% 

boundary 

S3~· 
in matrix, 

bt-crd- anhedral, along qz- Th-4.67% slightly kfs and mu in contact with 
04 #3 mu-qz granular. kfs-mu Y-1.18% zoned 17 X 30 510 mnz are slightly altered 1777 23 Yes 

:!:pi elliptical grain U-0.22% 
boundary 

bt-crd· subhedr., in matrix, Th-4.70% S373·~ #3 prismatic, along bt-qz Y-1.43% slightly 20x28 560 1792 24 Yes 05 mu-qz straight grain zoned ±pi edges boundary U-0.45% 

"-> S374· n bt-crd- anhedral. within Th-3.38% slightly very Irregular boundary 
"-> 01 . ~- #3 mu-qz- Irregular flbrollte Y-1.25% zoned 30x45 1350 (resorption or Interstitial 1844 20 Yes 
00 sil:l:plag cluster U-0.41% growth?) • 

interstitial, 
S374- bt-crd- subhedr .• within Th-4.16% slightly 1 side has irregular boundary 

02 #3 mu-qz- prismatic matrix, Y-1.24% zoned 21 X 26 546 (resorption or interstitial 1847 28 Yes 
sll:t:plag bordered U-0.33% growth?) 

S374· bt-crd- anhedral, included in Th-4.62% slightly grain boundary locally #3 mu-qz- granular, Y-1.14% 23x 32 736 1875 31 Yes 03 sil±plag oval crd U-0.20% zoned irregular with embayments 

bt-crd- subhedr., interstitial, Th-4.23% 8374· #3 mu-qz- granular, within Y-1.17% slightly 22x41 902 2 large embayments, slightly 1818 39 Yes 04 sil±plag "kidney- matrix U-0.28% zoned cracked 
shaped" 

bt-crd- anhedral, Th-4.54% irregular boundary, $374· prismatic, within mu moder. 
05 #3 mu-qz- Irregular cluster Y-1.53% zoning 31 X 38 1178 elongated, linear inclusions, 1836 18 Yes 

sil:i:plag boundary U-0.63% embayments 



Grain Picture Trans. Miner. Habit Setting Chemistry Chern. Size Area Comments Age St. Dev. Map 
parag. zoning {l.lm) (sq. t.~m) (Ma) (Ma :t: 2o) 

S374· bt-crd- granular, bordered Th-4.09% 

06 #3 mu-qz- square-like by crd-qz Y-1.15% 28x35 980 
siltplag U-0.21% 

5375- rn bt-crd· subhedr .• included in Th-6.30% 
01 ,• ,. #3 mu-qz- prismatic bt Y-1.15% 19x26 494 

slltplag U-0.83% 

S375- bt-crd· subhedr. , within qz + Th-2.08% distinct 
02 #3 mu-qz- prismatic kfs matrix Y-0.68% zoning 17 x29 493 embayments 

sll:t:plag U-0.38% 

S375- bt-crd· interstitial, Th-3.64% strongly 
03 #3 mu-qz- anhedral bordered Y-0.86% zoned 26 X 56 1456 irregurlar border 

sll±plag by bt-qz U-0.31% 
N 
N 

bt-crd· anhedral, in matrix. Th-0.36% \0 8375· granular, slightly 
04 #3 mu-qz- irregular bordered Y-0.67% zoned 46 X 50 2300 anomalous Th valueslll 

sil:l:plag by qz-kfs U-0.25% 

S375· bt-crd- anhedral, along bt-qz Th-6.38% 

06 #3 mu-qz- granular, grain Y-1.14% 20x 27 540 may be a composite grain .... . 
sll±plag rounded boundary U-0.89% 

bt-crd- anhedral. In matrix, Th-5.44% S375- #3 granular, interstitial, Y-0.85% 9 X 11 99 irregular boundary, 
07 mu-qz- bordered embayments sll:t:plag rounded by qz-kfs U-0.27% 

bt-crd· subhedr., In matrix, Th-6.91% $375· #3 granular, interstitial, Y-1.09% 15 X 17 255 embayment 08 mu-qz. bordered slltplag square-like by qz-kfs U-0.74% 



Grain Picture Trans. Miner. Habit Setting Chemistry Cham. Size Area Comments Age St. Dev. Map para g. zoning (IJm) (sq. 5-~m) (Ma) (Ma :t:: 2o) 

bt-crd- subhedr., in matrix, Th-5.14% 837~ 1] Interstitial, 
09 .• #3 mu-qz- prismatic, bordered Y-0.99% homo. 13 X 24 312 

sll±piag granular by kfs U-0.65% 

S37~a bt-crd- anhedral, In matrix, Th-5.07% irregular boundary, minor 
10 . . #3 mu-qz- elliptical, bordered Y-0.90% homo. 15x 22 330 embayments tr sil:tplag granular by bt-kfs-qz U-0.23% 

S375· bt-crd- subhedr., Th-3.43% slightly 
11 #3 mu-qz- prismatic, Y-0.07% zoned 18 X 37 666 1836 24 Yes 

sil±plag granular U-0.46% 

bt-crd- within Th-2 .58% 8375- #3 subhedr., matrix, Y-0.07% slightly 18 X 40 720 1908 29 Yes 12 mu-qz- prismatic, included in zoned 
N sll:tpiag kfs U-0.24% 
w 
0 

S375· bt-crd- anhedral, Included In Th-4 .48% slightly 
13 #3 mu-qz- square-like bt Y-0.10% zoned 15 X 18 270 

sll±plag U-0.59% 

S378· bt-mu- subhedr., in the Th-7.68% 
01 #3 qz- prismatic matrix Y-1 .21% 12 X 21 252 

sll±plag U-0.14% 

bt-mu- anhedral, along grain Th-8.36% S378· #3 granular, boundary Y-0.96% 15 X 18 270 02 qz- "drop- of crd-qz-sil±plag shaped" kfs U-0.04% 

8378· bt-mu- anhedral, included in Th-5.96% 
03 #3 qz- elong., crd Y-1 .17% 9x63 504 

sil±plag narrow U-0.09% 



Grain Picture Trans. Miner. Habit Setting Chemistry Chem. Size Area Comments Age St. Dev. Map para g. zoning (tJm) (sq. 1Jm) (Ma) (Ma :t 2a) 

8378· bt-mu- anhedral, Th-6.29% a major embayment on one 
04 #3 qz. granular, Y-0.80% 15 X 24 360 side sll±plag rounded U-0.01% 

8378· bt-mu- anhedral, included in Th-5.30% irregular boundary, major 
05 #3 qz- skeletal crd, In the Y-0.91% 12 x40 480 embayments s!l±plag core area U-0.01% 

8378· bt-mu· subhedr., In matrix, Th-4.76% 
06 #3 qz- prismatic bordered Y-0.91% homo. 18 X 32 576 1764 27 No 

sll±plag by qz-kfs U-0.0% 

8378· bt-mu- anhedral, Th-3.83% 
07 #3 qz- "drop- Y-0.89% 22 x38 836 irregular contour 1887 69 No 

sll±plag shaped" U-0.01% 
N bt-mu- anhedral, along bt- Th-6.66% IJJ 8378- irregular, mu cluster, distinct irregular contour, major - #3 Y-1.15% 15 X 27 405 08 qz- em bay- bordered zoning embayments, resorption .... sil±plag ments U-0.15% 

S383· bt-grt-sil- anhedral, Th-8.03% distinct 
01 #4 kfs granular, core Y-1.55% zoning 25 X 38 950 high Th core, euhedral shape 1808 21 Yes 

rounded loca- U-0.30% 
ted In 
KFS 

bt-grt-sil- subhedr., xtal Th-7 .82% distinct 8383· #4 rim Y-2.40% 25x38 950 granular, rounded rim 1793 16 Yes 
02 kfs prismatic U-0.92% zoning 

bt-grt-sil- subhedr., Included In Th-4.14% .homo. #4 kfs along., grt Y-1.47% 12x 58 696 1835 17 Yes 

8383· prismatic U-0.28% 
03 bt-grt-&11· subhedr., included in Th-4.87% 

#4 along., Y-1.63% homo. 12 X 22 264 kfs prismatic grt U-0.44% 



Grain Picture Trans. Miner. folablt Setting Chemistry Chern. Si:r.e Area Comments Age St. Dev. Map parag. :r.onlng (IJm) (sq.IJm) (Ma) (Ma :t 2C7) 

anhedral, included in Th-6.99% 8383· bt-grt-sll- kfs, moder. 
04 #4· kfs granular, alteration Y-2.09% zoning 11 X 21 231 

rounded halo U-0.87% 

anhedral, Included In Th-7.24% 8383- c #4 bt-grt-sil- granular, kfs, Y-2.04% moder. 28x44 1232 05 kfs rounded alteration U-0.77% zoning 
halo 

8383· bt-grt-sll- anhedral, included in Th-6.33% slightly #4 granular, Y-1.89% 23 x31 713 06 kfs rounded bt U-0.64% zoned 

S383· bt-grt-sll- subhedr., included in Th-7.14% distinct 
07 #4 kfs elong., bt, parallel Y-1.88% zoning 22x40 880 1822 9 Yes 

prismatic to cleavage U-0.61% 
N w 

S383- included in Th-6.95% slightly N #4 bt-grt-sll- subhedr., kfs , bt on Y-1.80% 13 X 28 364 08 kfs prismatic one side U-0.52% zoned 

anhedral, Th-6.18% 8383· #4 bt-g rt-sil· elong., Y-1.96% homo. 15 X 38 570 minor embayments 09 kfs granular, 
elliptical U-0.81% 

8384· [J bt-grt-sil· anhedral, Interstitial, Th-4.64% very irregular boundary #4 within kfs + Y-2.43% 25 X 40 1000 01 kfs em bayed qz matrix U-0.23% (interstitial growth?) 

8384· bt-grt·sll- anhedral, partly totals too 
02 #4 kfs granular, Included In low 25x 30 750 

rounded bt 

8384- #4 bt-grt-sii- anhedral, within a sll totals too 22x45 990 very irregular boundary 
03 kfs embayed cluster low (interstitial growth?) 



Grain Picture Trans. Miner. Habit Setting Ch I t Chern. Size Area Comments Age St. Dev. Map parag. em 8 ry zoning (tJm) (sq. t-~m) (Ma) (Ma :t 2a) 

partly very Irregular boundary, 
S384· #4 bt-grt-sil· anhedral, included In totals too 14 X 28 392 numerous embayments 

04 kfs em bayed bt low (resorption or Interstitial 
growth?) 

anhedral, included in Th-4.35% 8384· bt-grt-sil- bt, and fractured, embayed by 
05 #4 kfa granular, bordered Y-2.57% 18 X 22 396 growth of a sll grain sub prism. by sil U-0.24% 

S384· bt-grt-sll· Th-4.65% 
none #4 Y-0.90% 06 kfs U-0.06% 

8388· bt-grt-sil· anhedral, Included In Th-4.9% outer rounded grain included In grt 
01 #4 kfs granular, grt Y-1.18% rim 26 x45 1170 and with three distinct 1800 9 Yes 

oval U-0.99% chemical zones 

N Th-5.66% inner 1..;J Y-2.55% 1847 7 1..;J 

s~·m 
rim 

bt-grt-sil· anhedral, Included in U-2.45% rounded grain inlcuded In grt· Yes #4 granular, 26x45 1170 and with three distinct kfs oval grt chemical zones 
Th-2.30% 
Y-0.93% core 1853 11 
U-0.27% 

anhedral, Th-4.65 distinct 8388· #4 bt-grt-sll- granular, included in Y-0.90% zoning 50 X 115 5750 complex zoning 1791 11 Yes 
02 kfs oval grt U-0.06% 

Th-3.77% 
8388· none #4 bt-grt-sil- Included in Y-1.37% 

03 kfs grt U-0.66% 

S388· bt-grt·Sit· included In Th-4.92% 
none #4 Y-1.65% 04 kfs crd U-0.51% 



Grain Picture Trans. Miner. Habit Setting Chem. Size Area Comments Age St. Dev. Map parag. Chemistry zoning (lJm) (sq.JJm) (Ma) (Ma :t 2a) 

S3BB· bt-grt-sll- Th~4.92% 

none #4 In stt-crd Y-2.23% 05 kfs u-o.S3% 

S3B8· bt-grt-sil- In kfs-qz Th-5.18% 
none #4 Y-2.72% 06 kfs matrix 

u~o.79% 

S388· bt-grt-sll- in kfs-qz Th-4.69% 
none #4 Y-2.34% 07 kfs matrix U-0.64% 

8388· bt-grt-sil- Included In Th-4.77% 
none #4 Y-2.29% 08 kfs bt U-0.81% 

8388· bt-grt-sil- Included In Th-5.40% 
none #4 Y-1.90% 09 kfs crd 

u~o.aa% 
N 
l,..) Th-5.46% ~ 8388· bt-grt-sil- included In none #4 Y-2.37% 10 kfs bt U-0.69% 

8388· bt-grt-sil- included in Th-4.42% 
none #4 Y-1.15% 11 kfs bt U-0.48% 

S388· bt-grt-sll- in kfs-qz Th-4.07% 
none #4 Y-2.29% 13 kfs matrix U-1 .05% 

8388- none #4 bt-grt-sll- included in totals too 
14 kfs bt low 

8388· bt-grt-sll- subhedral, included in totals too distinct elongated along bt cleavage, #4 prism., 17 x45 765 1768 14 Yes 16 kfs elong. bl low zoning circular zoning (core+ rim) 



Grain Picture Trans. Miner. Habit Setting Chemistry Chern. Size Area Comments Age St. Dev. Map parag. zoning (~m) (sq. IJm) (Ma) (Ma :t 2a) 

anhedral, in matrix, Th-7.37% grain located between qz and 
S390· #4 crd-grt- granular, along qz- Y-2.30% distinct 70 X 105 7350 kfs, complex zoning, 

01 kfs oval kfs grain U-0.40% zoning numerous, Inclusions and 
boundary fractures 

anhedral, In matrix, located on the margin of a kfs 8390· crd-grt· within kfs, Th-6.61% 
slightly 133 144 02 #4 kfs subprlsm., bordered Y-2.76% zoned x 19 152 grain, fracture, few inclusions, 

granular partly by qz U-0.45% zoned of break-down ... ? 

s~~o-· crd-grt- anhedral, included in Th-7.51% slightly included In bt, slightly 
#4 kfs granular bt Y-2.98% zoned 25 X 33 825 fractured, locally irregular 

.·' U-0.47% grain boundary 

s~~- crd-grt- anhedral, In matrix, Th-6.10% slightly Included in qz, zoning pattern #4 included In Y-2.28% 26 X 32 832 04 ~ kfs granular qz U-0.26% zoned might reflect partial fracturing 

N 
\,U 
Vl 

S390· anhedral. Th-5.98% 
#4 crd-grt- granular, included In Y-2.36% distinct 36x48 1728 zoning not circular, but still 1724 9 No 05 kfs subprism. kfs U-0.33% zoning show core and rim 

S390· crd-grt- anhedral, along bt Th-5.38% distinct shape suggests interstitial #4 rounded, and matrix Y-2.07% 44 x48 1064 06 kfs fractured boundary U-0.21% zoning base ... 

S390· crd-grt- subhedral, included in Th-4.16% distinct large fracture, core-to-rim #4 Y-1.45% 16 X 30 480 07 kfs prismatic bt U-0.08% zoning zoning , parallel to bl cleavage 

S390· #4 crd-grt· subhedral, included In totals too homo. 10 X 50 500 moat of altered crd around 
08 kfs elong. crd low the mnz grain 

S390· crd-grt- subhedr., included in Th-5.29% moat of altered crd around 
09 #4 kfs prism., crd Y- 2.17% 20 X 45 900 the mnz grain elong. U-0.19% 



Grain Picture Trans. Miner. Habit Setting Chemistry Chem. Size Area Comments Age St. Dev. Map parag. zoning (IJm) (sq. J.lm) (Ma) (Ma t2o) 

S390· crd-grt- anhedral, included In Th-5.11% distinct moat of altered crd around 
10 #4 kfs subprism., crd Y-1.03% zoning 10 X 18 180 the mnz grain granular U-0.04% 

S390· crd-grt- anhedral, Th-4.43% 
11 #4 kfs rounded, matrix Y-3.28% homo. 35 X 35 1225 

granular U-0.23% 

S390- #4 crd-grt- subhedral, included In homo. 25 X 31 775 12 kfs prism. bt none 

S390- crd-grt- subhedr., partly 
13 #4 , kfs prism., included in none homo. 55x60 3300 

fractured bt and kfs 

t-,) S390- crd-grt- subhedr., included In Th-3.61% moat of altered crd around w #4 Y-2.12% homo. 29 x63 1827 the mnz grain {chem. calc. 1895 18 No 0'1 15 kfs prism., crd U-0.55% with trace analysis results) 

S390· crd-grt- subhedr., included In Th-3.06% mnz grain parallel to bt #4 Y-2.17% homo 20x40 800 1971 23 No 16 kfs prism. bt U-0.34% cleavage 

S390· crd-grt- anhedral, distinct grain with abundant cracks 
17 #4 kfs granular, matrix none zoning 100 X 140 14 000 and inclusions, complex 

subprism. zoning pattern 

anhedral, in qz matrix Th-3.79% irregular boundary, in contact 
S390· crd-grt- distinct with unstable bt (resorbed), 

18 #4 kfs granular, bordered Y-1.72% zoning 39 X 44 1716 minor embayments, circular 1914 27 No 
rounded bybt U-0.49% inclusion 

S390· crd-grt- anhedral, totals too slightly 
20 #4 kfs granular, matriJ< low zoned 43x62 2666 

rounded 



Grain Picture Trans. Miner. Habit Setting Chemistry Chern. Size Area Comments Age St. Dev. Map para g. zoning (.,am) (sq • .,am) (Ma) (Ma ±2a) 

S392· crd-grt- subhedr .. Th-5.65% distinct core-to-rim zoning, with #4' In biotite Y-1.62% 36x57 2052 1831 24 No 01 kfs prism. U-0.06% zoning multiple subdomains 

S392· crd-grt- subhedr., Included in Th-5.71% distinct core-to-rim zoning, with #4 Y-1.11% 10Q X 100 10 000 Yes 02 kfs subprlsm. bt U-0% zoning multiple subdomains 

S392· crd-grt· anhedral, Th-6.47% slightly transversal fracture, single 
03 #4 kfs granular, matrix Y-1.28% zoned 28 X 61 1708 round inclusion along. U-0.05% 

along bt Th-6.19% one straight side. irregular 8392· crd-grt- anhedral, and matrix distinct 
04 #4 kfs irregular grain Y-1 .32% zoning 41 X 50 2050 boundary for remaining sides. 

N boundary U-0.01% moderately fractured 
w 
-....1 partly 

8392· crd-grt- subhedral, Included in Th-5.98% distinct rim-to-core zoning, euhedral #4 prism .. Y-1.54% 48 X 50 2400 1913 26 No 05 kfs granular bt and qz U-Q.18o/o zoning zoning pattern 
matrix 

8392· crd-grt- anhedral. Th-3.53% core rim-to-core zoning (chem. 1885 34 
06 #4 kfs granular. matrix Y-1.38% 33x42 1386 calc. with trace analysis Yes 

rounded U-0.67% rim results} 1822 33 

8392- crd-grt· subhedr., Th-3.36% distinct 
07 #4 kfs granular. Y-1.17% zoning 26 x36 936 

oval U-0.48% 

8392· crd-grt- subhedr., matrix and Th-6.05% distinct sharp narrow embayment (sll 
08 #4 kfs subprism. grt Y-1.73% zoning 31 X 34 1054 needle}, core-to-rim zoning, 

boundary U-0.52% line profile obtained 

S392· c.rd-grt- anhedral. Th-5.65% distinct core-to-rim zoning, moderate 
09 #4 kfs granular, Y-1.06% zoning 32 X 39 1248 fracturation, grain boundary 

rounded U-0.57% locally irregular 



Miner. Chem. Size Area Comments Age St. Dev. Map Grain Picture Trans. Habit Setting Chemistry zoning (IJm) (sq. f.lm) (Ma) (Ma :t2o) parag. 
Th-3.92% 
Y-0.34% zone 1 

839~- #4 crd-grt- anhedral, U-0.47% 83 X 150 12450 complex zoning pattern 1848 12 No 17 , :-- kfs granular Th-3.20% 
Y-1.25% zone 2 
U-0.56% sm . anhedral, Included In totals too light light zoning, Irregular 1855 29 Yes #4 crd-grt- low zoning 22 x34 748 boundary (analysis redone In map5 kfs granular grt Nov. 2003) 

Th-7.27% distinct core-to-rim zoning pattern, S3~- #5 crd-grt- euhedral, matrix Y-1.77% zoning 46 x67 3082 moderately cracks and few 18 .. kfs prism. U-1.28% Inclusions 
N 

Th-7.45% homo. w 
anhedral, included in weak zoning, peanut-shaped •. 00 S396· #5 crd-grt- Y-2.08% to light 46 X 117 5382 28 kfs granular grt moat U-1.44% zoning 

Th-5.37% 
1838 6 Y-1.85% core nice euhedral grain with 

euhedral, inluded In U-1.50% straight·boundaries, core-to-
Yes 5397- n #5 crd-grt- 37 X 68 2516 rim zoning pattern (chem. 01 : .· kfs prism. grt Th-5.87% calc. with trace analysis .··. 

1827 15 Y-1.46% rim results) 
U-0.99% 

crd-grt- anhedral, In matrix, Th-7.29% light light zoning, undefined 1858 11 Yes S397· #5 granular, bordered Y-1 .40% 36x39 1404 02 kfs subround. by qz-bt U-0.92% zoning pattern 

crd-grt~ 
anhedral, included In Th-6.70% distinct 8397· #5 triangular, Y-2.26% 45 X 140 6300 complex zoning 03 kfs along. bt U-1.14% zoning 
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8399- crd-grt- subhedr., Included In Th-8.54% distinct moat of altered crd around 
#5 prism., Y-1.53% 63x92 5796 the mnz grain, square-like 4.1 kfs granular crcl U-0% zoning Inclusions (sil?l) 

8399- crd-grt- anhedral, along grt Th-7.58% distinct major fractures, complex 
8.1 #5 kfs granular, margin; Y-1.86% zoning 40 X 68 2720 zoning pattern irregular matrix? U-0.52% 

S399· crd-grt- anhedral, within grt, Th-7.63% moder. numerous Inclusions rounded 
8.2 #5 kfs granular, along sll Y-2.02% zoning 38 x62 2356 to cylindrical Irregular grain U-0.83% 

S399· #5 crd-grt- anhedral, included in none 30x45 1350 moat of altered crd around 
04 kfs granular, crd the mnz grain 

N w 
1,0 

S399· moat of altered crd around #5 crd-grt- anhedral, included In none 35x 55 1925 04 kfs granular, crd the mnz grain 

S401· crd-grt- subhedr., included In Th-9.33% distinct very complex zoning pattern, #5 Y-1.82% 71 X 158 11 218 1804 8 Yes 01 kfs prism, kfs U-1.08% zoning major fracturing 

8401· crd-grt- subhedr., partly in kfs Th-13.64% distinct euhedral, core-to-rim zoning #5 bordered Y-2.87% 38x48 1824 02 kfs prism. byqz U-1 .52% zoning pattern 

S403· #5 crd-grt- anhedral, none distinct 70 x 210 14 700 01 kfs irregular 
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MnzGratn 
5366..01 

S366·01 

S366-03 

&366-04 

5366..06 

8366·07 

8366·08 

Analysis # Ce 
265 0.4664 
266 
267 

Averag8 

268 
269 
270 

Averag8 

271 
272 
273 

Averag8 

274 
215 
276 

Averag8 

liS 
116 
117 

Average 

118 
119 
120 
121 
157 
158 
159 
160 
161 

Average 

122 
123 
124 

0.4696 
0.4512 
0.46%4 
0.4304 
0.4596 
0.4600 
0.4500 
0.4668 
0.4468 
0.4500 
0.4545 
0.4300 
0.4628 
0.4632 
0.4510 
0.4552 
0.4612 
0.4308 
0.4491 
0.4648 
0.4556 
0.4364 
0.4448 
0.4064 
0.3912 
0.4092 
0.4184 
0.4200 
0.4274 
0.4456 
0.4216 
0.4256 

P St Pr La Ca Y Nd Th Sm Gd Dy U Total I 40 
0.9804 0.0084 O.o708 0.1964 0.0224 0.0172 0.1620 0.0344 0.0296 0.0172 0.0000 0.0008 2.006 
0.9912 
0.9772 
0.9829 
0.9756 
0.9808 
0.9600 
(),9721 
0.9660 
11.9736 
(1.9592 
0.9663 
0.9496 
0.9708 
0.9696 
0.9633 
0.9808 
0.9820 
0.9900 
0.9843 
0.9904 
0.9900 
0.9880 
0.9784 
0.9928 
0.9936 
0.9820 
0.9912 
0.9896 
0.9884 
0.9848 
0.9928 
0.9896 

0.0060 
0.0112 
().0085 
0.0096 
0.0084 
0.0124 
().0101 
0.0100 
0.0100 
0.0172 
0.0114 
0.0236 
0.0124 
0.0140 
0.0167 
0.0108 
0.0100 
0.0!60 
0.0123 
0.0064 
0.0064 
0.0084 
0.0160 
0.0104 
0.0076 
0.0088 
0.0056 
0.0072 
0.0085 
0.0088 
0.01!6 
0.0160 

0.0688 
0.0704 
O.o700 
0.0656 
0.0664 
0.0672 
O.D664 
0.0724 
0.0692 
0.0708 
0.0708 
0.0676 
0.0688 
0.0668 
0.0677 
0.0732 
0.0664 
0.0684 
0.0693 
0.0752 
0.0692 
0.0704 
0.0708 
0.0512 
0.0504 
0.0512 
0.0524 
0.0536 
0.0605 
0.0712 
0.0676 
0.0712 

0.1944 
0.1808 
0.1905 
0.1796 
0.1820 
0.1880 
0.183l 
0.1920 
0.1824 
0.1852 
0.1865 
0.1764 
0.1840 
0.1836 
0.1813 
0.1964 
0.1960 
0.1788 
0.1904 
0.1932 
0.2044 
0.1796 
0.1928 
0.2168 
0.2100 
0.2104 
0.2180 
0.2184 
0.2048 
0.1896 
0.1892 
0.1852 

0.0196 
0.0344 
o.ozss 
0.0524 
0.0320 
0.0380 
0.0408 
0.0312 
0.0408 
0.0368 
0.0363 
0.0524 
0.0340 
0.0340 
0.0401 
0.0272 
0.0264 
0.0368 
0.0301 
0.0152 
0.0220 
0.0460 
0.0340 
0.0308 
0.0492 
0.0424 
O.OZ76 
0.0268 
0.0327 
0.0396 
0.0432 
0.03S8 

0.0180 
0.0180 
0.0177 
0.0232 
0.0212 
0.0216 
0.0120 
0.0220 
0.0196 
0.0176 
0.0197 
0.0172 
0.0172 
O.D208 
0.0184 
0.0196 
0.0204 
O.D208 
0.0203 
0.0208 
0.0208 
0.0264 
0.0200 
0.0220 
0.0256 
0.0240 
0.0228 
0.0204 
o.ons 
0.0220 
0.0240 
0.0228 

0.1616 
0.1580 
0.1605 
0.1492 
0.1552 
0.1608 
0.1551 
0.1592 
0.1560 
0.1584 
0.1579 
0.1484 
0.1536 
0.1544 
0.1521 
0.1608 
0.1580 
0.1588 
D.1592 
0.1704 
0.1608 
0.1552 
0.1568 
0.1828 
0.1768 
0.1824 
0.1876 
0.1884 
0.1735 
0.1512 
0.1516 
O.ISS2 

0.0264 
0.0548 
0.0385 
0.0724 
0.0496 
0.0556 
0.0592 
0.0488 
0.0624 
0.0680 
0.0597 
0.0976 
0.0568 
0.0540 
0.0695 
0.0332 
0.0356 
0.0500 
0.0396 
0.0172 
0.0276 
0.0508 
0.0448 
0.0304 
0.0428 
0.0408 
0.0248 
0.0264 
0.0340 
0.0476 
0.0492 
0.0488 

0.0280 
00308 
0.0195 
0.0284 
0.0300 
0.0312 
0.0299 
0.0268 
0.0280 
0.0280 
0.0176 
0.0284 
0.0280 
0.0308 
0.0191 
0.0284 
0.0280 
0.0284 
0.0283 
0.0316 
0.0264 
0.0244 
0.0280 
0.0292 
0.0276 
0.0284 
0.0268 
0.0288 
0.0279 
0.0252 
0.0248 
0.0276 

0.0180 
0.0176 
0.0176 
0.0180 
0.0180 
0.0204 
0.0188 
0.0172 
0.0176 
0.0200 
0.0183 
0.0192 
0.0192 
0.0176 
0.0187 
0.0200 
0.0216 
0.0176 
0.0197 
0.0188 
0.0192 
0.0168 
0.0168 
0.0200 
0.0188 
0.0204 
0.0200 
0.0184 
0.0188 
0.0176 
0.0160 
0.0176 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0060 
0.0064 
0.0064 
0.0064 
0.0048 
0.0033 
0.0000 
0.0000 
0.0000 

0.0004 
0.0004 
0.0005 
0.0016 
0.0004 
0.0008 
0.0009 
0.0004 
0.0004 
0.0004 
0.0004 
0.0008 
0.0004 
0.0004 
0.0005 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.000{) 
0.0008 
0.0000 
0.0020 
0.0032 
0.0024 
0.0024 
0.0016 
0.0014 
0.0000 
0.0004 
0.0008 

2.002 
2.005 
2,004 
2.006 
2.004 
2.016 
%.009 
2.013 
2.007 
2.Q12 
2.011 
2.011 
2.008 
2.009 
1.009 
2.006 
2.006 
!.997 
1.003 
2.004 
2.002 
2.003 
2.004 
2.001 
2.003 
2.009 
2.004 
2.005 
2.004 
2.004 
1.998 
1.999 



MnzGrain 
8366-08 (cnt'd) 
S366-09 
836&-10 

8366-11 

8366-12 

836&-13 

8366-15 

836&-16 

____ A~na~lysis# .~C~e _____ P~--~S~i --~P~r--~L~a~~C~a~--y~---N~d--~T=h--~S=m~~G~d~~D~yL_ __ ~U ____ ~T~o~m=l~/~40~ 
Average 0.4309 0.9891 0.0121 0.0700 0.1880 0.0405 0.0229 0.1547 0.0485 O.OlS9 0.0171 0.0000 0.0004 2.000 

125 0.4228 0,9716 0.0276 0.0671 0.1928 0.0436 0.0184 0.1488 0.06ll 0.0268 0.0160 0.0000 0.0000 U!n 
126 0.4412 0.9932 0.0128 0.0736 0.1932 0.0284 0.0180 0.1572 0.0392 0.0232 0.0164 0.0000 0.0000 1.997 
127 0.4100 0.9572 0,0380 0.0604 0,1888 0.0600 0.0180 0.1376 0.1020 0.0180 0.0124 0.0000 0.0000 2.002 
128 0.4508 0.983l 0.0132 0.0752 0.1924 0.0316 0.0184 0.1520 0.0440 0.0260 0.0140 0.0000 0.0000 2.001 

Avemge 0.43U O.!n63 0.0229 0.0691 0.1918 0.0409 0.0181 0.1489 0.0616 0.0235 0.0147 0.0000 0.0000 1.999 
277 0.4580 0.9752 0.0084 0.0700 0.1904 0.0324 0.0204 0.1600 0.0480 0.0272 0.0188 0.0000 0.0004 2.010 
278 0.4356 O.!n2(1 0.0100 0.0704 0.1812 0.0464 0.0228 0.1612 0.0628 0.0280 0.0180 0,0000 0.0012 2.010 
279 ti.4632 0.9764 0.0088 0.0680 0.1920 0.0280 0.0188 0. I 604 0.0420 0.0296 0.0200 0.0000 0.0004 2.008 
129 0.4420 0.9784 0.0148 0.0748 0.1976 0.0348 0.0172 0.1584 0.0448 0.0272 0.0156 0.0000 0.0000 2.006 
130 0.4388 0.9820 0.0116 0.0700 0.1936 0.0376 0.0200 0.1572 0.0480 0.0268 0.0188 0.0000 0.0000 2.005 
131 0.4496 0.9856 0.0096 0.0752 0.1916 0.0312 0.0192 0.1624 0.0376 0.0252 0.0168 0.0000 0.0000 2.004 
132 0.4296 0.9800 0.0116 0.0772 0.1936 0.0408 0.0204 0.1596 0.0508 0.0260 0.0168 0.0000 0.0000 2.007 

Avemge 0.4453 0.9785 ().0107 0.0722 ().1914 0.03.59 0.0198 0.1599 0.0477 0.0271 0.0178 0.0000 0.0003 2.007 
133 0.4232 0.9944 0.0088 0.0772 0.1700 0.0468 0.0236 0.1548 0.0520 0.0276 0.0172 0.0000 0.0004 1.996 
134 0.4452 0.9864 0.0120 0.0772 0.1880 0.0296 0.0172 0.1608 0.0416 0.0268 0.0168 0.0000 0.0000 2.002 

Average 0.4342 0.9904 0.0104 0.0772 0.1790 0.0382 0.0204 0.1578 0.0468 0.0172 0.0170 O.OOGO 0.0002 1.999 
135 0.4204 0.9928 0.0084 0.0696 0.1812 0.0460 0.0236 0.1512 0.0576 0.0268 0.0172 0.0000 0.0000 1.995 
136 0.4612 0.9856 0.0084 0.0744 0.1940 0.0236 0.0172 0.1612 0.0316 0.0264 0.0184 0.0000 0.0000 2.002 

Average ().4408 G-9891 0.0084 0.07ZO 0.1876 0.0348 0.0204 0.1562 0,04"6 G.0266 0.0178 0.0000 0.0000 1.999 
140 0.4388 0.9832 0.0192 0.0732 0.1856 0.0344 O.ot88 0.1564 0.0476 0.0264 0.0168 0.0000 0.0000 2.001 
141 0.4524 0.9916 0.0088 0.0812 0.1876 0.0220 0.0184 0.1648 0.0280 0.0272 0.0188 0.0000 0.0000 2.001 
142 0.4532 O.!n60 0.0136 0.0736 0.1828 0.0384 0.0180 0.1568 0.0528 0.02$6 0.0156 0.0000 0.0000 2.007 
143 0.4668 0.9840 0.00{)0 0.0812 0.2036 0.0208 0.0168 0.1620 0.0244 0.0264 0.0164 0.0000 0.0000 2.008 
144 0.4344 0.9816 0.0132 0.0752 0.1796 0.0412 0.0200 0.1568 0.0544 0.0272 0.0192 0.0000 0.0000 2.003 
145 0.4560 0.9868 0.0092 0.0724 0.1848 0.0364 0.0200 0.1560 0.0408 0.0252 0.0168 0.0000 0.0000 2.005 
145 0.4208 0.9956 0.0060 0.0532 0.2180 0.0192 0.0228 0.1896 0.0160 0.0312 0.0192 0.0068 0.0024 2.001 
146 0.4308 0.9928 0.0036 0.0520 0.2340 0.0176 0.0180 0.1848 0.0176 0.0288 0.0172 0.0056 0.0008 2.004 
147 0.4104 0.9980 0.0060 0.0512 0.2184 0.0300 0.0212 0.1864 0.0248 0.0268 0.0188 0.0064 0.0020 2.001 
148 0.3988 0.9852 0.0188 0.0500 0.2080 0.0412 0.0196 0.1768 0.0464 0.0296 0.0188 0.0072 0.0012 2.002 
149 0.4080 0.9912 0.0104 0.0544 0.2120 0.0372 0.0212 0.1780 0.0340 0.0268 0.0212 0.0064 0.0012 2.002 

Average 0.4337 0.9878 M104 0.0652 O.Z013 O.D308 0.0195 0.1699 0.0352 0.0174 0.0181 0.0029 0.0007 2.003 
lSI 0.41S6 1.0052 0.0048 0.0528 0.2212 0.0176 0.0188 0.1904 0.0152 0.0276 0.0196 0.0060 0.0012 1.996 



'::-M::-=n::::z:....G..;:...:..ra;.;..:i;.;..:n ___ ....:Analysis # Ce 
8366·16 (cnt'd} 152 0.4036 

S366mapl 

S366mapl 

5366 
8367..01 

8367-0Z 

8367..{)3 

153 0.4104 
154 0.3944 
ISS 0.4048 

Average 0.40!8 

60 0.3688 
61 0.3920 
62 0.3836 
63 0.3896 
64 0.3764 

Average 0.3821 
7 0.3948 
8 0.3684 
9 0.3744 
10 0.4040 
11 0.3980 
12 0.4008 

Average 0.3901 

~. 0..4288 

492 
493 

Average 
494 
495 
496 
497 

Average 

''4')9 

I) 

0.4768 
0.4636 
0.4702 
0.4460 
0.4632 
0.4692 
0.4824 
0.4652 
1).4~~ 

500 0.4644 
SOl 0.4700 
S02 0.4492 

Averal!e 0.461Z 

p 
0.988S 
0.9948 
0.9984 
0.9912 
0.99S7 
1.0208 
1.0304 
1.0264 
1.0284 
1.0216 
1.0255 
1.0208 
1.0252 
1.0248 
1.0248 
1.0276 
1.0244 
1.0246 
O.ll899 

0.9680 
0.9660 
0.9670 
0.9700 
0.9680 
0.9644 
0.9608 
0.9658 

0.9656 
0.9648 
0.9608 
0.9637 

Si Pr La Ca Y Nd Th Sm Gd Dy U Total/ 40 
-~-~~-~~ -~-~~-~~-~~-~~-~~---~--~~~~ 

0.0140 0.0484 0.2116 0.0380 0.0200 0.1836 0.0404 0.0276 0.0176 0.0060 0.0012 2,001 
0.0084 0.0508 0.2168 0.0256 0.0208 0.1896 0.0260 0.0284 0.0192 0.0064 0.0020 1.999 
0.0076 0.0480 0.2064 0.0464 0.0240 0.1784 0.0416 0.0268 0.0184 0.0060 0.0028 2.000 
0.0160 0.0492 0.2124 0.0320 0.0184 0.1840 0.0376 0.0276 0.0188 0.0036 0.0020 1.998 
0.010% 0.0498 0.2137 0.0319 0.0104 0.1852 0.0322 0.0276 0.0187 O.oo56 0.0018 1.999 
0.0132 0.0488 0.1900 0.0512 0.0040 O.l7l2 0.0532 0.0296 0.0228 0.0068 0.0000 1.981 
0.0096 0.0536 0.2032 0.0268 0.0024 0.1772 0.0256 0.0304 0.0200 0.0060 0.0000 1.977 
0.0096 0.0492 0.1940 0.0484 0.0036 0.1664 0.0452 0.0280 0.0204 0.0052 0.0000 1.980 
0.0108 0.0512 0.1980 0.0312 0.0032 0.1776 0.0300 0.0296 0.0216 0.0072 0.0000 1.978 
0.0116 0.0484 0.1932 O.OS28 0.0036 0.1688 0.0496 0.0292 0.0204 0.0064 0.0000 1.982 
o.ouo 0.0501 0.1957 0.0421 0.0034 0.17%2 0.0407 0.0194 0.0110 0.0063 0.0000 1.980 
0.0100 0.0528 0.2096 0.0264 0.0044 0.1788 0.0280 0.0316 0.0212 0.0048 0.0000 1.983 
0.0092 0.0492 0,1972 0.0540 • 0.0048 0.1724 0.0476 0.0296 0.0204 0.0048 0.0000 1.983 
0.0104 0.0504 0.2016 0.0468 0.0056 0.1740 0.0416 0.0276 0.0196 0.0044 0.0000 1.982 
0.0072 0.0504 0.2148 0.0240 0.0048 0.1812 0.0240 0.0268 0.0168 0.0024 0.0000 1.982 
0.0052 0.0512 0.2136 0.0204 0.0044 0.1820 0.0192 0.0328 0.0220 0.0044 0.0000 1.981 
0.0060 0.0524 0.2200 0.0260 0.0044 0.1756 0.0272 0.0268 0.0152 0.0028 0.0000 1.982 
0.0080 0,0511 0.209!! 0.0329 0.0047 0.1773 0.0313 O.OZ92 0.0192 0.0039 0.0000 1.982 
O.OUl 0..0637 0.1966 0.0348 0.0177 o..t6S8 0.0428 0.0111 0.0.183 0;0021 O.OOOIS 2.000 
(l.otlll(l fl.U'/(14 {1,7..17:?. (l.i):t.:.t(, (J.();::~i) (J.()I'J(. 0.()2'1::\ 

0.0084 0.0680 0.2116 0.0280 0.0248 0.1S92 0.0264 0.0268 
0.0092 0.0664 0.2052 0.0444 0.0244 0.1568 0.0368 0.0260 
0.0088 0.0672 0.2084 0.0362 0.02.46 0.1580 0.0316 0.0164 
0.0080 0.0656 0.1900 0.0504 0.0284 0.1560 0.0472 0.0324 
0.0068 0.0672 0.1976 0.0388 0.0260 0.1584 0.0380 0.0304 
0.0048 0.0640 0.1996 0.0396 0.0256 0.1636 0.0384 0.0312 
0.0060 0.0704 0.2100 0.0288 0.0256 0.1592 0.0280 0.0292 
0.0064 0.0668 0.1993 0.0394 0.0264 0.1593 0.0379 0.0308 

0.0076 0.0668 
0.0068 0.0684 
0.0080 0.0636 
0.0075 0.0663 

0.2008 
0.2012 
0.1924 
0.1981 

0.0360 
0.0340 
0.0504 
0.0401 

C1.o:x.n 
0.0260 
0.0260 
0.0300 
O.Ol7J 

0.1608 
0.16$2 
0.1596 
0.1619 

0.0380 
0.0332 
0.0500 
0.0404 

0,0324 
0.0292 
0.0312 
0.0309 

0.0192 
0.0188 
0.0190 
0.0192 
0.0212 
0.0188 
0.0212 
0.0101 

0.0200 
0.0200 
0.0224 
0.0208 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.0012 
0.0036 
0.0014 
0.0032 
0,0028 
0.0028 
0.0016 
0.0026 

0.0012 
0.0020 
0.0040 
0.0024 

~.1)2fJ 

2.019 
2.021 
l.020 
2.017 
2.018 
2.022 
2.024 
1.020 

2.020 
2.021 
2.022 
2.021 



Mnz Grain 
S367-04 

S367.0S 

S367-06 

8367..07 

S367-08 

8367..09 

Analysis # Ce 
S04 0.4952 

l if)' 

508 
Average 

509 

513 
Average 

SIS 

0. 1.2 .. 
0~' ·ll 
I) 1~(1 

0.4808 
0.4808 
0.4720 

0.4612 
0.4666 

0.4732 

P Sl Pr La Ca Y Nd Th Sm Gd Dy U Total I 40 
o.9S92 o.oo6o o.o664 o.2044 o.oJoo o.o:no o.t616 o.o3n o.o2s8 o.o184 o.oooo o.oon z.o24 

0.9632 0.0032 
0.9632 0.0032 
0.9672 0.0052 

{).')~ i~· 

0.9600 . 0.0076 
0.9636 0.0064 

O.t'l :~.> 

0.0716 
0.0716 
0.0684 

0.0652 
0.0668 

0.~108 0.(•.'.12 

0.1984 
0.1984 
0.2040 
11.1'">-1-' 

(1.191'. 

o.o::o.;~ 

0.0372 
0.0371 
0.0416 

0.1928 0.0504 
0.1984 0.0460 

0.0272 
0.0272 
0.0236 

0.0264 
o.ozso 

0.15$6 
0.1556 
0.1612 

(' '!" 
0.1588 
0.1600 

0.0328 
o.o:n8 
0.0296 

0.0456 
0.0376 

0.0320 
0.0320 
0.0280 

0.0324 
0.0302 

0.0184 
0.0184 
0.0204 

0.0204 
0.0204 

0.0000 
0.0000 
0.0000 

0.0000 
0.0000 

l)i>(l12 

0.0040 
0.0040 
0.0016 

li.t):)·l~ 

0.0036 
0.0016 

'I 

2.024 
z.o:N 
2.023 
2.fl.l.(· 

~.1)2& 

2.024 
2.014 

0.9580 0.0144 0.0664 0.1964 0.0360 0.0256 0.1604 0.0372 0.0304 0.0208 0.0000 0.0024 2.022 
0.~'•-i<);: 1l.O I:: .J.(I(>Ii!l l).(i)l)lj l).ll";lj o.rt-:!)1) 

0.1 ~·;(> (I.\);) I.'. 

Average 0.4732 0.9580 0.0144 0.0664 0.1964 0.0360 0.0256 0.1604 0.0372 0.0304 0.0208 0.0000 0.0024 2.022 
519 0.4104 0.9728 0.0116 0.0640 0.1820 0.0644 0.0300 0.1560 0.0644 0.0272 0.0248 0.0000 0.0044 2.013 
szo 0.4104 0.9660 0.0144 0.0672 0.1856 0.0664 0.0280 0.1544 0.0688 0.0280 0.0224 0.0000 0.0044 2.016 
521 0.4452 0.9700 0.0068 0.0660 0.1936 0.0440 0.0264 0.1664 0.0412 0.0336 0.0212 0.0000 0.0032 2.018 
522 0.4304 0.9652 0.0088 0.0700 0.1952 0.0504 0.0304 0.1620 0.0472 0.0320 0.0236 0.0000 0.0044 2.020 
523 0.4452 0.9672 0.0084 0.0664 0.1896 0.0500 0.0276 0.1600 0.0488 0,0300 0.0216 0.0000 0.0040 2.018 

Average 0.4283 0.9682 0.0100 0.0667 0.189% 0.0550 0.0285 0.1598 0.0541 0.030l 0.0227 0.0000 0.0041 2.017 
524 0.4492 0.9720 0.0092 0.0680 0.1956 0.0440 0.0264 0.1596 0.0376 0.0296 O.Q208 0.0000 0.0040 2.016 
525 0.4444 0.9636 0.0300 0.0656 0.1912 0.0412 0.0264 0.1596 0.0376 0.0284 0.0216 0.0000 0.0044 2.014 
526 0.4544 0.9664 0.0100 0.0684 0.1956 0.0420 0.0256 0.1668 0.0364 0.0280 0.0220 0.0000 0.0044 2.020 
527 0.4588 0.9660 0.0152 0.0664 0.1972 0.0428 0.0260 0.1580 0.0376 0.0272 0.0200 0.0000 0.0032 2.018 

Average 0.4517 0.9670 0.0161 0.0671 0.1949 0.()415 0.0261 0.1610 0.0373 0.0283 0.0211 0.0000 0.0040 1.017 
528 0.4856 0.9660 0.0044 0.0704 0.2156 0.0244 0.0204 0.1636 0.0220 0.0264 0.0204 0.0000 0.0020 2.021 
529 0.4800 0.9688 0.0056 0.0712 0.2120 0.0212 0.0232 0.1680 0.0172 0.0296 0.0216 0.0000 0.0016 2.020 
530 0.4772 o.9688 o.o064 o.0672 o.212s o.o2s2 0.0220 o.166o o.o:m o.0268 0.0204 o.oooo o.oo2o 2.o18 
531 0.4732 0.9708 0.0044 0.0700 0.2060 0.0280 0.0228 0.1692 0.0248 0.0276 0.0212 0.0000 0.0012 2.019 

------------------~S~32~--~0.=48~0~8 ____ ~0.~96~4~4 __ .~0~.00~4~8--.~0~.07~0~8 __ ,~0~.20~6~4 __ .~0~.0~28~0 __ .~0~.0~2S~2~~0.~16~8~4--~0.~02~2~8--~0.~~~8~0--·~0=.0=22~0--·~0~.0~00~0~~0.~00~1~2--.~2~.0~23~---



MnzGrain 
8367·09 (~nt'd) 
8367-10 

S367mapl 

S367 
S371·01 

S371-0l 

8371·05 

S371·06 

8371-07 

Analysis # Ce 
Average 

163 
164 
16S 
166 
167 

Average 
3 
4 
s 
6 

Average 

Anraae 
146 
147 

Average 
148 
149 

Average 

ISO 
Average 

153 
154 
155 

Average 
156 
157 

Average 
".l:'<l 
353 
354 
355 

Average 

0.4794 
0.3996 
0.4028 
0.4248 
0.4140 
0.4092 
0.4101 
0.3820 
0.3716 
0.3444 
0.3560 
0.3635 
1).4437 
0.4564 
0.4280 
0.4422. 
0.4072 
0.4SI6 
0.4194 
0.4608 
0.4608 
0.4672 
0.4540 
0.4556 
0.4589 
0.4684 
0.4672 
0.4678 

0.4908 
0.4876 
0.4716 
0.4833 

p 
0.9678 
0.9948 
0.9932 
0.9936 
0.9880 
0.9944 
0.9928 
1.0220 
1.0232 
1.0064 
1.0156 
1.0168 
0.9750 
0.9888 
0.9912 
0.9900 
0.9788 
0.9904 
0.9846 
0.9904 
0.9904 
0.9916 
0.9864 
0.9872 
0.9884 
0.9448 
0.9440 
0.9444 

0.9552 
0.9S64 
0.9448 
0.952.1 

Si 
O.OOSJ 
0.0072 
0.0060 
0.0032 
0.0052 
0.0052 
0.0054 
0.0092 
0.0092 
0.0252 
0.0188 
0.0156 
0.0090 
0.0104 
0.0176 
0.0140 
0.0236 
0.0080 
0.0158 
0.0064 
0.0064 
0.0088 
0.0088 
0.0072 
0.0083 
0.0172 
0.0132 
0.0152 

Pr 
0.0699 
0.0492 
0.0496 
0.0524 
0.0536 
0.0496 
0.0509 
0.0520 
0.0496 
0.0464 
0.0468 
0.0487 
0.0631 
O.G772 
0.0704 
0.0738 
0.0668 
0.0780 
0.0714 
O.o788 
0.0788 
0.0664 
0.0788 
0.0744 
0.0732 
0.0740 
0.0700 
0.0720 

La 
0.2106 
0.2088 
0.2124 
0.2248 
o.:m8 
0.2172 
o.nn 
0.2036 
0.1992 
0.1836 
0.1920 
0.1946 
0.2013 
0.1816 
0.1640 
0.1728 
0.1672 
0.1880 
0.1776 
0.1924 
0.1924 
0.1916 
0.2028 
0.1888 
0.1944 
0.1972 
0.1940 
0.1956 

Ca 
0.0154 
0.0412 
0.0420 
0.0236 
0.02S2 
0.0316 
0.0327 
0.0344 
0.0532 
0.0768 
0.0584 
0.0557 
0.0406 
0.0268 
0.0400 
0.0334 
0.0588 
0.0248 
0.0418 
0.0240 
0.0240 
0.0216 
0.0244 
0.0292 
0.0251 
0.0404 
0.0484 
0.0444 

y 
0.0227 
0.0264 
0.0236 
0.0228 
0.0256 
0.0272 
0.02.51 
0.0048 
0.0052 
0.0044 
0.0048 
0.0048 
0.0234 
0.0132 
0.0152 
0.0142 
0.0180 
0.0200 
0.0190 
0.0172 
0.0172 
0.0128 
0.0144 
0.0212 
0.0161 
0.0172 
0.0200 
0.0186 

Nd 
0.1670 
0.1872 
0.1864 
0.1896 
0.1936 
0.1864 
0.1886 
0.1868 
0.1720 
0.1636 
0.1724 
0.1737 
0.1663 
0.1628 
0.1532 
0.1580 
0.1488 
0.1612 
0.1550 
0.1616 
0.1616 
0.1608 
0.1548 
0.1SS6 
0.1571 
0.1632 
0.1552 
0.1592 

Th 
0.02.20 
0.0304 
0.0340 
0.0144 
0.0208 
0.0256 
o.ozso 
0.0304 
0.0480 
0.0856 
0.0636 
0.0569 
0,0377 
0.0392 
0.0680 
0.0536 
0.0868 
0.0324 
0.0596 
0.0280 
0.0280 
0.0320 
0.0348 
0.0360 
0.0343 
0.0604 
0.0656 
0.0630 

Sm 
0.0277 
0.0268 
0.0276 
O.o308 
0.0284 
0.0292 
0.0286 
0.0320 
0.0288 
0.0260 
0.0284 
0.0288 
O.OZ9Z 
0.0248 
0.0232 
0.0240 
0.0220 
0.0264 
0.0242 
0.0252 
0.0252 
0.0244 
0.0248 
0.0268 
0.02.53 
0.0248 
0.0268 
0.0258 
(I mo..; 

0.0072 0.0732 0.2012 0.0236 0.0176 0.1644 0.0372 0.0316 
0.0084 0.0728 0.!964 0.0268 0.0180 0.1652 0.0392 0.0308 
0.0116 0.0680 0.1876 0.0396 0.0196 0.1624 0.0668 0.0324 
0.0091 0.0713 0.1951 0.0300 0.0184 0.1640 0.0477 0.0316 

Gd 
0.021( 
0.0208 
0.0176 
0.0188 
0.0204 
0.0196 
0.0194 
0.0216 
0.0188 
0.0188 
0.0204 
0.0199 
{MOOS 
0.0152 
0.0172 
0.0162 
0.0164 
0.0196 
0.0180 
0.0176 
0.0176 
0.0156 
0.0160 
0.0180 
0.0165 
0.0140 
0.0168 
0.0154 

0.0200 
0.0196 
0.0188 
0.0195 

Dy 
0.0000 
0.0068 
0.0060 
0.0068 
0.0072 
0.0056 
0.006S 
0.0048 
0.0044 
0.0040 
0.0044 
0.0044 
0~0014 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
O.QDOO 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

u 
0.0016 
0.0040 
0.0032 
0.0012 
0,0020 
0.0032 
0.0027 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.00~5 

0.0000 
0.0000 
0.00(}0 
0.0004 
0.0000 
O.O()OZ 
0.0000 
0.0000 
0.0004 
0.0000 
0.0004 
0.0003 
0.0000 
0.0000 
0.0000 
(i.Oill!~ 

0.0004 
0.0012 
0.0008 
0.0008 

Total/40 
2.020 
2.004 
2.005 
2.007 
2.007 
2.004 
2.005 
1.984 
1.983 
1.984 
1.982 
1·983 
:3M4 
1.997 
1.988 
1.993 
1.995 
2.000 
1.998 
2.003 
2.003 
1.993 
2.000 
2.000 
1.998 
2.022 
2.021 
2.021 

2.023 
2.022 
2.024 
2.023 



MnzGrain Analysis# Ce p Si Pr La Ca y Nd Th Sm Gd Dy u Total/40 

f) 1'•.•1> 1) .. )~ u:f.J) 

.. ' 0. 1\l', (I )~1>). ' \blnr C V:) I~ 

' ~· ,HJ • ( t l'lil'tl 

\" ~ \1.;>' 

';.• ,, I:(. u.C)J ·u !I { .. 'HJ ·I' I\! {V) 
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/\.<•(()!\ 1).( )'>J H:i!,ioc. a.c'>9'' ll.l> :I I l 

, :)• I ~~ 'iiJ J ;:~~ l 0 ... ~ ')() 'P '.o ) 

() • ..f.:'o{l i)o)(•-tl (1, !\II' (l,l)oiJ' (l, !):'~( {I,C):)(J(I 

o\ .. ~nJ,h: 

-10 >\l 4 (; U/) b~l ,),{ ')~,, ~. I dttj :) )('''' IH!P~ ) f ~\('') 

' { I 0.(>4>li (U)I(Ii> VI It() (o' - ' •n.r~ !!-'S {II)~')> 'l ... 
.. . l I \L~. ( ,;<.;~~ 'l w-.·: () ,u,) ,•' ,(, t:·· :J.fll9:! l r·· V'l . . J! f.(~~~ I) rH l.V'1 l c,c::•)tJ 

~ 
I)A<,!I I'), o) .. I, (I _lll (.1)~5 t,'• ( C U)liJ ( IJ)0(1 '•). 

a-. -'\\ ~ C:\ 

S371·11 

339 0.4S92 0.9512 0.0100 0.0664 0.2052. 0.0300 0.0196 O.IS68 0.0464 0-0300 0.0188 0.0000 0.0000 2.024 

Average 0.4892 0.9512 0.0100 0.0664 0.2052 0.0300 0.0196 0.1568 0.0464 0.0300 0.0188 o.oooo 0.0000 1.014 
8371-12 !i,lt)\i(l 

) ' 111 tl(:~;.i.f t).fi .!:~t) t).ll1..!t) 

".1.:::. r} ~!··+ :.:~·: 

359 0.4524 0.9360 0.0216 0.0636 0.1824 0.0492 0,0200 0.1584 0.0904 0.0288 0.0172 0.0000 0.0008 2.021 
lSI 0.4312. 0.9792 0.0136 0.0708 0.1828 0.0420 0.0196 0.1580 0.0584 0.0260 0.0180 0.0000 0.0000 2..000 
152 0.4496 0.9888 0.0116 0.0772 0.1780 0.0300 0.0168 0.1592 0.0420 0.0260 0.0164 0.0000 0.0004 1.996 

Average 0.4444 0.9680 0.0156 0.0705 0.1811 0.0404 0.0188 0.1585 0.0636 0.0169 0.0172 0.0000 0.0004 2.006 
S371-13 158 0.4940 0.9544 0.0096 0.0744 0.2112. 0.0300 O.OIJ2 0.1584 0.0400 0.0232. 0.0152. 0.0000 0.0000 2.022 

159 0.4796 0.9728 0.0072 0.0724 0.2068 O.D308 0.0132 0.1536 0.0372 0.0228 0.0156 0.0000 0.0000 2.012 
Average 0.4868 0.9636 0.0084 0.0734 O.l090 0.0304 O.OIZZ 0.1560 0.0386 0.0230 0.0154 0.0000 0.0000 2.017 

8371-14 160 0.4748 0.9620 0.0120 0.0784 0.2016 0.0332 0.0172 0.1592. 0.0384 0.0260 0.0168 0.0000 0.0000 2.020 



MnzGrain 
5371-14 (cnt'd) 
5371-lS 

5371-16 

5371-17 

5371·19 

8371·20 

8371·21 

S37J 
8373·01 

8373-02 

Analysis # Ce 
Average 

161 
Average 

162 
Average 

163 
Average 

169 
170 
171 
172 
173 

Average 
200 
201 
202 
203 
204 

Average 
206 
207 
208 
209 
210 

Average 
Avera_g~ 

37 
38 
39 
40 
41 

Average 

43 

0.4748 
0.4732 
0.4732 
0.4932 
0.4932 
0.5060 
0.5060 
0.4028 
0.4068 
0.4316 
0.3972 
0.4232 
0.4123 
0.4200 
0.4220 
0.4372 
0.4360 
0.4164 
0.4263 
0.4028 
0.4320 
0.4436 
O.·H64 
0.4192 
0.4228 
0.4485 

0.4260 
0.3948 
0.4140 
0.3904 
0.4196 
0.4090 
0.3892 

p 
0.9620 
0.9548 
0.9:548 
0.9636 
0.9636 
0.9608 
0.9608 
0.9920 
0.9868 
0.9896 
0.9884 
0.9952 
Q.9904 
0.9888 
1.0000 
1.0028 
0.9988 
0.9968 
0.9974 
0.9968 
0.9936 
0.9640 
0.9964 
0.9920 
0.9886 
0.9784 
0.9932 
0.9936 
0.9884 
0.9892 
0.9964 
0.99'12 
0.9960 

Sl 
0.0120 
0.0112 
0.0112 
0.0080 
0.0080 
0.0060 
0.0060 
0.0144 
0.0132 
0.0088 
0.0176 
0.0076 
0.0123 
0.0080 
0.0064 
0.0036 
0.0060 
0.0064 
0.0061 
0.0160 
0.0056 
0.0068 
0.0076 
0.0080 
0.0088 
0.0102 

0.0068 
0.0068 
0.0124 
0.0088 
0.0096 
0.0089 
0.0096 

Pr 
0.0784 
0.0748 
0.0748 
0.0780 
0.0780 
0.0752 
O.o7!!2 
0.0512 
0.0512 
0.0544 
0.0496 
0.0536 
0.0520 
0.0528 
0.0520 
0.0532. 
0.0512 
0.0516 
o.osn 
0.0464 
0.0504 
0.0580 
0.0520 
0.0536 
o.os:u 
0.0655 
0.0508 
0.0496 
0.0504 
0.0496 
0.0528 
0.0506 
0.0468 

La 
0.2016 
0.2008 
0.1008 
0.1988 
0.1988 
0.2164 
0.2164 
0.2076 
0.2104 
0.2308 
0.2064 
0.2208 
0.21!!2 
0.2156 
0.2252 
0.2380 
0.2436 
0.2280 
0.2301 
0.2204 
0.2280 
0.2208 
0.2232 
0.2136 
0.2212 
0.2039 
0.2260 
0.2096 
0.2216 
0.2144 
0.2164 
0.2176 
0.2036 

Ca 
0.0332 
0.0388 
0.0388 
0.0196 
0.0196 
0.0164 
0.0164 
0.0388 
0.0392 
0.0196 
0.0444 
0.0248 
0.0334 
0.0260 
0.0244 
0.0152 
0.0144 
0.0276 
o.o:m 
0.0372 
0.0196 
0.0196 
0.0260 
0.0188 
0.0242 
0.0298 

0.0204 
0.0456 
0.0304 
0.0524 
0.0220 
0.0342 
0.0484 

y 
0.0172 
0.0184 
0.0184 
0.0172 
0.0172 
0.0148 
0.0148 
0.0212 
0.0196 
0.0144 
0.0188 
0.0176 
0.0183 
0.0184 
0.0160 
0.0132 
0.0128 
0.0172 
0.0155 
0.0164 
0.0204 
0.0220 
0.0176 
0.0212 
0.0195 
0.0173 
0.0232 
0.0296 
0.0232 
0.0260 
0.0232 
0.02:50 
0.0316 

Nd 
0.1591 
0.1548 
0.1548 
0.1676 
0.1676 
0.1676 
0.1676 
0.1800 
0.1804 
0.1856 
0.1748 
0.1856 
0.1813 
0.1940 
0.1832 
0.1748 
0.1796 
0.1856 
0.1834 
0.1740 
0.1880 
0.2084 
0.1856 
0.2048 
0.1922 
O.J693 

0.1804 
0.1768 
0.1788 
0.1708 
0.1860 
0.1786 
0.1736 

Th 
0.0384 
0.0492 
0.0492 
0.0236 
0.0236 
0.0176 
0.0176 
0,0388 
0.0428 
0.0196 
0.0520 
0.0268 
0.0360 
0.0296 
0.0232 
0.0144 
0.0124 
0.0272 
0.0214 
0.0452 
0.0176 
0.0200 
0.0280 
0.0172 
0.0256 
o.()'J85 
0.0212 
0.0380 
0.0320 
0.0480 
0.0208 
0.0320 
0.0400 

Sm 
0.0260 
0.0280 
0.0280 
0.0292 
0.01!12 
0.0264 
0.0264 
0.0272 
0.0264 
0.0276 
0.0264 
0.0268 
0.0269 
0.0276 
0.0260 
0.0260 
0.0268 
0.0264 
0.0266 
0.0236 
0.0280 
0.0336 
0.0292 
0,0308 
0.0290 
O.OZ68 
0.0284 
0.0284 
0.0264 
0.0276 
0.0284 
0.0278 

0.0296 

Gd 
0.0168 
0.0180 
0.0180 
0.0180 
0.0180 
0.0152 
0.0152 
0.0172 
0.0168 
0.0144 
0.0160 
0.0156 
0.0160 
0.0180 
0.0168 
O.OIS2 
0.0160 
0.0140 
0.0160 
0.0144 
0.0176 
0,0208 
O.OIS6 
0.0212 
0.0179 
0.0170 
0.0172 
0.0176 
0.0156 
0.0172 
0.0160 
0.0167 
0.0172 

Dy 
O.ODOO 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0064 
0.0056 
0.0052 
0.0048 
0.0012 
0.0046 
0.0024 
0.0024 
0.0020 
0.0016 
0.0020 
0.0021 
0.0000 
0.0008 
0.0028 
0.0004 
0.0016 
0.0011 
0.01)10 
0.0068 
0.0064 
0.0068 
0.0068 
0.0060 
0.0066 
0.0088 

u 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0024 
0.0024 
0.0016 
0.0028 
0.00!2 
0.0021 
0.0016 
0.0008 
0.0012 
0.0004 
0.0012 
0.0010 
0.0004 
0.0012 
0.0012 
0.0012 
0.0008 
0.0010 
0..0006 
0.0020 
0.0056 
0.0024 
0.0036 
0.0024 
0.0032 
0.0056 

Total I 40 
2.020 
2.022 
2.022 
2.017 
2.017 
2.022 
z.ozz 
2.000 
2.002 
2.004 
2.000 
2.000 
2.001 
2.003 
1.999 
1.997 
2.000 
2.001 
2.000 
1.994 
2.003 
2.022 
1.999 
2.003 
2.004 
2.00'7 
2.002 
2.003 
2.002 
2.00S 
2.000 
Z.OOl 
2.000 



.:.:M.:::n:.:.:z::.,-G=-:..cra:.:.:i::::.n ___ ..:.;A=n=aJysis # Ce 
S373~.2 (cnt'd) 

S373-03 

S373-04 

8373~5 

8373 
S374~1 

8374~.2 

S374-03 

44 
45 
46 
47 

Average 
48 
49 
50 
51 
52 

Average 
54 
55 
56 
57 

Average 
59 
60 
61 
62 
63 

Average 
Avwqo 

68 
69 

Average 
71 
72 
73 
74 
75 

Average 
77 

0.3848 
0.3956 
0.3932 
0.3904 
0.3906 
0.4120 
0.4408 
0.4376 
0.3908 
0.3924 
0.4147 
0.4092 
0.3992 
0.4072 
0.4032 
0.4047 
0.3944 
0.3976 
0.4148 
0.3856 
0.4012 
0.3987 
0.403S 
0.4248 
0.4216 
0.4122 
0.4032 
0.4052 
0.4120 
0.4312 
0.4212 
0.4146 
0.4108 

p 
0.9936 
0.9940 
0.9920 
0.9940 
0.9939 
0.9840 
0.9932 
0.9900 
0.9996 
0.9960 
0.99.26 
0.9848 
0.9856 
0.9880 
0.9944 
0.9881 
0.9936 
0.9872 
0.9856 
0.9924 
0.9884 
0.9894 
0.9914 
0.9932 
0.9968 
0.9927 
0.9940 
0.9940 
0.9868 
0.9888 
0.9904 
0.9908 
0.9856 

Sl 
0.0080 
0.0072 
0.0060 
0.0108 
0.0083 
0.0116 
0.0056 
0.0044 
0.0036 
0.0044 
0.0059 
0.0104 
0.0100 
O.DIOS 
0.0092 
0.0101 
0.0072 
0.0068 
0.0100 
0.0084 
0.0072 
0.0079 
0.0082 
0.0060 
0.0044 
0,0066 
0.0060 
0.0080 
0.0132 
0.0064 
0.0076 
0.0082 
0.0104 

Pr 
0.0460 
0.0468 
0.0488 
0.0448 
0.0466 
0.0496 
0.0520 
0.0516 
0.0488 
0.0464 
0.0497 
0.0476 
0.0500 
0.0508 
0.0508 
0.0498 
0.0460 
0.0484 
0.0500 
0.0476 
0,0480 
0,0480 
0.0489 
0.0504 
0.0520 
0.0498 
0.0508 
0.0508 
0.0476 
0.0520 
0.0492 
o.osot 
0.0500 

La 
0.2016 
0.1988 
0.2024 
0.1960 
().1005 

0.2148 
0.2256 
0.2256 
0.1960 
0.2012 
D.212.6 
0.2096 
0.2092 
0.2112 
0.2064 
0.2.091 
0.1972 
0.1992 
0.2100 
0.2032 
0.2156 
0.2050 
0.2Q?O 
0.2ll6 
0.2128 
0.2096 
0.2000 
0.2000 
0.1940 
0.2072 
0.2128 
O.Z028 
0.2116 

Ca 
0.0540 
0.0~36 

0.0~28 

0.0532 
0.0514 
0.0416 
0.0208 
0.0232 
0.0588 
0.0592 
0.0407 
0.0404 
0.0476 
0.0360 
0.0372 
0.0403 
0.0564 
0.0552 
0.0372 
0.0532 
0.0464 
0.0497 
0.0436 
0.0280 
0.0200 
0.0353 
0.0488 
0.0428 
0.0424 
0.0268 
0.0284 
0.0378 
0.0344 

y 
0.0344 
0.0360 
0.0324 
0.0336 
0.0336 
0.0216 
0.0168 
0.0220 
0.0352 
0.0348 
0.0261 
0.0236 
0.0248 
0.0264 
0.0252 
O.OlSO 
0.0368 
0.0316 
0.0232 
0.0332 
0.0268 
0.0303 
0.02S1 
0.0268 
0.0244 
0.0174 
0.0272 
0.0272 
0.0280 
0.0280 
o.ozos 
0.0262 
0.0260 

Nd 
0.1740 
0.1696 
0.1708 
0.1740 
0.1724 
0.1752 
0.1844 
0.1836 
0.1676 
0.1696 
0.1761 
0.1824 
0.1768 
0.1760 
0.1808 
0.1790 
0.1684 
0.1760 
0.1808 
0.1740 
0.1740 
0.1746 
0.1760 
0.1776 
0.1888 
0.1793 
0.1720 
0.1744 
0.1744 
0.1808 
0.1824 
0.1768 
0.1824 

Th 
0.0428 
0.0404 
0.0452 
0.0412 
0.0419 
0.0432 
0.0200 
0.0216 
0.0420 
0.0416 
0.0337 
0.0428 
0.0492 
0.0408 
0.0372 
0.0425 
0.0412 
0.0460 
0.0404 
0.0432 
0.0424 
0.04l6 
6.0584 
O.D308 
0.0224 
0.0336 
0.0408 
0.0412 
0.0476 
0.0292 
0.0296 
0.0377 
0.0360 

Sm 
0.0284 
0.0276 
0.0284 
0.0316 
0.0191 
0.0252 
0.0228 
0.0232 
0.0244 
0.0240 
0.0239 
0.0268 
0.0268 
0.0280 
0.0284 
0.0.275 
0.0276 
0.0284 
0.0276 
0.0284 
0.0288 
0.0282 
G.OJ73 
0.0280 
0.0272 
0.0.277 
0.0276 
0.0272 
0.0268 
0.0276 
0.0312 
0.0281 
0.0276 

Gd 
0.0200 
0.0172 
0.0196 
0.0208 
0.0190 
0.0180 
0.0144 
0.0152 
0.0176 
0.0168 
0.0164 
0.0180 
0.0180 
0.0180 
0.0188 
0.0182 
0.0184 
0.0184 
0.0180 
0.0204 
0.0172 
0.0185 
0.0171 
0.0152 
0.0200 
0.0179 
0.0184 
0.0196 
0.0196 
0.0168 
0.0212 
0.0191 
0.0220 

Dy 
0.0092 
0.0088 
0.0080 
0.0056 
0.0081 
0.0068 
0.0036 
0.0044 
0.0084 
0.0072 
0.0061 
0.0072 
0.0060 
0.0076 
0.0064 
0.0068 
0.0084 
0.0080 
0.0052 
0.0084 
0.0044 
0.0069 
0.0069 
0.0052 
0.0072 
0.0065 
0.0088 
0.0064 
0.0064 
0.0080 
0.0064 
0.0071 
0.0064 

u 
0.0064 
0.0080 
0.0044 
0.0064 
0.0061 
0.0024 
0.0020 
0.0024 
0.0096 
0.0100 
0.0053 
0.0016 
0.0016 
0.0020 
0.0024 
0.0019 
0.0088 
0.0056 
0.0016 
0.0056 
0.0048 
MOS3 
0.004~ 

0.0028 
0.0020 
0.0036 
0.0048 
0.0048 
0.0020 
0.0012 
0.0016 
0.0029 
0.0020 

Total/40 
2.003 
2.004 
2.004 
2.003 
1.003 
2.006 
2.002 
2.005 
2.002 
2.004 
2,004 
2.005 
2.005 
2.003 
2.000 
1.003 
2.005 
2.008 
2.005 
2.004 
2.006 
2.006 
2.004 
2.001 
2.000 
1.001 
2.003 
2.002 
2.001 
2.004 
2.003 
l.003 
2.006 





.:_M..:..;n..:.:z._G=-r:..:.a::..:ln.;;_ __ ....;A;.;:.n::..:a~lysls_#_C_e ___ P ___ ----,-S.,..,i ...,..-,-_P_r ___ L_a_ 
S37~3 (~nt'd) 316 0.4836 0.9752 0.0016 0.0596 0.2216 

537.5-04 

837.5-06 

Average 0.51Z8 0.9697 O.OU7 0.058.5 O.l427 
317 o.s 128 0.9868 0.0020 0.0604 0.2980 
318 0.4956 0.9876 0.0000 0.0556 0.2892 
319 
320 

Average 

( ' 

0.4832 
0.5104 
0.5005 

0.9932 0.0012 0.0624 0.2352 
0.9868 0.0000 0.0588 0.2976 
0.9886 0.0008 0.05!13 0.2800 

Ca 
0.0384 
0.0177 
0.0044 
0.0080 
0.0196 
0.0048 
0.0692 
11.\).:'('·1 

y 
0.0272 
0.0181 
0.0084 
0.0180 
0.0216 
0.0088 
0.0141 

Nd 
0.1252 
0.1191 
0.1188 
0.1248 
0.1336 
0.1252 
0.1256 

Tb 
0.0400 
0.0329 
0.0008 
0.0032 
0.0084 
0.0008 
0.0033 

fi.U)')' 11.1.~1)~ t).(lvl'' 

Sm 
0.0188 
0.0139 
0.0100 
0.0164 
0.0224 
0.0124 
0.0153 

Gd 
0.0144 
0.0093 
0.0064 
0.0116 
0.0156 
0.0044 
0.0095 

Dy 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

I 'l 

H. u· H 

u 
0.0076 
0.0027 
0.0004 
0.0000 
0.0084 
0.0000 
0.0022 

Total/40 
2.014 
l.Oll 
2.010 
2.010 
2.005 
2.010 
2.009 

363 0.4496 0.9616 0.0036 0.0680 0.1880 0.0624 0.0272 0,1452 0.0600 0.0252 0.0184 0.0000 0.0120 2.021 

837.5-07 

537.5·08 

837.5-09 

5375-10 

Average 
365 
366 
367 

Aver•ge 
368 
369 

Average 
372 
373 
374 
37S 

0.4496 
0.4812 
0.4740 
0.4644 

0.4731 
0.4336 
0.4324 

0.4330 
0.4420 
0.4856 
0.4776 
0.4876 

Average 0.4 732 
377 0.4816 

0.4720 

0.9616 
0.9604 
0.9536 
0.9484 
0.9.541 
0.9584 
0.9656 

0.9620 
0.9564 
0.9588 
0.9600 
0.9~64 

0.0036 
0.0076 
0.0092 
0.0104 
0.0091 
0.0048 
0.0044 

0.0046 
0.0032 
0.0040 
0.0040 
0.0036 
o.uil.'l.~ 

0.0680 
0.0656 
0.0676 
0.0724 
0.0685 
0.0676 
0.0624 

0.06.50 
0.0620 
0.0692 
0.0664 
0.0752 

0.1880 
0.2256 
0.2116 
0.1944 
0.2105 
0. 1872 
0. 1844 

0.0624 
0.0304 
0.0388 
0.0448 
0.0380 
0.0652 
0.0652 

0.1858 0.0652 
0.1848 0.0676 
0.1960 0.0336 
o. 1936 0.0420 
0.1980 0,0256 

0.01.72 
0.0216 
0.0152 
0.0160 
0.0176 
0.0272 
0.0324 

0.0298 
0.0260 
0.0184 
0.0112 
0.0200 

0.9579 0.0037 0.0681 0.1931 0.0412 0.0204 
0.9616 0.0064 O.D708 0.1940 0.0284 0.0196 

(I.:!.•JZ~ 

o.:.~ II•O 
t/.0212 
\1.1117..? 

0.1452 
0.1536 
0.1564 
0.1604 
0.1568 
0.1488 
0.1444 

0.1466 
0.1548 
0.1628 
0.1616 
0.1716 

0.1627 
0.1628 

0.0600 
0.0376 
0.0544 
0.0656 
0.0525 
0.07 12 
0.0688 

0.0700 
0.0664 
0.0416 
0.0472 
0.0344 

0.0252 
0.0224 
0.0240 
0.0268 
0.0244 
0.0284 
0.0256 

0.0270 
0.0300 
0.0308 
0.0288 
0.0324 

0.0474 0.030.5 
0.0380 0.0336 
•l.(l'-i'H 

•.J.05.l/. 

\).('00!1 o.(li)M :J,(1~5 

0.0184 
0.0120 
0.0152 
0.0176 
0.0149 
0.0180 
0.0196 

0.0188 
0.0188 
0.0192 
0.0188 
0.0172 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0185 0.0000 
0.0208 0.0000 
ll.()] fllj 

\IOU?. 

O.OIZO 
0.0024 
0.0020 
0.0028 
0.0024 
0.0104 
0.0104 

0.0104 
0.0120 
0.0028 
0.0052 
0.0024 

0.0056 
0.0020 
1),01)211 

\),()()'l.\J 

2.021 
2.021 
2.022 
2.024 
2.022 
2.021 
2.016 

1..018 
2.024 
2.023 
2.022 
2.024 
:.~.(j2~~ 

2.024 
2,020 

0.9492 0.0120 0.0660 0.2144 0.0396 0,0180 0.1524 0.0596 0.0220 0.0148 0.0000 0.0028 2.023 



N 
Ul -

MnzGraln 
8375-10 {cnt'd) 
8375-11 

S375-U 

S37S 
8378-01 

8378-02 

5378-03 

8378..04 

5378..05 

Analysis # Ce 
Average 0.4768 

175 0.4280 
176 0.4400 
177 0.4424 
178 0.4580 
179 0.4328 

Average 0.4402 
181 0.4532 
182 0.4160 
183 0.4356 
184 0.4256 

A vcrage 0.432 6 

A~erage 

248 
249 

Average 
250 
251 

Average 
252 
253 
254 

Average 
255 
256 
257 

Average 
258 

OM!I'J 
0.4456 
0.4284 
0.4370 
0.4516 
0.4424 
0.4470 
0.4592 
0.4296 
0.4780 
0.45!6 
0.4688 
0.4700 
0.4536 
0.4641 
0.4648 

p 
0.95!4 
1.0400 
1.0188 
1.0176 
0.9976 
1.0232 
1.0194 
1.0084 
1.0312 
1.0272 
1.0452 
1.0280 

0.9&33 
0.9668 
0.9784 
0.9726 
0.9632 
0.9600 
0.9616 
0.9740 
0.9776 
0.975:! 
0.9756 
0.9660 
0.9628 
0.9564 
0.9617 
0.9752 

Sl 
0.0092 
0.0036 
0.0036 
0.0040 
0.0032 
0.0040 
0,0037 
0.0036 
0.0064 
0.0068 
0.0040 
0.0052 

I l 

'(.' 

0.8010 
0.0164 
0.0136 
0,0150 
0.0168 
0.0168 
0.0168 
0.0104 
O.Oon 
0.0100 
0.0099 
0.0124 
0.0176 
0.0312 
0.0204 
0.0060 

Pr 
0.0684 
0.0468 
0.0504 
0.0512 
0.0508 
0.0504 
0.0499 
0.0524 
0.0516 
0.0528 
0.0488 
0.0514 

Ufi'.lt 
0.0680 
0.0624 
0.0652 
0.0644 
0.0676 
0.0660 
0.0676 
0.0684 
0.0708 
0.0689 
0.0672 
O.o708 
0.0704 
0.0695 
0,0696 

La 
0.2042 
0.2028 
0.2056 
0.2052 
0.2092 
0.1976 
0.2041 
0.1984 
0.1992 
0.1896 
0.2068 
0.1985 

Ca 
0.0340 
0.0148 
0.0108 
0.0152 
0.0164 
0.0120 
0.0138 
0.0228 
0.0096 
0.0124 
0.0080 
0.0132 

C ~t)J 0 O"'tt'J 

ot~"~ 

O.ZU.!I 
0.1820 
0.1724 
0.1772 
0.1792 
0.1800 
0.1796 
0.1832 
0.1724 
0.1952 
0.1836 
0.1884 
0.1908 
0.1824 
0.187Z 
0.1840 

,, . 
0.0285 
0.0384 
0.0584 
0.0484 
0.0436 
0.0440 
0.0438 
0.0360 
0.0644 
0.0220 
0.0408 
0.0380 
0.0344 
0.0412 
0.0379 
0.0352 

y 
0.0188 
0.0012 
0.0016 
0.0016 
0.0020 
0.0016 
0.0016 
0.0020 
0.0016 
0.0012 
0.0008 
0.0014 

O.Ol5U 
0.0212 
0.0292 
0.0252 
0.0204 
0.0196 
0.0200 
0.0216 
0.0304 
0.0220 
0.02.47 
0.0152 
0.0156 
0.0196 
0.0168 
0.0200 

Nd 
0.1576 
0.1524 
0.1616 
0.1604 
0.1712 
0.1648 
0.1621 
0.1644 
0.1732 
0.1728 
0.1632 
0.1684 

O.~Ol 

0.1548 
0.1392 
0.1470 
0,1480 
0.1536 
0.1508 
0.1520 
0.1356 
0.1572 
0.1483 
0.1504 
0.1496 
0.1552 
0.1517 
0.1520 

Th 
0.0488 
0.0296 
0.0320 
0.0284 
0.0280 
0.0304 
0.0297 
0.0252 
0.0256 
0.0260 
0.0136 
0.0226 

0.03~ 

0.0656 
0.0716 
0.0686 
0.0736 
0.0768 
0.0752 
0.0540 
0.0756 
0.0308 
0.0535 
0.0588 
0.0532 
0.0512 
0.0564 
0.0520 

Sm 
o.o:m 
0.0236 
0.0272 
0.0284 
0.0284 
0.0292 
0.0274 
0.0280 
0.0296 
0.0276 
0.0252 
0.0276 

0.0243 
0.0276 
0.0284 
0.0280 
0.0284 
0.0284 
0.0284 
0.0284 
0.0232 
0.0288 
0.0268 
0.0256 
O.D280 
0.0264 
0.0267 
0.0292 

Gd 
0.0178 
0.0148 
0.0164 
0.0164 
0.0204 
0.0184 
0.0173 
0.0184 
0.0192 
0.0160 
0.0164 
0.0175 

,,, 

0.0154 
0,0204 
0.0200 
0.0102 
0.0196 
0.0204 
0.0200 
O.D208 
0,0192 
0.0208 
0.0203 
0.0204 
0.0188 
0.0200 
0.0197 
0.0204 

Dy 
0.0000 
0.0036 
0.0072 
0.0060 
0.0064 
0.0064 
0.005!1 
0.0088 
0.0080 
0.0056 
0.0064 
0.0072 

0.0017 
0.0000 
0.0000 
o.oooo 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

u 
0.0024 
0.0044 
0.0032 
0.0044 
0.0036 
0.0044 
0.0040 
0.0048 
0.0008 
0.0008 
0.0020 
0.0021 

0.0043 
0.0000 
0.0024 
0.0012 
0.0000 
0.0008 
0.0004 
0.0004 
0.0020 
0.0000 
0.0008 
0.0000 
0.0004 
0.0000 
0.0001 
0.0004 

Total I 40 
2.021 
1.966 
1.979 
1.982 
1.996 
1.916 
1.979 
1.990 
1.972 
1.975 
1.966 
1.976 

I )' 



MnzGraln 
S378..()5 (cnt'd) 

8378..()6 

8378..()8 

S3'18 

S383·01 rim 

8383..()1 core 

S383..()1 
8383..()2 

8383..()3 

Analysis # Ce P Sl Pr 
259 0.4652 0.9740 0.0084 0.0728 
260 0.4596 0.9&52 0.0060 0.0736 

Average 0.4632 0.9781 0.0068 0.0720 
261 0.4632 0.9884 0.0076 0.0712 
262 0.4688 0.9872 0.0060 0.0696 
263 0.4556 0.9740 0.0092 0.0724 

Average 0.462! 0.9832 0.0(t76 0.0711 
324 0.4400 0.9612 0.0132 0.0648 
325 0.4668 0.9664 0.0072 0.0720 
326 0.4520 0.9612 0.0064 0.0628 
327 0.4632 0.9792 O.OOS6 0.0716 

Avernge 0.4555 0.9670 0.0081 0.0678 
~vcrage 0.4!63 0.9'116 0.0:116 0~6~ 

547 0.4092 0.9748 0.0032 0.0588 
551 0.4052 0.9784 0.0024 0.0592 
552 0.4076 0.9768 0.0028 0.0648 

Average 0.4(t73 0.9767 0.0028 0.0609 
548 0.4296 0.9676 0.0108 0.0640 
549 0.4324 0.9700 0.0108 0.0644 
550 0.4352 0.9640 0.0108 0.0612 

Average 0.4324 0.9672 0.0108 0.0632 
Average 0.4199 0.9719 0.0068 0.0621 

553 0.4796 0.9796 0.0040 0.0648 
554 0.4504 0.9740 0.0092 0.0624 
555 0.4520 0.9836 0.0040 0.0640 
556 0.4760 0.9824 0.0056 0.0616 
551 0.4700 0.9812 0.0032 0.0672 

Average 0.4656 0.9802 0.0052 0.0640 
559 0.4624 0.9760 0.0080 0.0652 
560 0.4676 0.9800 0.0068 0.0648 
561 0.4652 0.9784 0.0080 0.0632 
562 0.4692 0.9680 0.0080 0.0624 
563 0.4256 0.9756 0.0048 0.0588 

--------------·----------~-----------------

La 
0.1924 
0.1884 
0.1883 
0.1784 
0.1836 
0.1824 

0.1815 
0.1836 
0.1908 
0.1868 
0.1884 
0.1874 
0,1'81f2 
0.1796 
0.1832 
0.1788 
0.1805 
0.1924 
0.1832 
0.1848 
0.1868 
0.1837 
0.2188 
0.2072 
0.2108 
0.2212 
0.2128 
0.2142 
0.2096 
0.2076 
0.2056 
0.2088 
0.1904 

Ca 
0.0296 
0.0280 
0.0309 
0.0296 
0.0244 
0.0392 
0.0311 
0.0496 
0.0304 
0.0528 
0.0248 
0.0394 
0.0382 
0.0660 
0.0668 
0.0672 
0.0667 
0.0528 
0.0516 
0.0572 
0.0539 
0.0603 
0.0244 
0.0352 
0.0412 
0.0220 
0.0244 
0.0294 
0.0256 
0.0260 
0.0272 
0.0344 
0.0624 

y 
0.0184 
0.0188 
0.0191 
0.0200 
0.0188 
0.0200 
0.0196 
0.0256 
0.0204 
0.0268 
0.0256 
0.0246 
o.ons 
0.0532 
0.0476 
0.0504 
0.0504 
0.0332 
0.0320 
0.0.328 
0.0317 
0.0415 
0.0292 
0.0352 
0.0288 
0.0304 
0.0324 
0.0312 
0.0348 
0.0320 
0.0344 
0.0320 
0.0412 

Nd 
0.1544 
0.1504 
0.1513 
0.1572 
0.1584 
0.!548 
0.1568 
0.!460 
0.1556 
0.1496 
0.1612 
0.1531 
0.1518 
0.1392 
0.1420 
0.1400 
0.1404 
0.1464 
0.1456 
0.1452 
0.1457 
0.1431 
0.1392 
0.1404 
0.1356 
0.1412 
0.1400 
0.1393 
0.1464 
0.1428 
0.1408 
0.1420 
0.1392 

Th 
0.0464 
0.0448 
0.0477 
0.0412 
0.0360 
O.OS40 
0.0437 
0.0824 
0.0544 
0.0680 
0.0388 
0.0609 
0.0568 
0,0700 
0,0708 
0.0696 
0.0701 
0,0708 
0.0720 
0.0756 

o.ons 
0.0715 
0.0320 
0.0496 
0.0452 
0.0280 
0.0324 
0.0374 
0.0368 
0.0372 
0.0408 
0.0476 
0.0612 

Sm 
0.0292 
0.0292 
0.0292 
0.0264 
0.0308 
0.0276 
0.0283 
0.0264 
0.0292 
0.0292 
0.0292 
0.0285 
0.0.180 
0.0260 
0.0252 
0.0268 
0.0160 
0.0228 
0.0276 
0.0264 

0.0256 
0.02!!8 
0.0216 
0.0264 
0.0204 
0.0224 
0.0248 
0.0231 
0.0248 
0.0224 
0.0236 
0.0244 
0.0232 

Gd 
0.0176 
0.0180 
0.0187 
0.0180 
0.0192 
0.0204 
0.0192 
0.0160 
0.0192 
0.0164 
0.0200 
0.0179 
0.0193 
0.0220 
0.0200 
0.0188 

0.0203 
0.0180 
0.0160 
0.0164 
0.0168 
0.0185 
0.0160 
0.0160 
0.0156 
0.0152 
0.0168 
0.0159 
0.0180 
0.0184 
0.0164 
0.0140 
0.0188 

Dy 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

u 
0.0000 
0.0000 
0.0001 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0008 
0.0000 
0.0044 
0.0000 
0.0013 
0.0006 
0.0084 
0.0084 
0.0076 

0.0081 
0.0020 
0.0024 
0.0032 
0.0025 
0.0053 
0.0008 
0.0024 
0.0052 
0.0012 
0.00:!8 
0.0025 
0.0012 
0.0012 
0.0024 
0.0032 
0.0112 

Total/40 
:t008 
2.002 
2.007 
2.001 
2.003 
2.010 
2.005 
2.010 
2.012 
2.017 
2.008 
Z.Oll 
2.009 
2.011 
2.010 
2.011 
2.011 
2.011 
2.009 
2.013 
2.011 
:1.011 
2.010 
2.009 
2.006 
2.008 
2.008 
2.008 
2.009 
2.007 
2.006 
2.013 
2.012 



MnzGrain 
S383.03 (cnt'd) 
S383·04rim 

8383·04 core 

8383-04 
S383·0S rim 

S383·05 core 

8383..05 
8383..06 rim 

8383.06 core 

8383·06 
S383-07rim 

8383-07 core 

Analysis # Ce 
Average 0.4580 

565 0.4320 
566 0.4212 
569 0.4244 
S10 0.4128 

Average 0.4216 
567 0.4548 
568 0.4464 

Average 0.4506 
Averagt< 0.4319 

571 0.4248 
572 0.4216 
576 0.4176 

Average 0.4213 
S73 0.4600 
574 0.4320 
515 0.4372 

Average 0.4431 
Average 0.4322 

577 0.4300 
578 0.4364 
579 0.4288 

Average 0.4317 
580 0.4516 
581 0.4732 
582 0.4S40 

Average 0.4596 
Average 0.4457 

587 0.4192 
588 0.4196 

Average 0.4194 
584 0.4432 
S8S 0.4676 

p 
0.9756 
0.9760 
0.9796 
0.9736 
0.9856 
0.9787 
0.9624 
0.9652 
M638 
0.9737 
0.9788 
0.9816 
0.9768 
U.9791 
0.97S6 
0.9488 
0.9692 
0.9645 
0.9718 
0.9720 
0.9764 
0.9776 
0.9753 
0.9664 
0.9676 
0.9652 
0.9664 
0.9709 
0.9728 
0.9728 
0.9728 
0.9564 
0.9704 

Si 
0.0()71 
0.0032 
0.0036 
0.0056 
0.0036 
0.0040 
0.0172 
0.0124 
0.0148 
0.0076 
0.0028 
0.0032 
0.0028 
0.0029 
0.0088 
0.0184 
0.0040 
0.0104 
0.0067 
0.0032 
0.0024 
0.0036 
0.0031 
0.0140 
0.0092 
0.0120 
0.0117 
0.0()74 
0.0040 
0.0040 
0.0040 
0.0196 
0.0084 

Pr 
0.0629 
0.0540 
0.0576 
0.0548 
0.0592. 
0.0564 
0.0604 
0.0592 
0.0598 
0.057~ 

0.0556 
0.0556 
0.0572 
0.0561 
0.0624 
0.0580 
0.0584 
0.0596 
0.0579 
0.0576 
0.0572. 
0.0580 
0.0576 
0.0644 
0.0628 
0.0644 
0.0639 
0.0607 
0.0620 
0.0620 
0.0620 
0.0660 
0.0672 

La 
0.2044 
0.1844 
0.1816 
0.1772 
0.1768 
0.1800 
0.2012 
0.1928 
0.1970 
0.1857 
0.1840 
0.1808 
0.1772 
0.1807 
0.2004 
0.1808 
0.!860 
0.1891 
0.1849 
0.1832. 
0.1824 
0.1848 
0.1835 
0.1956 
0.2020 
0.1968 
0.1981 
0.1908 
0.1740 
0.1780 
0.1760 
0.1872 
0.1936 

Ca 
0.0351 
0.0636 
0.0604 
0.0676 
0.0644 
0.0640 
0.0372. 
0.0376 
0.0374 
0.0551 
0.0612 
0.0644 
0.0656 
0.0637 
0.0288 
0.0520 
0.0656 
0.0488 
0.0563 
0.0620 
0.0564 
0.0624 
0.0603 
0.0384 
O.o308 
0.0352 
0.0348 
0.0475 
0.0636 
0.0632 
0.0634 
0.0392 
0.0276 

y 
0.0349 
0.0448 
0.0464 
0.0448 
0.0556 
0.0479 
0.0332 
0.0392 
0.0362 
0.0440 
0.0524 
0.0524 
0.0572 
0.0540 
0.0280 
0.0372 
0.0320 
0.03Z4 
0.043l 
0.0532 
0.0528 
0.0456 
0.0505 
0.0292 
0.0284 
O.o308 
0.0295 
0.0400 
0.0528 
O.OS40 
0.0534 
0.0296 
0.0276 

Nd 
0.14;!2 
0.1408 
0.1400 
0.1408 
0.1348 
0.1391 
0.1436 
0.1552 
0.1494 
0.1425 
0.1412 
0.1368 
0.1380 
0.1387 
0.1564 
0.1524 
0.1424 
0.1504 
0.1445 
0.1396 
0.1392 
0.1368 
0.1385 
0.1488 
0.1552 
0.1492 
0.1511 
0.1448 
0.1416 
0.1400 
0.1408 
0.1536 
0.1616 

Tb 
0.0447 
0.0632 
0.0656 
0,0708 
0.0644 
0.0660 
0.0608 
0.0548 
0.0578 
0.0633 
0.0644 
0.0656 
0.0688 
0.0663 
0.0424 
0.0840 
0.0700 
0.0655 
0.0659 
0.0620 
0.0576 
0.0620 
0.0605 
0.0600 
0.0452 
0.0560 
0.0537 
0.0571 
0.0684 
0.0660 
0.0671 
0.0716 
0.0416 

Sm 
0.0237 
0.0224 
0.0240 
0.0228 
0.0192 
o.o:m 
0.0220 
0.0284 
0.0152 
0.0231 
0.0208 
0.0228 
0.0232 
O.OU3 
0.0252 
0.0276 
0.0228 
0.0252 
0.0237 
0.0244 
0.0236 
0.0224 
0.0235 
0.0212 
0.0232 
0.0264 
0.0236 
0.0235 
0.0256 
0.0264 
0.0260 
0.0272 
0.0276 

Gd 
0.0171 
0.0172 
0.0180 
0.0184 
0.0180 
0.0179 
0.01S2 
0.0172 
0.0162 
0.0173 
0.0160 
0.0148 
0.0164 
0.0157 
0.0176 
0.0200 
0.0176 
0.0184 
0.0171 
0.0180 
0.0188 
0.0!92 
0.0187 
0.0180 
0.0136 
0.0184 
0.0167 
0.0177 
0.0192 
0.0196 
0.01!14 
0.0168 
0.0180 

Dy 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.00(}0 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0000 
0.0000 

u 
0.0038 
0.0100 
0.0092 
0.0100 
0.0108 
0.0100 
0.0028 
0.0032 
0.0030 
0.0077 
0.0076 
0.0084 
0.0092 
0.0084 
0.0024 
0.0044 
0.0092 
0.0053 
0.0069 
0.0092 
0.0084 
0.0092 
0.0089 
0.0024 
0.0020 
0.0024 
0.0023 
0.0056 
0.0088 
0.0080 
0.0084 
0.0012 
0.0008 

Total/40 
2.009 
2.012 
2.008 
2.011 
2.005 
2.009 
2.010 
2.012 
2.011 
2.010 
2.010 
2.008 
2.010 
2.009 
2.008 
2.016 
2.015 
2.0!3 
Z.OJJ 
2.0!4 
2.012 
2.011 
2.012 
2.010 
2.013 
2.012 
2.012 
2.012 
2.012 
2.013 
2.013 
2.011 
2.012 



Mnz Grain Analysis # Ce P Sl Pr La Ca Y Nd Tb Sm Gd Dy U Total/ 40 
7S3:::8::-3-'="07~co-'-re-:-(c-n-:-t'd::-)--..:...:.;~58~(\::..::..::...:.:.._07.4..:=:2c::-92::-----::-0.%-=-=96..,--.....::-0.-:-:00,.,.s-=-2 --::-o.7os __ 9_2 --=0.1856 0.0672 0.0352 0.1388 0.0760 0.0260 o.o 124 0.0000 0.0080 2.013 

8383-07 
5383-08 rim 

5383-08 core 

8383~8 

8383-09 rim 

5383-09 core 

8383-09 
5383 
SJB~l 

8384-02 

8384-03 core 

Av~ragc 

Avera go 
592 
593 

Average 
589 
590 
591 

Average 
Average 

594 
597 
599 

Average 
595 
596 
598 

Average 
Ave111ge 

A venae 
166 

168 
Average 

112 
173 
~ 17.0, 

175 
Average 

178 
179 

Average 

0.4467 
0.4358 
0.4176 
0.4180 
0.4178 
0.4316 
0.4676 
0.4564 
0.4519 
0.4382 
0.4264 
0.4284 
0.4268 
0.4272 
0.4436 
0.4564 
0.4516 
0.4505 
0.4389 
OA4IO 
0.4152 

0.4496 
0.4324 
0.4340 
0.4260 

0.4292 
0.4%97 
0.42~8 

0.4368 
0.4328 

M655 
0.9684 
0.9736 
0.9696 
0.9716 
0.9564 
0.9616 
0.9644 
0.9608 
0.9651 
0.9748 
0.9740 
0.972.4 
0.9737 
0.9708 
0.9624 
0.9684 
0.9672 
0.970! 
o.mo 
0.9692 

0.9684 
0.9688 
0.9764 
0.9748 

0.9788 
0.9767 
0.9808 
0.9740 
0.9774 

0.0111 
0.0082 
0.0084 
0.0048 
0.0066 
0.0184 
0.0116 
0.0128 
0.0143 
O.Oill 
0.0036 
0.0040 
0.0044 
0.0040 
0.0064 
0.0136 
0.0120 
0.0107 
0.0073 
0.007! 
0.0036 

0.0024 
0.0030 
0.0048 
0.0036 

0.0036 
0.0040 
0.0008 
0.0028 
0.0018 

0.0641 
0.0633 
0.0608 
0.0592 
0.0600 
0.0612 
0.0744 
0.0660 
0.0672 
0.0643 
0.0584 
0.0592 
0.0580 
0.0!85 
0.0636 
0.0644 
0.0656 
0.0645 
0.0615 
1Mt4 
0.0760 

0.0724 
0.0742 
0.0676 
0.0692 

0.0672 
0.0680 
0.0732 
0.0652 
0.0691 

0.1888 
0.1837 
0.1800 
0.1744 
0.1771 
0.1776 
0.1964 
0.1988 
0.1909 
0.1854 
0.1812 
0.1792 
0.1784 
0.1796 
0.1916 
0.1952 
0.1936 
0.1935 
0.1865 
0.19041 
0.1944 

0.1988 
0.1966 
0.1792 
0.1980 

0.1760 
0.1844 
0.1944 
0.19!16 
0.1970 

0.0447 
0.052% 
0.0628 
0.0732 
0.0680 
0.0536 
0.0304 
0.0424 
0.0421 
0.0525 
0.0660 
0.0668 
0.0664 
0.0664 
0.0564 
0.0400 
0.0452 
0.0472 
0.0568 
O.O!Ot 
0.0532 

0.0464 
0.0498 
0.0516 
0.0520 

0.0524 
0.0520 
0.0580 
0.0592 
0.0586 

0.0308 
0.0398 
0.0508 
0.0504 
0.0506 
0.0356 
0.0272 
0.0268 
0.0299 
0.0381 
0.0452 
0.0472 
0.0472 
0.0465 
0.0332 
0.0380 
0.0380 
0.0364 
0.0415 
&.0396 
0.0528 

0.0496 
0.051l 
0.0524 
0.0496 

0.0516 
0.05J2. 
0.0372 
0.0344 
0.0358 

0.1513 
0.1471 
0.1412 
0.1380 
0.1396 
0.1536 
0.1576 
0.1484 
0.1532 
0.1478 
0.1444 
0.1424 
0.1432 
0.1433 
0.1440 
0.1520 
0.1464 
0.1475 
0.1454 
U<Nl 
0.1584 

0.1524 
0.1554 
0.1588 
0.1516 

0.1572 
0.1559 
0.1468 
0.1560 
0.1514 

0.0631 
0.0647 
0.0656 
0.0716 
0.0686 
0.0772 
0.0440 
0.0560 
0.0591 
0.0629 
0.0588 
0.0572 
0.0604 
0.0588 
0.0596 
0.0484 
0.0516 
0.0531 
0.0!60 
O.CJmi 
0.0500 

0.0352 
0.0416 
0.0396 
0.0400 

0.0456 
0.0417 
0.0428 
0.0432 
0.0430 

0.0269 
0.0266 
0.0252 
0.0260 
0.0156 
0.0272 
0.0256 
0.0248 
0.0259 
0.0258 
0.0260 
0.0272 
0.0272 
0.0268 
0.0236 
0.0260 
0.0236 
0.0144 
0.0256 
0.11245 
0.0268 

0.0288 
0.0278 
0.0292 
0.0288 

0.0284 
0.0288 
0.0284 
0.0264 
0.027<f 

0.0157 
0.017Z 
0.0076 
0.0112 
0.0094 
0.0200 
0.0008 
0.0008 
0.0072 
0.0081 
0.0112 
0.0116 
0.0100 
0.0109 
0.0060 
0.0020 
0.0020 
0.0033 
0.0071 
O.OU2 
0.0180 

0.0168 
0.0174 
0.0192 
0.0204 

0.0212 
0.0203 
0.0192 
0.0180 
0.0186 

0.0000 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0033 
0.0054 
0.0168 
0.0180 
0.0174 
0.0024 
0.0192 
0.0160 
0.0125 
0.0145 
0.0172 
0.0180 
0.0212 
0.0188 
0.0156 
0.0192 
0.0160 
0.0169 
0.0179 
0.0078 
0.0020 

0.0024 
0.0022 
0.0032 
0.0028 

0.0020 
0.0027 
0.0036 
0.0040 
0.0038 

Z.Ol2 
1.012 
2.011 
2.015 
2.013 
2.014 
2.017 
2.014 
2.015 
2.01<f 
2.014 
2.015 
2.016 
2.015 
2.015 
2.018 
2.014 
2.016 
l.OlS 
l.W 
2.020 

2.023 
:Z.Oll 
2.019 
2.020 

2.014 
2.018 
2.017 
2.021 
2.019 



Mnz Grain 
8384-03 rim 

S384-03 
8384-04 

8384.05 

8384-06 

5384 
8388·0 I outer rim 

S3!!8.() 1 inner rim 

8388-0 I core 

5388-01 
538!!-02 High Y 

Analysis # Ce 
176 0.4244 
J77 0.4300 
180 0.4196 

Average 0.4l47 
Average 0.4l79 

183 
Average 

184 
185 

187 
188 

Avemge 

169 

:) 

0.4312 
0.4312 
0.4244 
0.4416 

0.4428 
0.4360 
0.436Z 
0.4712 

P Sl Pr 
0.9836 0.0032 0.0660 
0.9760 0.0032 0.0692 
0.9720 0.0028 0.0732 
0.977l 0.0031 0.069S 
0-9773 0.0026 0.0694 

(' .. 

La Ca 
0.1928 0.0604 
0.1988 0.0640 
0.1872 0.0608 
0.192.9 1).0617 
0.1946 0.0605 
:) ).i) 

y 
0.0444 
0.0404 
0.0432 
0.0417 
0.0399 

0.9696 0.0028 0.0688 0.1972 0.0.520 0.0508 
0.9696 0.0018 0.0688 0.1971 0.0510 0.0508 
0.9676 0.0040 0.0720 0.1888 0.0536 0.0600 
0.9696 0.0036 O.Q708 0.1816 0.0476 0.0556 

0.9852 
0.9932 
0.9789 
0.9684 

0.0100 
0.0040 
0.0054 
0.0068 

0.0612 
0.0624 
0.0681 
0.0728 

0.1996 0.0356 
0.1880 0.0484 
0.1895 0.0463 
0.2016 0.0276 

0.0216 
0.0532 
0.0476 
0.0200 

Nd Th 
0.14?6 0.0448 
0.1428 0.0476 
0.1600 0.0460 
0.1501 0.0461 
0.1506 0.0449 

"' ) 

Sm 
0.0248 
0.0256 
0.0304 
0.0269 
o.o:m 

0.1564 
0.1564 
0.1540 
0.1568 

0.0412 0.0296 

0.1588 
0.1432 
0.1531 
0.1664 

0.041l 0.0296 
0.0432 0.0288 
0.0404 0.0268 

0.0460 
0.0388 
0.0421 
0.0364 

0.0204 
0.0208 
0.0242 
0.0252 

Gd 
0.01?6 
0.0152 
0.0204 
0.0177 
0.0181 

0.0196 
0.0196 
0.0212 
0.0204 

0.0156 
0.0!72 
0.0186 
0.0180 

Dy 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

·n: 

0.0000 
0.0000 
0.0000 
0.0000 
U.(:{):)\) 

0.0000 
0.0000 
0.0000 
0.0000 

u 
0.0032 
0.0032 
0.0032 
0.003:1 
0.0034 

0.0016 
0.0016 
0.0028 
0.0020 

0.0000 
0.0012 
0.0015 
0.0000 
(1,()'.)1.~ 

Total /40 
2.014 
2.020 
2.022 
2.019 
2.019 

2.022 
2.0Zl 
2.024 
2.022 

2.004 
2.007 
l.OI4 
2.016 

171 0.4208 0.9768 0.0048 0.0708 0.1988 0.0624 0.0336 0.1524 0.0476 0.0280 0.0164 0.0000 0.0032 2.019 
Avel'tlgc D.of460 0-9726 0.0058 0.0718 0.1002 0.0450 0.0268 0.1594 0.0410 0.0266 0.0172 0.0000 0.0016 :2..017 
Avu.p OM~O 08'75fi lMIOP 0.0696 0.1926 0.05M &.044~ 0.1~41 O.IMaS 0.0169 O.OU5 0..0000 0.00~14 Z.OU 

409 0.4664 0.9540 0.0064 0.0676 0.1832 0.0552 0.0280 0.1588 0.0436 0.0340 0.0232 0.0000 0.0092 2.030 
410 0.4660 0.9564 0.0040 0.0684 0.18.52 0.0588 0.0244 0.1572 0.0460 0.0320 0.0228 0.0000 0.0088 2.030 
41 1 0.4592 0.9656 0.0044 0.0672 0.1848 0.0528 0.0224 0.1580 0.0436 0.0328 0.0224 0.0000 0.0084 2.022 

Average 0.4639 0.9587 0.0049 0.0677 0.1844 0.0556 0.0249 0.1580 0.0444 0.0329 0.02Z8 0,0000 0.0088 :2..027 
412 0.4052 0.9772 0.0056 0.0560 0.1620 0.0820 0.0588 0.1420 0.0524 0.0284 0.0240 0.0000 0.0224 2.016 
415 0.4208 0.9708 0.0032 0.0596 0.1752 0.0828 0.0492 0.1380 0.0504 0.0288 0.0220 0.0000 0.0208 2.022 

Average o..tl30 0,9740 0.0044 0.0578 0.1686 0.0824 0.0540 0.1400 0.0514 0.0286 0.0230 0.0000 0.0116 2.019 
413 0.4896 0.9712 0.0016 0.0660 0.2120 0.0324 0.0220 0.1520 0.0248 0.0276 0.0160 0.0000 0.0040 2.020 
414 0.5068 0.9664 0.0012 0.0688 0.2236 0.0180 0.0172 0.1588 0.0168 0.0288 0.0160 0.0000 0.0008 2.024 

Average 0.4982 0.9688 0.0014 0.0674 0.2178 O.OlSl 0.0196 0.15.54 O.Ol08 O.OZSl 0.0160 0,0000 0.0024 2.022 
Aversgc 0,4591 0.9659 0.0038 0.0648 0.1894 0.0546 0.0317 O.lSll 0.0397 0.0303 0.0209 0.0000 0.0106 2.023 

416 0.4432 0.9664 0.0048 0.0600 0.1740 0.0564 0.0480 0.1556 0.0432 0.0340 0.0268 0.0000 0.0100 2.022 

------------------~4~19~--~0-~44~2~4----.~0.~96~84~-~o.~oo~z~o--~o.~o6~4~8--~0.~17~8~8--~o.~o4~72~-~o.~o6~04~-~o.~IS~3~2--~o.~o3~1~6--~o.~o3~4~8 __ .~o~.0~28~4 ___ ~o~.o~oo~o~_,o~.o~J~oo~-2~.o~n=-----



MnzGraln 
S38S-02 High Y (cnt'd) 
8388-02 Low Y 

8388·02 

8388·06 

8388..07 

Analysis # Ce 
Average 

417 
418 

Average 

<1.'.1 

Average 

<~.30 

0.4428 
0.4644 
0.4864 
0.47!!4 

. l 

0.4591 

()A%·< 

1) .• ;~:''' 

o.~.:m. 

I).J(.~•) 

()..!(;!)() 

·; 

443 0.4608 
Average 0.4608 

444 0.4572 

p 
0.9674 
0.9640 
0.9692 
0.9666 

0.9670 

!1.1)55(, 

I' ... 

,: 

Sl 
0.0034 
0.0044 
0.0008 
0.0026 

0.0030 

0.!:.11 '· 

(;,!,I:)(; I 

,. 
0.1'(124 

Pr 
0.0624 
0.0628 
0.0720 
0.0674 

0.0649 

1).()(•11 

0.!1)~'·> 

0.9612 0.0064 0.0620 
0.9612 0.0064 0.0620 
0.9620 0.0048 0.0620 

La 
0.1764 
0.1820 
0.2028 
0.1924 

0.1844 
(l.l~\1() 

0. :~(lljl) 

( .. ;.;: 

0.1 

0.1796 
0.1796 
0.1752 

Ca 
0.0518 
0.0536 
0.0168 
0.0352 

0.0435 
tJ.I.l)j!~ 

0.1157) 

O.ll-Ux 

.. 

1\.1)5} ., 

n.u'-!n 

0.0452 
0.0452 
0.0544 

y 
0.0542 
0.0280 
0.0236 
0.0258 

0.0400 

Nd 
0.1544 
0.1560 
0.1732 
0.1646 

0.1595 

0.15~4 

(U·i5' 

o.v'-:i" O.J:.'(}(J 

0.0588 
0.0588 
0.0528 

u.l.~·l~ 

(/. i ~'!(, .. 
0.1464 
0.1464 
0.1480 

Th 
0.0374 
0.0452 
0.0152 
0.0302 

0.0338 

O.H-l5.? 
O.lt!c'··i 
(IJ)~~·~ 

0.0432 
0.0432 
0.0528 

Sm 
0.0344 
0.0312 
0,0380 
0.0346 
ll.!J2T~ 

0.0.12/l 

0.0345 

'I 

0.1};\ 1.' 

11.112li4 

0.:);!9' 

'l 

il.(t,\2/l 

0.0:!.72 
0.11' .. \>(• 

0.0300 
0.0300 
0.0252 

Gd 
0.0276 
0.0228 
0.0216 
O.OllZ 

i),(lr::'~ 

0.0249 

(l c);: I?. 

o.o.::J(• 
(l,l)~:'> ~ 

n.OJ'X~ 

ll.Cl.>.:.!~ 

11.0.'.32 

0.<)2~··1 

1).0).41) 

li.ll.'.t;\J 

0.0232 
0.0232 
0.0224 

Dy 
0.0000 
0.0000 
0.0000 
o.oooo 

0.0000 

O.l)lJ(I(l 

ll,(!(J(lll 

/l.(l;)ol/l 

u 
0.0100 
0.0076 
0.0008 
0.0042 

0.0071 
II.(X):I,I 

{l,I'!Jt) 

tl.(;C)I}tj 

1).0().}/. 

O.UO!l(l {l,I)O(.{l 

O.IJ!Jt:ll O.ot/'1.?. 

!),()l)()l) 

II G-Il()() 

(1,1){1()0 

\1.•)()(!(1 

0.0000 
0.0000 
0.0000 

\JXfl!/ll 

(J,Dfll'4 

0.0056 
0.0056 
0.0048 

Total/40 
2.0lZ 
2.022 
2.021 
2.022 

2.on 

) (),;,) 

? .. 0.1 ( 

:.!.m:~ 

2.(1.:<1 
)..{1.?.9 

'.0~7 

.'..Ill~ 

'.'l-'(l 
2.022 
1.022 
2.022 



MnzGrain Analysis # Ce p Si Pr La Ca Y Nd Tb Sm Gd Dy U Total I 40 
8388~7 (~nt'd) 445 0.50&4 0.9516 0.0056 0.0756 0.1968 0.0292 0.0212 0.1S84 0.0312 0.0280 0.0208 0.0000 0.0020 2.029 

446 0.4492 0.9664 0.0072 0.0660 0.1708 0.0496 0.0628 0.1448 0.0476 0.0272 0.0220 0.0000 0.0048 2.019 
447 0.4'736 0.9640 0.0008 0.0704 0.1852 0.0496 0.0432 0.1464 0.0336 0.0272 0.0212 0.0000 O.QIOO 2.026 
448 0.441)8 0.9676 0,0056 0.0660 0.1720 0.0528 0.0628 0.1500 0.0484 0.0272 O.D208 0.0000 0.0060 2.019 
449 0.4572 0.9680 0.0048 0.0640 0.1700 0.0520 O.OS76 0.1504 0.0440 0.0260 0.0200 0.0000 0.0064 2.020 

Average 0.4644 0.9633 0.0048 0.0673 0.1783 0.0479 0.0501 0.1497 0.0429 0.0268 0.0212 0.0000 0.0057 2.023 
SJU-08 450 0.4488 0.9608 O.OOla 0.0648 0.1816 0.0576 0.0496 0.1496 0.05 16 0.0280 0.0232 0.0000 0.0064 2.025 

451 0.4648 0.9660 0.0024 0.0640 0.1776 0.0560 0.0392 0.1508 0.0424 0.0276 0.0216 0.0000 0.0108 2.023 
452 0.4704 0.9636 0.0024 0.0680 0.1812 0.0560 0.0364 0.1512 0.0424 0.0244 0.0184 0.0000 0.0096 2.025 
4S3 0.4584 0.9640 0.0056 0.0672 0.1812 0.0416 0.0616 0.1464 0.0388 0.0292 0.0224 0.0000 0.0048 2.021 
454 0.4600 0.9628 0.0080 0.0648 0.1780 0.0424 0.0600 0.1484 0.0436 0.0280 0.0200 0.0000 0.0048 2.020 

Average 0.4611 0.9643 0.0053 0.0653 0.1789 0.0467 0.0536 0.1485 0.0416 0.0283 0.0.213 0.0000 0.0068 2.021 
8388-09 455 0.4488 0.9628 0.0036 0.0668 0.1804 0.0600 0.0436 0.1528 0.0528 0.0284 0.0184 0.0000 0.0060 2.024 

456 0.4508 0.9660 0.0028 0.0644 0.1808 0.0688 0.0388 0.1464 0.0500 0.0256 0.0192 0.0000 0.0104 2.024 
457 0.4616 0.9672 0.0024 0.0640 0.1860 0.0500 0.0376 0.1548 0.0428 0.0284 0.0192 0.0000 0.0072 2.021 
458 0.4656 0.9644 0.0032 0.0672 0.1840 0.0564 0.0308 0.1496 0.0476 0.0272 0.0188 0.0000 0.0076 2.023 
459 0.4468 0.9652 0.0032 0.0656 0.1792 0.0568 0.0536 0.1496 0.0524 0.0268 0.0180 0.0000 0.0052 2.022 
460 0.4516 0.9696 0.0020 0.0632 0.1780 0.0652 0.0392 0.1476 0.0492 0.0272 O.QISO 0.0000 0.0104 2.022 

Averago 0.4S4l 0.9659 0.0029 0.0652 0.1814 0,0595 0.0406 0.1501 0.0491 0.0273 0.0186 0.0000 0.0078 Z.023 
5388-10 462 0.4428 0.9656 0.0040 0.0664 0.1804 0.0576 0.0484 0.1480 0.0536 0.0288 0.0208 0.0000 0.0048 2.021 

463 0.4540 0.9672 0.0020 0.0664 0.1832 0.0572 0.0400 0.1500 0.0476 0.0268 0.0204 0.0000 0.0076 2.022 
464 0.4420 0.9680 0.0048 0.0636 0. I 740 0.0540 0.0584 0. J 504 0.0480 0.0296 0.0204 0.0000 0.0064 2.020 
465 0.4452 0.9684 0.0052 0.0640 0.1740 0.0544 0.0552 0.1512 0.0496 0.0260 0.0200 0.0000 0.0060 2.019 
466 0.4480 0.9684 0.0036 0.0648 0.1768 0.0588 0.0452 0.1480 0.0516 0.0288 0.0208 0.0000 0.0056 2.020 
467 0.4416 0.9736 0.0028 0.0628 0.1748 0.0540 O.OS44 0.1528 0.0464 0.0268 0.0208 0.0000 0.0060 2.017 

A~rago 0.4456 0.968S 0.0037 0.0647 0.1772 0,0560 0.0503 O.lSOl 0.0495 O.o278 0.0205 0.0000 O.OOtil 2.020 
5388-11 473 0.4368 0.9832 0.0016 0.0644 0.1764 0.0660 0.0332 0.1468 0.0488 0.0272 0.0184 0.0000 0.0104 2.013 

469 0.4588 0.9768 0.0012 0.0664 0.1844 0.0556 0.0292 0.1476 0.0440 0.0272 0.0176 0.0000 0.0080 2.016 
470 0.4940 0.9624 0.0060 0.0716 0.1976 0.0316 0.0212 0.!560 0.0340 0.0296 0.0180 0.0000 0.0008 2.022 
471 0.4764 0.9616 0.0096 0.0696 0.1988 0,0364 0.0204 0.1572 0.0388 0.0316 0.0188 0.0000 0.0016 2.021 
472 0.4732 0.9676 0.0064 0.0720 0.1936 0.0344 0.0192 0.1640 0.0368 0.0312 0.0192 0.0000 0.0008 2.018 

Average 0.4678 0.9703 O.OOSO 0.0688 0.1902 0.0448 0.0146 0.1543 0.0405 0.0294 0.0184 0.0000 0.0043 2.018 
_s_JB_8_-1_3 ____________ ~4~8~2--~0~.4~34~4 ____ ~o~.9~77~2--~o~.o~o2~4--~o~.o~64~o~~o~.1=8S~2~~o~.0~48~4~~o~.o~s2~8~~o~.t~54~s~~o~.o~3~32~~o~.o~2~ss~_o~.o~2~6o~~o.oo~oo~~o.~oo~9~2--~2~.o~16~---



MnzGraln 
8388-13 (cnt'd) 

8388·14 

S388-16outer rim 

S388·16inner rim 

5388·16 coro 

8388-16 
S3R8 
8390.01 High Y 

$390.01 LowY 

Analysis # Ce 
484 
480 
48! 
483 

Average 
486 
487 
48S 
489 
490 

Average 
66 
72 

Average 
67 
71 

Average 
68 
69 
70 

Average 
Average 
Average 

227 
228 

Avemge 
22S 
226 
229 

Average 
Average 

230 
231 

0.4200 
0.4276 
0.4356 
0.4320 
0.4299 
0.4152 
0.3944 
0.4184 
0.4180 
0.4144 
0.4121 
0.4028 
0.3912 
0.3970 
0.3856 
0.3904 
0.3880 
0.4000 
0.3956 
0.3912 
0.3956 
0.3938 
0.4434 
0.4108 
0.4124 
o.4116 
0.4312 
0.4256 
0.4276 
0.4281 
0.4215 
0.4144 
0.4176 

p 
0.9852 
0.9740 
0.9732 
0.9780 
0.9775 
0.9784 
0.9884 
0.9S44 
0.9960 
0.9868 
0.9868 
1.0172 
1.0180 
1.0176 
1.0192 
1.0108 
1.0150 
1.0184 
1.0156 
1.0108 
1.0149 
1.0157 
0.9755 
0.9700 
0.9844 
0.9772 
0.9752 
0.9732 
0.9816 
0.9767 
0.9769 
0.9848 
0.9S32 

Sl 
0.0020 
0.0040 
0.0048 
0.0036 
0.0034 
0.0056 
0.0052 
0.0028 
0.0020 
0.0036 
0.0038 
0.0068 
0.0072 
0.0070 
0.0092 
O.ot08 
0.0100 
0.0056 
0.0076 
0.0080 
0.0071 
0.0079 
0.0045 
0.0084 
0.0052 
0.0068 
0.0064 
0.0064 
0.0056 
0.0061 
0.0064 
0.0040 
0.0056 

Pr 
0.0676 
0.0668 
0.0660 
0.0660 
0.0661 
0.0612 
0.060S 
0.0636 
0.0652 
0.0600 
0.0622 
0.0420 
0.0440 
0.0430 
0.0448 
0.0468 
0.0458 
0.0444 
0.0428 
0.0464 
0.0445 
0.0445 
0.007 
0.0640 
0.0660 
0.0650 
0.0628 
0.0640 
0.0632 
0.0633 
0.0640 
0.0616 
0.0656 

La 
0.1816 
0.1800 
0.1796 
0.1780 
0.1809 
0.1728 
0.1684 
0.1772 
0.1812 
0.1716 
0.1742 
0.1984 
0.1920 
0.1952 
0.1876 
0.1812 
0.1844 
0.1948 
0.1824 
0.1944 
0.1905 
0.1901 
0.1829 
0.1592 
0.1700 
0.1646 
0.1716 
0.1724 
0.1696 
0.1712 
0.1686 
0.1644 
0.1624 

Ca 
0.0528 
0.0584 
0.0520 
0.0476 
0.0518 
0.0576 
0.0584 
0.0584 
0.0556 
0.0564 
0.0573 
0.042S 
0.0444 
0.0436 
0.0440 
0.0444 
0.0442 
0.0448 
0.0452 
0.0456 
0.0452 
0.0445 
0.0510 
0.056S 
0.0636 
0.0602 
0.0604 
0.0680 
0.0672 
0.0652 
0.0632 
0.0612 
0.0620 

y 
0.05.36 
0.0520 
0.0408 
0.0552 
0.0!09 
0.05S8 
0.0608 
0.0456 
0.0296 
0.0560 
0.0!02 
0.0248 
0,0268 
0.0258 
0.0260 
0.0276 
0.0268 
0.0240 
0.0264 
0.0280 
0.0261 
0.0262 
0.0411 
0.0716 
0.0644 
0.0680 
0.0384 
0.0328 
0.0364 
0.0359 
0.0487 
0.0624 
0.0544 

Nd 
0.1548 
0.1532 
0.1636 
0.!560 
0.156!1 
0.1560 
0.1512 
0.1524 
0.1520 
0.1532 
0.1!142 
0.1608 
0.1644 
0.1626 
0.1652 
0.1716 
0.1684 
0.1620 
0.1664 
0.1644 
0.1643 
0.1650 
0.1541 
0.1444 
0.1300 
0.1372 
0.1392 
0.1416 
0.1404 
0.1404 
0.1391 
0.1388 
0.1388 

Tb 
0.0344 
0.0392 
0.0384 
0.0348 
0.0360 
0.0504 
0.0540 
0.04$2 
0.0432 
0.0472 
0.0480 
0.0356 
0.0376 
0.0366 
0.0416 
0.0428 
0.0422 
0.0368 
0.0432 
0.0400 
0.0400 
0.0397 
0.0424 
0.0688 
0.0596 
0.0642 
0.0680 
0.0712 
0.0668 
0.0687 
0.0669 
0.0596 
0.0604 

Sm 
0.0284 
0.0280 
0.0300 
0.03!6 
0.0294 
0.0280 
0.0272 
o.o:iso 
0.0288 
0.0288 
0.0282 
0.0268 
0.0280 
0.0274 
0.0284 
0.0300 
0.0292 
0.0268 
0.0284 
0.0296 
0.0283 
0.0283 
O.OU!I 
0.0316 
0.0276 
0.0296 
O.o30S 
0.0316 
0.0276 
0.0300 
0.0298 
0.0320 
0.0304 -------------------------------------------·------------·------·-----------------------

Gd 
0.0240 
0.0228 
0.0268 
0.0240 
0.0247 
0.0252 
0.02$2 
0.0244 
0.0232 
0.0244 
0.0245 
0.0212 
0.0244 
0.0218 
0.0228 
0.0224 
o.on6 
0.0216 
0.0228 
0.0236 
0.0227 
0.0227 
0.0217 
0.0236 
0.0216 
0.0226 
0.0228 
0.0224 
0.0200 
0.0217 
0.0121 
0.0216 
0.0232 

Dy 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0092 
0.0092 
0.0092 
0.0104 
0.0104 
0.0104 
0.0096 
0.0112 
0.0104 
0.0104 
0.0101 
MOU 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0000 
0.0000 ---------

u 
0.0084 
0.0116 
0.0080 
0.0084 
0.0091 
0.0048 
0.00$2 
0.0092 
0.0088 
0.0060 
0.0068 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0063 
0.0024 
0.0040 
0.0032 
0.0040 
0.0044 
0.0028 
0.0037 
0.0035 
0.0032 
0.0048 

Total /40 
2.012 
2.018 
2.018 
2.015 
Z.Ol6 
2.014 
2.006 
2.011 
2.003 
2.008 
2.008 
1.988 
1.988 
1.988 
1.985 
1.990 
1.987 
1.989 
1.988 
1.992 
1.990 
1.989 
2.01:6 
2.0!2 
2.009 
2.011 
2.011 
2.014 
2.009 
2.011 
2.011 
2.008 
2.008 



~M;:.;n.:.:z;....:G::.;r:..::a;;;;in;:__ _ _ _:A:.=n;;;;a::.::l) sis # Ce P Si Pr La Ca Y Nd Th Sm Gd D! U Total/ 40 
S390.0l (cnt'd) 232 - -0-.3-8-48------,-0...,..99_7_6 - o'-.004...,._,.8--0-.0-5...,.8.,..0 --0.156-0--0,....0--,7..,.92.,--____,.0.-07_0_4--0-.1-300,...,--0,....0.,...64- 8 --0-.02_8_0--0--.0...,.2.,..36.,---- 0.00-0-0--0-.0,...0..,..56.,----2 . ..,..00_3 __ _ 

Sl9(1.03 

8390-04 

S390.Q5 rim 

8390-05 core 

5390.05 
8390.06 rim 

8390-06 core 

8390.06 
8390-07 rim 

Average 0.4056 0.9885 0.0048 0.0617 0.1609 0.0675 0.0624 0,1359 0.0616 0.0301 0.0218 0.0000 0.0045 2.007 
233 0.4100 0.9928 0.0052 0.0652 0.1592 0.0612 0.0692 0.1.396 0.0484 0.0280 0.0216 0.0000 0.0048 2.005 
234 0.3988 0.9872 0.0056 0.0604 0.1580 0.0748 0.0604 0.1320 0.0716 0.0288 0.0236 0.0000 0.0048 2.006 
235 0.4056 0.9860 0.0052 0.0604 0.1580 0.0644 0.0664 0.1392 0.06~2 0.0284 0.0232 0.0000 0.0036 2.006 

Average 0.4048 0.9887 0.0053 0.0620 0.1584 0.0668 0.0653 0.1369 0.0617 0.0284 0.0228 0.0000 0.0044 2.006 
236 0.4336 0.9816 0.0040 0.0640 0.1784 0.0496 0.0484 0.1448 0.0540 0.0280 0.0204 0.0000 0.0020 2.009 
237 0.4260 0.9776 0.0080 0.0648 0.1744 0.0536 0.0508 0.1464 0.0588 0.0284 0.0180 0.0000 0.0032 2.010 
238 0.4328 0.9856 0.0032 0.0644 0.1800 0.0484 0.0456 0.1432 0.0532 0.0292 0.0184 0.0000 0.0020 2.006 

Average 0.4308 !1.9816 0.0051 0.0644 0.1776 0.0505 0.0483 0.1448 0.0553 O.Ol8S 0.0189 0.0000 0.0024 Z.009 
239 0.4284 0.9852 0.0032 0.0656 0.1772 0.0492 0.0624 0.1368 0.0456 0.0288 0.0236 0.0000 0.0028 2.009 
240 0.4404 0.9860 0.0044 0.0628 0.1812 0.0524 0.0476 0.1392 0.0476 0.0260 0.0 I 68 0.0000 0.0032 2.008 
241 0.4352 0.9876 0.0032 0.0624 0.1772 0.0508 0.0536 0.1416 0.0480 0.0268 0.0188 0.0000 0.0024 2.008 
244 0.4236 0.9792 0.0064 0.0644 0.1712 0.0460 0.0676 0.1396 0.0572 0.0300 0.0204 0.0000 0.0020 2.008 

Average 0.4319 0.9845 0.0043 0.0638 0.1767 0.0496 !1.0578 0.1393 0.0496 0.0279 0.0199 0.0000 0,0026 2.008 
242 0.4336 0.!1760 0.0044 0.0664 0.1664 0.0532 0.0440 0.1504 0.0616 0.0312 0.0220 0.0000 0.0020 2.012 
243 0.4304 0.9844 0.0028 0.0652 0.1812 0.0656 0.0384 0.1392 0.0564 0.0264 0.0168 0.0000 0.0048 2.012 
245 0.4448 0.9744 0.0040 0.0648 0.1824 0.0588 0.0360 0.1400 0.0628 0.0252 0.0176 0.0000 0.0028 2.014 

Average 0.4363 o.!l783 0.0037 0.06SS 0.1767 0.0592 0.0395 0.1432 0.0603 0.0276 0.0188 0.0000 0.0032 2.013 
Average 0.4338 0.9818 0.0041 0.0645 0.1767 0.0537 0.0499 0.1410 0.0542 0.0278 0.0194 !1.0000 0.0029 2.010 

1S 0.4244 0.9904 0.0076 0.0696 0.1472 0.0532 0.0652 0.1496 0.0456 0.0272 0.0236 0.0000 0.0024 2.006 
76 0.4324 0.9828 0.0064 0.0664 0.1664 0.0484 0.0640 0.1500 0.0432 0.0280 0.0208 0.0000 0.0016 2.011 
77 0.4368 0.9780 0.0092 0.0688 0.1608 0.0544 0.0672 0.1476 0.0436 0.0248 0.0212 0.0000 0.0016 2.014 

Average 0.4312 0.9837 0.0077 0.0683 0.1581 0.0520 0.06SS 0.1491 0.0441 0.0267 0.0219 0.0000 0.0019 2.010 
78 0.4324 0.9912 0.0044 0.0712 0.1656 0.0616 0.0420 0.1492 0.0428 0.0276 0.0180 0.0000 0.0032 2.009 
79 0.4320 0.9992 0.0048 0.0708 0.1556 0.0668 0.0372 0.1504 0.0416 0.0248 0.0172 0.0000 0.0048 2.005 
80 0.4360 0.9948 0.0040 0.0696 0.1608 0.0600 0.0396 0.1516 0.0444 0.0232 0.0200 0.0000 0.0028 2.007 
81 0.4544 0.9612 0.0228 0.0736 0.1720 0.0428 0.0256 0.1516 0.0608 0.0276 0.0192 0.0000 0.0008 2.013 

Average 0.4387 0.9866 0.00.90 0.0713 0.1635 0.0578 0.0361 0.1507 0.0474 0.0258 0.0186 0.0000 0.0029 2.009 
Average 0.4355 0.9854 0.0085 0.0700 0.1612 0.0553 0.0487 0.1500 0.0460 0.0261 O.OZOO 0.0000 0.0025 2.009 

82 0.4428 0.9800 0.0076 0.0680 0.1556 0.0520 0.0572 0.1524 0.0476 0.0272 0.0184 0.0000 0.0012 2.013 
83 0.4296 0.9908 0.0068 0,0660 0.1556 0.0496 0.0592 0.1504 0.0416 0.0288 0.0204 0.0000 0.0024 2.008 
84 0.4196 0.9872 0.0072 0.0696 0.1644 0.0536 0.0584 0.1516 0.0428 0.0264 0.0228 0.0000 0.0016 2.01 l 



MnzGraln 
8390·07 rim ( cnt'd) 

S390-07 core 

9390.07 
8390.08 

8390.09 

8390·10 rim 

8390·1 Ocore 

8390-10 
8390·11 

S390-20 

Analysis # Ce P Si 
85 0.4364 0.9864 0.0036 

Average 0.43%1 0.9861 0.0063 
86 0.4620 0.9780 0.0056 
87 0.4980 0.9716 0.0084 
88 0.4720 0.96S2 O.OJS2 

Average 0.4773 0-9716 0.0097 
Average 0.4515 0.9799 0.0078 

89 0.4168 1.0040 0.0048 
90 0.4016 1.0092 0.0072 
91 0.4212 0.9940 0.0080 
92 0.4140 0.98S2 0.0224 
93 0.4316 0.9900 0.0092 

Average 0.4170 0.9965 0.0103 
9S 0.4372 0.9796 0.0060 
96 0.4468 0.9824 0.0064 
97 0.4416 0.9836 0.0068 

Average 0.4419 0.9819 0.0064 
98 0.4456 0.9732 0.0108 
99 0.4348 0.9316 0.0128 

Average 0.4402 0.9774 0.0118 
100 0.4576 0.9624 0.0244 
101 0.4752 0.9656 0.0176 
102 0.4580 0.9820 0.0068 

Average 0.4636 0.9700 0.0163 
Average 0.4542 0.9730 0.0145 

106 0.4224 0.9720 0.0168 
107 0.4232 0.9308 0.0168 
108 0.4360 0.9136 0.0172 
109 0.4416 0.9748 0.0160 

Average 0.4308 0.9753 0.0167 
328 0.3664 0.9772 0.0076 
329 0.3928 0.9804 0.0092 
330 0.3668 0.9760 0.0088 -------------------------------------

Pr 
0.0692 
0.0682 
0.0724 
0.0748 
0.0780 
0.0751 
0.0711 
0.0644 
0.0628 
0.0680 
0.0692 
0.0700 
0.0669 
0.0672 
0.0664 
0.0704 
0.0680 
0.0720 
0.0704 
0.07lZ 
0.0736 
0.0836 
0.0740 
0.0771 
0.0747 
0.0776 
0.0780 
0.0776 
0.0736 
0.0767 
0.0596 
0.0696 
0.0644 

La 
0.1556 
0.1578 
0.1724 
0.1844 
0.1880 
0.1816 
0.1680 
0.1600 
0.1524 
0.1520 
0.1640 
0.1488 
0.1554 
0.1656 
0.1684 
0.1616 
0.1652 
0.1548 
0.1488 
0.1518 
0.1772 
0.1736 
0.1624 
0.1711 
0.1634 
0.1532 
0.1476 
0.1428 
0.1456 
0.1473 
0.1S20 
0.1512 
0.1412 

Ca 
0.0568 
0.0530 
0.0500 
0.0192 
0.0292 
0.0318 
0.0443 
0.0712 
0.0808 
0.0588 
0.0708 
0.0556 
0.0674 
0.0596 
0.0560 
0.0648 
0.0601 
0.0516 
0.0540 
0.0528 
0.0400 
0.0276 
0.0556 
0.0411 
0.0458 
0.0500 
0.0484 
0.0504 
0.0496 
0.0496 
0.0916 
0.0564 
0.0864 

y 
0.0476 
0.0556 
0.0276 
0.0188 
0.0208 
0.0224 
0.0414 
0.0460 
O.OS92 
0.0588 
0.0448 
0.0572 
0.0532 
0.0488 
0.0440 
0.0548 
0.0492 
0.0628 
0.0648 
0.0638 
0.0212 
0.0232 
0.0328 
0.0257 
0.0410 
0.0700 
0.0700 
0.0700 
0.0672 
0.0693 
0.0700 
0.0592 
0.0732 

Nd 
0.1548 
0.1513 
0.1532 
0.1660 
0.1604 
0.1599 
O.lSSS 
0.1396 
0.1328 
0.1484 
0.1400 
0.1468 
0.1415 
0.1500 
O.ISOO 
0.1408 
0.1469 
0.1512 
0.1456 
0.1484 
0.1544 
0.1624 
0.1452 
0.1540 
0.1!18 
0.1$32 
0.1468 
0.1492 
0.1492 
0.1496 
0.1384 
0.1508 
0.1428 

Th 
0.0452 
0.0443 
0.0424 
0.0240 
0.0380 
0.0348 
0.040l 
0.0472 
0.0448 
0.0484 
0.0472 
0.0460 
0.0467 
O.OS08 
0.0460 
0.0440 
0.0469 
0.0444 
0.0448 
0.0446 
0.0568 
0.0380 
0.0488 
0.0479 
0.0466 
0.0400 
0.0388 
0.0408 
0.0404 
0.0400 
0.0660 
0.0720 
0.0700 ---------------------

Sm 
0.0284 
0.0277 
0.0252 
0.0288 
0.0280 
0.0273 
0.0275 
0.0224 
0.0228 
0.0240 
0.0260 
0.0232 
0.0137 
0.0256 
0.0256 
0.0244 

0.025Z 
0.0272 
0.0276 
0.0274 
0.0264 
0.0264 
0.0260 
0.0263 
0.0267 
0.0284 
0.0276 
0.0264 
0.0276 
0.0275 
0.0280 
0.0272 
0.0304 

Gd 
0.0200 

0.0104 
0.0196 
0.0192 
0.0188 
0.0192 
0.0199 
0.0204 
0.0184 
0.0192 
0.0184 
0.0224 
0.0198 
0.0180 
0.0192 
0.0200 
0.0191 
0.0204 
0.0208 
0.0206 
0.0160 
0.0188 
0.0160 
0.0169 
0.0184 
0.0232 
0.0232 
0.0220 
0.0208 
0.1}223 
0.0248 
0.02$6 
0.0224 

Dy 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

u 
0.00.32 
0.0021 
0.0016 
0.0000 
0.0004 
0.0007 
0.0015 
0.0036 
0.0080 
0.0016 
0.0040 
0.0024 
0.0039 
0.0020 
0.0016 
0.0020 
0.0019 
0.0020 
0.0016 
0.0018 
0.0008 
0.0000 
0.0008 
0.0005 
0.0010 
0.0020 
0.0016 
0.0020 
0.0020 
0.01}19 
0.0304 
0.0080 
0.0268 

Total/40 
2.012 
2.011 
2.018 
2.01.5 
2.01S 
2.016 
2.013 
2.004 
2.001 
2.00S 
2.010 
2.008 
1.006 
2.015 
2.012 
2.015 
2.1}14 
2.016 
2.012 
2.014 
2.012 
2.014 
2.014 
2.013 
2.013 
2.019 
2.014 
2.017 
2.017 
2.017 
2.012 
2.003 
2.009 



MnzGraln 
S390-l0 (~nt'd) 

S390 

S392·0 I outer rim 
8392·0 I inner rim 
8392·0 I outer core 
8392·0 I core 
8392·01 
S392..02outer rim 
S392·02inner rim 
8392-02 core 
8392·01 
S391·03 

8392..04 rim 

S392..04core 

S39Z-04 
8392..05 rim 

S392.(lS core 

8392-05 
S39Z.07outcr rim 

Analysis # Ce 
331 0.~976 0.9836 0.0032 0.0684 0.1S08 0.0724 0.0560 0.1412 
332 o.:;684 0.9840 0.0060 0.0584 0.1452 0.0912 0.0684 0.1352 

Average 0.3784 0.9802 0.0070 0.0641 0.1481 0.0796 0.0654 0.1417 
AAeraae 0.4216 0.9W 0.0081 0.08'18 O.J6!H ~.0$77 0.0512 0.14!4 

211 0.4460 0.9744 0.0076 0.0640 0.1940 0.0348 0.0388 O.IS28 
210 0.4440 0.9780 0.0020 0.0620 0.1916 0.0440 0.0368 0.1532 
213 0.4720 0.9508 0.0244 0.0724 0.1864 0.0236 0.0104 0.1712 
212 0.4500 0.9808 0.0048 0.0628 0.1904 0.0356 O.OS20 0.1464 

Average 0.4530 0.9710 0.0097 0.0653 0.1906 0.0345 0.0345 0.1559 
216 0.4432 0.9804 0.0064 O.O.S88 0.21S2 0.03:20 0.0468 0.1328 
214 0.4804 0.9404 0.0256 0.0?16 0.1872 0.0356 0.0032 0.1640 
215 0.4728 0.9800 0.0036 0.0668 0.2100 0.0216 0.0200 0.1580 

Average 0.4655 0.9669 0.0119 0.0657 0.1041 0.0297 0.0233 0.1516 
217 0.4464 0.9620 0.0188 0.0684 0.1836 0.0328 0.0228 0.1632 
218 0.4504 0.9636 0.0204 0.0648 0.1792 0.0344 0.0252 0.1580 
219 0.44S6 0.9804 0.0152 0.0620 0.1804 0.0300 0.0336 0.1528 

Average 0.4475 0.9687 0.0181 0.0651 o.l8ll 0.03l4 0.0271 0.1580 
221 0.4692 0.9608 0.0192 0.0672 0.1888 0.0292 0.0160 0.1580 
222 0.4568 0.9804 0.0004 0.0648 0.1960 0.04 76 0.0280 0.1404 

Average 0.4630 0.9706 0.0098 0.0660 0.1924 0.0384 0.0110 0.1492 
220 0.4444 0.9840 0.0012 0.0588 0.1836 0.0516 0.0404 0.1484 

Average 0.4444 0.9840 0.0011 0.0588 0.1836 0.0516 0.0404 0.1484 
Average 0.4568 o.9751 0.0069 0.0636 0.1895 0.0418 0.0281 0.1489 

280 0.4472 0.9536 0.0212 0.0672 0.1856 0.0356 0.0268 0.1552 
281 0.4524 0.9576 0.0224 0.0720 0.1868 0.0292 0.0224 0.1608 

Avemge 0.4498 0.9556 0.0218 0.0696 0.1862 0.0314 0.0246 0.1580 
282 0.4420 0.96S2 0.0076 0.0648 0.1936 0.0584 0.0320 0.1428 
283 0.4316 0.9716 0.0028 0.0680 0.1772 0.0408 0.0400 0.1672 
284 0.4132 0.9892 0.0048 0.0664 0.1648 0.0428 0.0420 0.1680 

Avemge 0.4289 0.9753 0.0051 0.0664 0.1785 0.0473 0.0380 0.1593 
Average 0.4373 0.9674 0.0118 0.0677 0.1816 0.0414 0.0326 0.1588 

396 0.4776 0.9592 0.0116 0.0668 0.2120 0.0312 0.0232 0.1496 
___ _______ _:4~0.!....1 -~0.::!.4~80!:!4 ___ .:,:0.:!.9~61'-!:_2_.~0~.0~10~0_.~0~.0~69~6-.:.:0.,20:.::;68::.....__;0:;:.0:,::2::.:.52:....__~0~.0::.21:.:2_ 0.1692 

Tb 
0.0664 
0.0648 
0.0678 
0.0519 

0.0488 
0.0568 
0.0576 
0.0420 
0.0513 
0.0476 
0.0744 
0.0332 
0.0517 
0.0600 
0.0636 
O.OS28 
0.0588 
0.0560 
0.0564 
0.0562 
0.0564 
0.0564 
0.0563 
0.0616 
0.0560 
0.0588 
0.0624 
0.0456 
0.0464 
0.0515 
0.0544 
o.o:m 
0.0236 

Sm 
0.0268 
0.0296 
0.0284 
0.0%74 

0.0256 
0.0228 
0.0264 
0.0232 
0.0145 
0.0212 
0.0232 
0.0240 
0.0128 
0.0280 
0.0260 
0.0264 
0.0268 
0.0280 
0,0220 
0.0250 
0.0232 
0.0231 
0.0244 
0.0332 
0.0304 
0.0318 
0.0296 
0.0396 
0.0384 
0.0359 
0.0341 
0.0340 
0.0320 

Gd 
0.0192 
0.0320 
0.0148 
0.0207 

0.0232 
0.0184 
0.0176 
0.0212 
0.0101 
0.0212 
0.0120 
0.0184 
0.0171 
0.0228 
0.0204 
0.0204 
0.0211 
0.0180 
0.0172 
0.0176 
0.0176 
0.0176 
0.0176 
0.0260 
0.0212 
0.0136 
0.0176 
0.0296 
0.0272 
O.Ol48 
0.0243 
0.0284 
0.0220 

Dy 
0.0000 
0.0000 
0.0000 
I'MOOO. 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

u 
0.0192 
0.0236 
0.0216 
0.0043 

0.0000 
0.0000 
0.0000 
0.0004 
0.0001 
0.0000 
0.0000 
0.0000 
0.0000 
0.0008 
0.0004 
0.0000 
0.0004 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0012 
0.0008 
0.0010 
0.0028 
0.0016 
0.0016 
0.0020 
0.0016 
0.0028 
0.0012 

Total/40 
2.005 
2.007 
1.007 
:M-10 

2.010 
2.010 
2.013 
2.010 
Z.Oll 
2.006 
2.018 
2.009 
2.011 
2.010 
2.006 
2.000 
2.005 
2.010 
2.010 
2.010 
2.010 
1.010 
2.010 
2.015 
2.012 
1.014 
2.019 
2.016 
2.00S 
1.013 
2.013 
2.024 
2.022 



7M:-:n-:-z-::-:G~r""'a,;;cin:.::---- Analysis # Ce P Si _ _:P:...:r:.___.=L-=a----=C=a ---'Y'-----=-N..:..:d::..___T::...:h::..______.:Sm ..:..:G::...:d-----'-----'D::...:Y.,____-=U __ TotaJ I 40 
S392-07outcr rim 402 0.4724 0.9628 0.0140 0.0704 0.1996 0.0320 0.0208 0.1628 0.0316 0.0320 0.0208 0.0000 0.0008 2.020 
(cnt'd) 

S392-07inner rim 

S392..07 core 

S392..07 
SJ92-08 rim 

S392-0S core 

8392-08 
8392-09 

403 0.4?44 0.9644 0.0096 0.0724 0.2024 0.0292 0.0228 0.1652 0.0264 0.0340 0.0196 0.0000 0.0012 2.022 
Average 0.4762 0.9619 0.0113 0.0698 0.2052 0.0294 O.O:llO 0.1617 0.0173 0.0330 O.O:ll7 0.0000 0.0015 2.0:ll 

397 0.4696 0.9540 0,0200 0.0748 0.1948 0.0368 0.0132 0.1668 0.0336 0.0344 0.0200 0.0000 0.0052 2.024 
398 0.4788 0.9540 0.0196 0.0728 0.1960 0.0340 0.0116 0.1624 0.0320 0.0352 0.0200 0.0000 0.0056 2.022 
399 0.4872 0.9492 0.0228 0.0736 0.1896 0.0288 0.0100 0.1712 0.0312 0.0352 0.0200 0.0000 0.0048 2.024 
400 0.4800 0.9524 0.0200 0.0744 0.1948 0.0344 0.0100 0.1676 0.0332 0.0324 0.0204 0.0000 0.0044 2.024 

Average 0.4789 0.9524 0.0206 0.0739 0.1938 0.0335 0.0112 0.1670 0.0325 0.0343 0.0201 0.0000 0.0050 2.014 
404 0.4580 0.9692 0.0036 0.0712 0.1968 0.0460 0.0384 0.1516 0.0312 0.0304 0.0204 0.0000 0.0056 2.023 
405 0.4512 0.9728 0.0048 0.0684 0.1868 0.0504 0.0424 0.1556 0.0320 0,0300 0.0200 0.0000 0.0064 2.021 
406 0.4524 0.9724 0.0052 0.0688 0.1908 0.0484 0.0428 0.1524 0.0328 0.0288 0.0188 0.0000 0.0064 2.020 
407 0,4508 0.9716 0.0036 0.0656 0.1872 0.0508 0.0428 O.IS56 0.0336 0.0304 0.0220 0.0000 0.0068 2.021 

Average 0.4531 0.9715 0.0043 0.0685 0.1904 0.0489 0.0416 0.1538 0.0324 0.0299 0.0203 0.0000 0.0063 2.021 
Average 0.4694 0.9619 0.0121 0.0707 0.1965 0.0373 0.0249 0.1608 0.0307 0.0324 0.0210 0.0000 0.0043 l.Oll 

I 0.4276 0.9704 0.0040 0.0680 0.2016 0.0424 0.0576 0.1452 0.04.56 0.0256 0.0264 0.0000 0.0024 2.017 
6 0.4196 0.9760 0.0052 0.0668 0.1928 0.0408 0.0568 0.1484 0.0444 0.0276 0.0304 0.0000 0.0028 2.012 
7 0.4240 0.9684 0.0060 0,0664 0.1960 0.0412 0.0.556 0.1516 0.0480 0.0296 0.0264 0.0000 0.0028 2.016 
8 0.4164 0.9804 0.0036 0.0640 0.1928 0.0412 0.0640 0.1456 0.0448 0.0264 0.0284 0.0000 0.0024 2.010 

Average 0.42.19 0.9738 0.0047 0.0663 0.1958 0.0414 0.0585 0.1477 0.0457 O.o:m 0.0279 0.0000 0.0026 Z.014 
2 0.4324 0.9536 0.0220 0.0684 0.1872 0.0468 0.0204 0.1588 0.0620 0.0324 0.0272 0.0000 0.0056 2.017 
3 0.4260 0.9480 0.0260 0.0712 0.1832 0.0452 0.0216 0.1592 0.0672 0.0348 0.0268 0.0000 0.0068 2.016 
4 0.4348 0.9576 0.0240 0.0680 0.1880 0.0420 0.0160 0.1536 0.0628 0.0320 0.0268 0.0000 0.0056 2.012 
5 0.4236 0.9516 0.0248 0.0640 0.1864 0.0444 0.0220 0.1588 0.0644 0.0368 0.0304 0.0000 0.0076 2.015 
9 0.4244 0.9588 0.0232 0.0688 0.1828 0.0416 0.0196 0.1628 0.0616 0.0336 0.0248 0.0000 0.0064 2.011 

Average 0.4282 0.9539 0.0240 0.0681 0.1855 0.0440 0.0199 0.1586 0.0636 0.0339 0.0272 0.0000 0.0064 2,014 
Average 0.42.54 0.9628 0.0154 0.0673 0.1901 0.0428 0.0371 0.1538 0.0556 0.0310 0.0275 0.0000 0.0047 2.014 

12 0.4556 0.9540 0.0240 0.0664 0.1856 0.0300 0.0232 0.1652 0.0512 0.0320 0.0224 0.0000 0.0048 2.014 
13 0.4392 0.9760 0.0056 0.0624 0.1892 0.0528 0.0268 0.!580 0.0476 0.0280 0.0200 0.0000 0.0076 2.013 
14 0.4636 0.9432 0.0292 0.0688 0.1840 0.0288 0.0152 0.1728 0.0560 0.0324 0.0184 0.0000 0.0048 2.017 
IS 0.4500 0.9580 0.0276 0.0624 0.1836 0.0304 0.0244 0.1664 0.0536 O.Q300 0.0188 0.0000 0.0044 2.010 
16 0.4576 0.9504 0.0256 0.0628 0.1904 0.0300 0.0232 0.1692 0.0528 O.Q308 0.0184 0.0000 0.0044 2.015 
17 0.4572 0.9472 0.0252 0.0688 0.1844 0.0328 0.0252 0.1656 0.0540 0.0312 0.0216 0.0000 0.0052 2.018 

----------------~A~v~era~g~~~~0~.4~~~39~---~0.~95c4~8 __ ,~o~.O~ll~9 ___ ~o~.0~6~53~~0.~18~6~l __ ,~o~.03~4~1 ___ ~o~.O~l~30~-~0.~16~6~2--~0.~05~2~5 __ .~o~.0~30~7 ___ ;o~.o~t~99~-~o~.o~oo~o~_;o~.o~o~sl~-2~.0~15~---



MnzGrain 
8392·17 High Y 

8392-17 Low Y 

8392-17 Medium Y 

S392-17 
S392map5rim 

S392map5 core 

S392map5 
8392 
S394-18outer rim 

S394-I Sinner rim 

8394-18 core 

S394 
8396-26 

Analysis # Ce 
81 

Average 
76 
77 

Average 
74 
75 
78 
79 
80 

Average 
Average 

86 
87 
88 

Averag"' 
83 
84 
85 

Average 
Average 
A¥erag.: 

28 
Average 

24 
27 

Average 
2S 
26 

Average 
A.¥enge 

19 
20 

0.3880 
0.3880 
0.4140 
0.4172 
0.4156 
0.3960 
0.4040 
0.3884 
0.3960 
0.3964 
0.3962 
0.4000 
0.3624 
0.3764 
0.3752 
0.3713 
0.3972 
0.4008 
0.3800 
o.39l7 
0.38:10 
0.4370 
0.4328 
0.4328 
0.4412 
0.4412 
0.4412 
0.4296 
0.4448 
0.4372 
OA79 
0.4060 
0.4112 

p 
1.0156 
1.0156 
0.9944 
0.9900 
0.9922 
1.0092 
1.0084 
1.0100 
1.0040 

Si 
0.0060 
0.0060 
0.0212 
0.0200 
0.0206 
0.0144 
0.0128 
0.0084 
0.0160 

Pr 
0.0460 
0.0460 
0.0504 
0.0476 
0.0490 
0.0488 
0.0448 
0.0472 
0.0504 

La 
0.2012 
o.zon 
0.2032 
0.2068 
0.2050 
0.1984 
0.2012 
0.2188 
0.2004 

Ca 
0.0452 
0.045% 
0.0288 
0.0336 
0.0312 
0.0340 
0.0328 
0.0440 
0.0312 

y 
0.0216 
0.0%16 
0.0040 
0.0040 
0.0040 
0.0164 
0.0140 
0.0116 
0.0128 

Nd 
0.1708 
0.1708 
0.1864 
0.1836 
0.1850 
0.1772 
0.1768 
0.1700 
0.1820 

Th 
0.0364 
0.0364 
0.0384 
0.0408 
0.0396 
0.0316 
0.0320 
0.0384 
0.0328 

Sm 
0.0272 
().0272 
0.0300 
0.0312 
0.0306 
0.0296 
0.0320 
0.0280 
0.0328 

Gd 
0.0240 
0.0240 
0.0204 
0.0208 
0.0206 
0.0268 
0.0256 
0.0220 
0,0260 

Dy 
0.0088 
0.0088 
0.0020 
0.0024 
0.0022 
0.0076 
0.0060 
0.0060 
0.0068 

u 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

Total /40 
1.991 
1.991 
1.994 
1.998 
1.996 
1.990 
1.990 
1.993 
1.992 

1.0020 0.0160 0.0492 0.2060 0.0328 0.0104 0.1808 0.0356 0.0312 0.0268 0.0056 0.0000 1.993 
1.0067 
1.0042 
1.0404 
1.0372 
1.0320 
l.0365 
1.0204 
1.021% 
1.0240 
1.0%19 
l.OZ!IZ 
0.9763 
0.9744 
0.9744 
0.9656 
0.9628 
0.9642 
0.9672 
0.9644 
0.9658 
o.966' 
0.9772 
0.9732 

0.0135 
0.0144 
0.0040 
0.0064 
0.0028 
0.0044 
0.0076 
0.0076 
0.0104 
0.0085 
0.006!1 
0.0133 
0.0068 
0.0068 
0.0064 
0.0068 
0.0066 
0.0068 
0.0104 
0.0086 
11.0.074 
0.0036 
0.0024 

0.0481 
0.0481 
0.0460 
0.0476 
0.0476 
0.0471 
0.0508 
0.0460 
0.0476 
0.0481 
0.0476 
0.0627 
0.0596 
0.0596 
0.0668 
0.0632 
0.06SO 
0.0640 
0.0612 
0.0626 
0.0630 
0.0572 
0.0620 

0.2050 
0.%045 
0.1980 
0.1960 
0.1968 
0.1969 
0.2072 
0.2164 
0.2060 
0.2099 
0.2034 
0...1938 
0.1756 
0.1756 
0.1876 
0.1800 
0.1838 
0.1728 
0.1800 
0.1764 
o.I792 
0.1672 
0.1736 

0.0350 
0.0353 
0.0596 
0.0580 
0.0456 
0.0!44 
0.0280 
O.Q308 
0.0384 
0.0324 
0.0434 
0.0380 
0.0776 
0.0776 
0.0776 
0.0808 
0.0792 
0.0776 
0.0696 
0.0736 
0.0766 
0.0856 
0.0776 

0.0130 
0.0119 
0.0048 
0.0036 
0.0048 
0.0044 
0.0028 
0.0028 
0.0024 
0.0017 
0.003!1 
0.024 1 
0.0304 
0.0304 
0.0228 
0.0232 
0.0230 
0.0464 
0.0404 
0.0434 
0.0326 
0.0452 
0.0480 

0.1774 
0.1785 
0.1664 
0.1636 
0.1820 
0.1707 
0.1832 
0.1744 
0.1748 
0.1775 
0.1741 
0.1623 
0.1380 
0.1380 
0.1364 
0.1404 
0.1384 
0.1360 
0.1348 
0.1354 
u:m 
0.1412 
0.1412 

0.0341 
0.0358 
0.0380 
0.0376 
0.0292 
0.0349 
0.0284 
0.0312 
0.0416 
0.0337 
0.0343 
0.0450 
0.0624 
0.0624 
0.0676 
0.0720 
0.0698 
0.0632 
0.0680 
0.0656 
0.0666 
0.0712 
0.0676 

0.0307 
0.0303 
0.0272 
0.0264 
0.0320 
0.0285 
0.0300 
0.0264 
0.0276 
0.0280 
0.0183 
0.0291 
0.0252 
0.0252 
0.0232 
0.0240 
0.0236 
0.0252 
0.0224 
0.0238 
0.0240 
0.0248 
0.0272 

0.0254 
0.0241 
0.0232 
0.0208 
0.0264 
0.0235 
0.0220 
0.0204 
0.0212 
0.021l 
0.0223 
0.0223 
0.0188 
0.0188 
0.0!40 
0.0!60 
0.0150 
0.0184 
0.0140 
0.0162 
0.0162 
0.0204 
0.0216 

0.0064 
0.0057 
0.0088 
0.0068 
0.0084 
0.0080 
0.0072 
0.0052 
0.0048 
0.0057 
0.0069 
O.OOIS 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
1).0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
9.0023 
0.0136 
0.0136 
0.0108 
0.0116 
0.011Z 
0.0128 
0.0084 
0.0106 
O.OU.4 
0.0144 
0.0116 

1.9!» 
1.993 
1.979 
1.980 
1.983 
1.981 
1.985 
1.983 
1.979 
1.98% 
1.982 
2.008 
2.015 
2.01!1 
2.020 
2.022 
2.021 
2.020 
2.018 
2.019 
l.Ol9 
2.014 
2.017 



MnzGrain 
8396-26 (cnt'd) 

S396 
S397-01 rim 

S397-01 core 

S397-01 
S397-02 

5397-03 High Y 

5397-03 Low Y 

8397-63 

Analysis # Ce 
21 0.4476 
22 0.4084 
23 0.4012 

Avera~ 0.1.1.49 
118 0.3728 
119 0.3796 
120 0.3792 

Averege 0.3892 
121 0.3768 
122 0.3744 
123 0.3736 
124 

Average 
Average 

127 
128 
129 
130 
131 
132 
133 

Average 
136 
139 
141 

Average 
135 

0.3876 
0.3853 
0.4164 
0.3896 
0.3840 
0.3820 
0.3844 
0.3864 
0.3892 
0.3828 
0.385!! 
0.3660 
0.3712 
0.3616 
0.3842 
0.3848 

137 0.3848 
138 0.3804 
140 0.3800 
142 0.4024 

Average 0.3753 
Average 0.3855 

p 
0.9680 
0.9732 
0.9604 
0..9704 
0.9880 
0.9S24 
0.9868 
0.9899 
o.q1192 
0.9980 
0.9996 
0.9908 
0.9923 
0.9725 
0.9832 
0.9868 
0.9884 
0.9868 
0.9792 
0.9796 
0.9156 
0.9828 
0.9900 

Si 
0.0076 
0.0032 
0.0120 
0.0058 
0.0128 
0.0120 
0.0136 
0.0041 
0.0020 
0.0040 
0.0036 
0.0032 
0.0040 
0.0063 
0.0152 
0.0148 
0.0120 
0.0156 
0.0148 
0.0176 
0.0248 
0.0164 
0.0084 

0.9908 0.0040 
0.9876 0.0108 
0.9817 0.0189 
0.9876 0.0140 
0.9832 
0.9884 
0.9816 
0.9780 
0.9848 

0.0136 
0.0116 
0.0148 
0.0160 
0.0133 

Pr 
0.0636 
0.0584 
0.0568 
0.05!16 
0.0436 
0.0476 
0.0476 
0.0492 
0.0456 
0.0424 
0.0424 
0.0460 
0.0475 
0.0595 
0.0468 
0.0456 
0.0460 
0.0476 
0.0448 
0.0456 
0.0456 
0.0460 
0.0432 
0.0456 
0.0440 
0.0464 
0.0460 
0.0440 
0.0464 
0.0472 
0.0460 
0.04!0 

La 
0.1844 
0.16S2 
0.1684 
0.17'ttl 
0.1840 
0.1872 
0.1808 
0.1811 
0.1860 
0.1824 
0.1844 
0.1860 
0.1820 
0.1750 
0.1864 
O.IBS6 
0.1892 
0.1844 
0.1896 
0.1860 
0.1860 
0.1867 
0.1808 
0.1852 
0.1692 
0.1857 
0.1932 
0.1864 
0.1880 
0.1880 
0.1900 
O.l8ZO 

Ca 
0.0584 
0.0832 
0.0808 
0.0711 
0.0684 
0.0620 
0.0628 
0.0715 
0.0684 
0.0728 
0.0776 
0.0716 
0.0731 
0.0734 
0.0684 
0.0676 
0.0728 
0.0660 
0.0668 
0.0688 
0.0640 
0.0678 
0.0648 
0.0736 
0.0736 
0.0659 
0.0632 
0.0680 
0.0600 
0.0700 
0.0628 
0.0685 

y 
0.0316 
0.0460 
0.0524 
0.0446 
0.0436 
0.0448 
0.0460 
0.0502 
0.0544 
0.0552 
0.0528 
0.0476 
0.0!09 
0.0411 
0.0256 
0.0252 
0.0396 
0.0256 
0.0380 
0.0284 
0.0268 
0.0299 
0.0724 
0.0528 
0.0696 
0.0174 
0.0248 
0.0316 
0.0384 
0,0280 
0.0184 
0.0458 

Nd 
0.1504 
0.1420 
0.1448 
0.1439 
0.1596 
0.1648 
0.1612 
0.1523 
0.1556 
0.1556 
0.1484 
0.1564 
0.1514 
0.1458 
0.1636 
0.1640 
0.1580 
0.1608 
0.1636 
0.1636 
0.1668 
0.1629 
0.1524 
0.1576 
0.1536 
0.1635 
0.1624 
0.1672 
0.1636 
0.1632 
0.1688 
0.1600 

Th 
0.0464 
0.0724 
0.0852 
0.0686 
0.0636 
0.0588 
0.0596 
0.0567 
0.0524 
0.0520 
o.osso 
0.0584 
0.0570 
0.0656 
0.0660 
0.0652 
0.0640 
0.0656 
0.0656 
0.0668 
0.0740 
0.0667 
0.0576 
0.0612 
0.0628 
0.0688 
0.0620 
0.0624 
0.0544 
0.0668 
0.0636 
0.0637 

Sm 
0.0260 
0.0280 
0.0256 
0.0263 
0.0260 
0.0264 
0.0256 
0.0235 
0.0220 
0.0220 
0.0232 
0.0220 
0.0134 
0.0266 
0.0252 
0.0272 
0.0232 
0.0268 
0.0260 
0.0248 
0.0256 
0.0255 
0.0248 
0.0252 
0.0268 
0.0160 
0.0300 
0.0276 
o.o:m 
0.0272 
0.0284 
0.0265 

Gd 
0.0184 
0.0216 
0.0204 
0.0205 
0.0232 
0.0236 
0.0232 
0.0184 
0.0168 
0.0180 
0.0160 
0.0176 
0.0178 
0.0204 
0.0188 
0.0196 
0.0160 
0.0204 
0.0176 
0.0204 
0.0180 
0.0187 
0.0208 
0.0184 
0.0208 
0.0190 
0.0184 
0.0204 
0.0228 
0.0220 
0.0200 
0.0206 

Dy 
0.0000 
0.0000 
0.0000 
11.0000 
0.0096 
0.0104 
0.0100 
0.0068 
0.0096 
0.0104 
0.0100 
0.0072 
0.0076 
0.0004 
0.0064 
0.0064 
0.0064 
0.0068 
0.0064 
0.0064 
0.0068 
0.0065 
O.ot08 
0.0072 
0.0116 
0.0067 
0.0056 
0.0076 
0.0092 
0.0072 
0.0048 
0.0(}88 

u 
0.0152 
0.0148 
0.0092 
0.0130 
0.0080 
0.0076 
0.0068 
0.0130 
0.0120 
0.0152 
0.0120 
0.0108 
o.ous 
0.0119 
0.0088 
0.0092 
0.0068 
0.0100 
0.0076 
0.0088 
0.0060 
0.0082 
0.0108 
O.QI16 
0.0120 
0.0081 
0.0092 
0.0088 
0.0096 
0.0092 
0.0076 
0.0098 

Total/40 
2.018 
2.016 
2.018 
2.016 
2.004 
2.008 
2.004 
l.OOS 
2.001 
2.002 
2.002 
2.005 
2.003 
Z.004 
2.004 
2.002 
2.005 
2.001 
2.006 
2.006 
2.003 
2.004 
2.003 
2.005 
2.004 
Z.004 
2.001 
2.006 
2.002 
2.005 
2.007 
2.004 

0.9828 0.0164 0.0460 0.1867 0.0678 0.0299 0.1629 0.0667 0.0255 0.0187 0.0065 0.0081 2.004 



MnzGrain 
S397 
S399-4a 

S39~8.t 

8399·8.2 

S399 
8401·01 High Y 

Analysis # Ce 
Average 0.4tS l 

I 0.4208 
2 0.4220 
3 0.4140 
4 0.4408 
5 0.4392 

Average 0.4274 
6 0.4100 
7 0.4352 
8 0.4056 
9 0.4348 
10 0.4192 
1 I 0.4316 
12 
13 
14 
IS 
16 

0.4240 
0.4096 
0.4SOO 
0.4128 
0.4488 

) J ·.> {IA:YJi, 

Average 0.4l56 
18 0.4040 

20 
21 
22 
23 
24 

.c.?S 
Average 
A venae 

99 
106 

Average 

0.4080 
0.4220 
0.4092 
0.4396 
0.4392 

0.4203 
Ul'tfi 
0.3500 
0.3516 
0.3508 

p 
0.989!) 
0.9776 
0.9776 
0.9884 
0.9584 
0.9488 
0.9702 
0.9688 
0.9604 
0.9808 
0.9548 
0.9948 
0.9792 

Sf 
0.0069 
0.0148 
0.0144 
0.0040 
0.0244 
0.0180 
0.0151 
0.0036 
0.0156 
0.0040 
0.0196 
0.0020 
0.0024 

0.9840 0.0020 
0.9776 0.0076 
0.9500 0.0196 
0.9816 0.0036 
0.9444 0.0200 

Pr 
0.0569 
0.0756 
0.0732 
0.0712 
0.0712 
0.0744 
0.0731 
0.0660 
0.0716 
0.0652 
0.0712 
0.0660 
0.0736 
0.0660 
0.0676 
0.0712 
0.0680 
0.0752 

La 
0.180 
0.1804 
0.1612 
0.1720 
0.1748 
0.1872 
0.1751 
0.2108 
0.2080 
0.2036 
0.1912 
0.1864 
0.2120 
0.2040 
0.1912 
0.1992 
0.2048 
0.2004 

Ca 
0.0634 
0.0532 
0.0568 
0.0676 
0.0516 
0.0532 
0.0565 
0.0700 
0.0516 
0.0600 
0.0524 
0.0548 
0.0448 
0.0520 
0.0548 
0.0456 
0.0528 
0.0492 

y 
G.023.8 
0.0268 
0.0396 
0.0500 
0.0168 
0.0288 
0.0324 
0.0460 
0.0276 
0.0476 
0.0176 
0.0572 
0.0488 
0.0512 
0.0596 
0.0092 
0.0524 
0.0156 

Nd 
0.197 
0.1436 
0.1480 
0.1396 
0.1516 
0.1536 
0.1473 
0.1336 
0.1404 
0.1364 
0.1456 
0.1348 
0.1404 
0.1344 
0.1380 
0.1500 
0.1408 
0.1492 

Th 
0.9!36 
0.0740 
0.0792 
0.0660 
0.0872 
0.0804 
0.0774 
0.0792 
0.0712 
0.0716 
0.0864 
0.0508 
0.0436 
0.0548 
0.0728 
0.0804 
0.0604 
0.0820 

Sm 
0.0264 
0.0260 
0.0316 
0.0264 
0.0300 
0.0276 
0.0283 
0.0232 
0.0248 
0.0244 
0.0248 
0.0264 
0.0292 
0.0276 
0.0248 
0.0284 
0.0268 
0.0252 

Gd 
0.0191 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

Dy 
0.0026 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

u 
0.00'75 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0040 
0.0064 
0.0060 
0.0020 
0.0084 
0.0056 
0.0068 
0.0020 
0.0008 
0.0036 
0.0044 

Total/40 
2.604 
2.008 
2.003 
2.011 
2.008 
2.017 
%.009 
2.015 
2.012 
2.006 
2.017 
2.001 
2.012 
2.007 
2.006 
2.020 
2.007 
Z.o20 

u•l.'.4ii a.o:n~ u.n~o.;. <1.11.:-::o o 1 5W il.!,~r,n o ,r;(), <l ••:•O ;; VY.,O il 0(1'' ).o::; 
0.9706 0.0091 0.0692 0.2011 0.0535 0.0393 0.1403 0.0685 0.0260 0.0000 0.0000 0.0045 2.011 
0.9696 0.0048 0.0676 0.1880 0.0696 0.0544 0.1344 0.0812 0.0224 0.0000 0.0000 0.0036 2.021 

0.9788 
0.9716 
0.9832 
0.9604 
0.9780 
fl.~)2~.:. 

0.9736 
0.9713 
0.9812 
0.9788 
0.9800 

0.0036 
0.0036 
0.0024 
0.0144 
0.0008 
11.0:'.14 
0.0049 
0.0~3 

0.0148 
0.0204 
0.0176 

0.0648 
0.0684 
0.0636 
0.0692 
0.0732 

0.0678 
0.0697 
0.0372 
0.0416 
0.0394 

t),i v.-.~~ 

0.1932 
0.1972 
0.2036 
0.1988 
0.2152 

0.0724 
0.0684 
0.0584 
0.0544 
0.0432 

o.:?.O:.I<• n.CJ~?t, 

0. 1993 0.0611 
0. 1947 0.0562 
0.1576 0.0892 
0.1672 0.0824 
0.1624 0.0858 

0.0448 
0.0452 
0.0592 
0.0212 
0.0472 
1).()11~4 

0.().163 
0.0397 
0.0732 
0.0592 
0.0662 

0.1324 
0.1332 
0.1320 
0.1392 
0.1416 
0.!4!f> 
0.1355 
0.1406 
0.1516 
0.1492 
0.1504 

0.0740 
0.0672 
0.0508 
0.0772 
0.0408 

0.065l 
0.0696 
0.0776 
0.0824 
0.0800 

0.0220 
0.0228 
0.0292 
0.0256 
0.0276 

O.Ol49 
0.0262 
0.0260 
0.0268 
O.OZ64 

{1,1,1;)(;\l 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0232 
0.0220 
0.0226 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
(\,()l}O(l 

0.000() 
0.0000 
0.0132 
0.0136 
().0134 

(l,CJi)l:ll 

0.0132 
0.0108 
0.0104 
0.0064 
0.0064 

().0085 
0.0046 
0.0124 
0.0088 
().0106 

;.t!.J·.· 
2.008 
2.017 
2.013 
2.012 
2.013 

%.014 
'Z.OH 
2.008 
2.004 
l.006 



-;;M-;-;;n:7z~Gi7-:'ra.:.;:;in:..:......,:-:----'A:...::n=a~lysis # Ce.=_----"P'"'==-=---S:c-;i'=-:_7P.,_,r:-=-:------"L07a'::-:-:------:C;=,a~-.;:-Y=-=-=,------.:;,.N.:,::d==-------::T:=-::h"'=-----'S::Cm~--:Gd Dy U 
8401·01 Medium Y 104 0.3508 0.9672 0.0264 0.0424 0.1564 0.0948 0.0476 0.1SS6 0.0956 0.0312 0.0244:---'o:;:..O!:I-,-12=---o~.~0072 

8401·01 LowY 

8401·01 
S401·02outer rim 

S40 1·02inner rim 

S40 1·02outcr core 

S40 1·02core 

lOS 0.3572 0.9752 0.0196 0.0436 0.1632 0.0952 0.0320 0.1600 0.0876 0.0304 0.0240 0.0100 0.0112 
107 0.3552 0.9780 0.0204 0.0444 0.1612 0.0908 0.0324 0.1600 0.091 z 0.0292 0.0244 0.0088 0.0088 

Average 0.3544 0.9735 0.0221 0.0435 0.1603 0.0936 0.0373 0.1585 0.0915 0.0303 0.0243 0.0100 0.0091 
100 0.3800 0.9640 0.0308 0.04S2 0.1664 0.0768 0.0180 0.1672 0.0880 0.0276 0.0236 0.0092 0.0096 
101 0.3716 0.9680 0.0268 0.0436 0.1688 0.0844 0.0160 0.1668 0.0884 0.0296 0.0260 0.0088 0.0096 

102 0.3756 0.9708 0.0300 0.0452 0.1648 0.0792 0.0184 0.1636 0.0856 0.0316 0.0248 0.0072 0.0084 

103 
Average 

Average 
113 

Aver~ge 

112 
116 

Average 
Ill 
114 
liS 

0.9816 0.0176 

0.9711 0.0263 

0.9739 0.0230 
0.9748 0.0272 
0.9748 0.0272 
0.9884 0.0124 
0.9868 0.01 16 
0.9876 0.0120 
0.9816 0.0216 
0 .. 9800 0.0224 
0.9848 0.0164 
0.9821 0.0201 
0.9640 0.0324 
0.9740 0.0304 
0.9690 0.0314 

0.0436 

0.0444 

0.0430 
0.0384 
0.0384 
0.0420 
0.0428 
0.0424 
0.0364 
0.0396 
0.0456 
0.0405 
0.0356 
0.0356 
0.0356 

0.1796 0.0768 0.0248 0.1624 0.0756 0.0276 0.0240 0.0088 0.0084 

0.1699 0.0793 0.0193 0.1650 0.0844 0.0291 0.0246 0.0085 0.0090 

0.1650 0.0855 0.0357 0.1596 0.0858 0.0289 0.0240 0.0101 0.0094 
0.1168 0.1380 0.0532 0.1264 0.1368 0.0412 0.0196 0.0124 0.0144 
0.1168 0.1380 0.0532 O.ll64 0.1368 0.0412 0.0296 O.OU4 0.0144 
0.1168 0.1068 0.0668 0.1460 0.0940 0.0516 0.0332 0.0172 0.0136 
0.1224 0.1148 0.0588 0.1408 0.1004 0.0488 0.0332 0.0140 0.0136 
0.1196 0.1108 0.0628 0.1434 0.0971 0.0502 0.0332 0.0156 0.0136 
0.1136 0.1220 0.0660 0.1380 0.1160 0.0488 0.0344 0.0144 0.0132 
0.1148 0.1180 0.0548 0.1364 0.1280 0.0444 0.0300 0.0136 0.0124 
0. I 228 0.1060 0.0548 0.1444 0. I 028 0.0504 O.o300 0.0128 0.0092 
0.1171 0.1187 0.0585 0.1396 0.1156 0.0479 0.0315 0.0136 0.0116 
0.1016 0.1516 0.0664 0.1252 0.1592 0.0420 0,0308 0.0140 0.0160 
0.1024 0.1484 0.0656 0.1248 0.1508 0.0440 0.0316 0.0148 0.0156 
0.1010 0.1500 0.0660 0.1250 O.lSSO 0.0430 0.0312 0.0144 0.0158 

Total /40 2.011 __ _ 

2.010 
2.005 
2.009 
2.006 
2.008 

2.005 

2.004 

1.006 

2.007 
2.004 
2.004 
2.003 
2.006 
2.004 
2.002 
2.002 
2.002 
2.002 
2.006 
2.002 
2.004 

8401..02 
S4llt 

Average 
109 
110 

Average 
Average 
~gil 

0.3732 

0.3751 

0.3628 
0.2944 
0.2944 
0.3140 
0.3172 
0.3156 
0.2960 
0.2980 
0.3220 
0.3053 
0.2668 
0.2636 
0.2652 
0.2965 
0.3316 

0.9793 0.0218 0.0395 0.1139 0.1270 0.0608 0.1353 O.ll3S 0.0464 0.0316 0.0142 0.0135 2.003 
0.9'764 0.02U 0.0413 0.1410 0.1050 0.0475 0.1481 0.10&.$ 0.0371 0.0276 o.ouo 0.0113 1.005 

*Analysis not used in the average because the cation total does not fall between 1.975 and 2.025 cations/ 4.000 oxygens. 
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Graln #; 8368.07 Ace. Voltage: 16 kV 
Chemical zone: homogeneous Anal. Currant: 200 nA 

Analyses#: 365-389 Peak: 600 sse. 

Spot II Pb uncorr. Pb c:orr. Pb error ?h Th error U unc:orr. U corr. U error 
(ppm) {ppm) (%) (ppm) (%) (ppm) (ppm) (%) 

1 3196 3091.90 0.6755 29807 0.2880 2553 2280.52 2.4134 
2 3991 3875.65 0.5754 39969 0.2340 2327 1960.60 2.6611 
3 4163 4041.99 0.5598 40280 0.2331 3090 2720.75 2.0482 
4 4826 4688.71 0.5073 43880 0.2198 4217 3814.46 1.5520 
5 3196 3091.90 0.6755 29807 0.2680 2553 2280.52 2.4134 

Scatterplot w/ error bars: Age Distribution 
<>Grain awrage age (2 sigma) • Spot ages (1 sigma) 

1950 ·-·-- - .. -·--------~------------------

1900 

1650 1----

, :: 1-----=----t =r - ~--~I -
1100 L - f t--
1850 r---------------------------------------------------- --- -----_---J 
1600 ~-----------------------------~---------~----------

o 2 3 

Spot# 
4 5 6 

Bkg: 300 sac. 
PbMa/PETH 
U Mb/PETJ 

v 
(ppm) 
8228 
8186 
8828 

10251 
8226 

1751 
35 

0.11 
0.98 

Th Ma/PETJ 
YLa/TAP 

Y error As• S.D. 21 S.D. 2e 
(%) (MI) (Ma) {%) 

0.2864 1748.5 88 5.05 
0.2882 1772.5 97 5.47 
0.2703 1737.0 74 4 .28 
0.2379 1749.0 56 3.31 
0.2864 1748.5 88 5.05 

Wtd Mean {from internal errors) 
2-sigma error of mean 
MSWD 
Probability of fit 

1737 

• 1'749 (5) 



Grain#: 8381·15 Ace. Voltage: 
Chemical zone: homogeneous Anal. current: 

Analyses#: 1157·861 Peak: 600 sec. 

Spot I# Pb uncorr. Pb corr. Pb error Th Th error U uneorr. 
(ppm) (ppm) (%) (ppm) (%) (ppm) 

1 4722 4595.77 0.5055 41450 0.2288 4206 
2 4522 <4398.79 0.5202 41570 0.2283 3494 
3 27-47 2565.8-4 0.7-428 25357 0.3253 1861 
4 3!119 3707.34 0.5938 3fi470 0.2550 2593 
5 -4530 4406.72 0.5197 40738 0.2316 3853 

Scatterplot w/ error bars: Age Distribution 
<> Grain awrage age (2 sigma) 

1950 

1900 t--------- --
1850 1----

i 1800 

t 1750 

-f-t - 1----- -- __ __ ____I 
1700 1----

1850 

• Spot ages (1 sigma) 

f 

15 kV 
200nA 

U eorr. U error 
(ppm) (%) 

3823.97 .1.5908 
3110.83 1.8795 
1628.33 3.3198 
2266.59 2.4571 
3477.61 1.7195 

f 

1600 1--------~----------~----------~-----------------------------~ 
0 2 3 

Spot# 
5 

Bkg: 300 sec. 
PbMaJPETH Til Mal PETJ 
UMb/PETJ YLa/TAP 

y Y error Age S.D. :Ia S.0.2a 
(ppm) (%) (Ma) (Ma) (%) 
926-4 0.2541 1785.0 60 3.38 
8901 0.2630 1789.0 70 3.94 
7275 0.3123 1824.0 125 8.84 
8347 0.2777 1821.5 93 5.09 
9018 0.2602 1776.0 65 3.63 



Grain#: SS88·16 Ace. Vollaga: 15W 
Chomlcallono: homogenaoue Anal. Curren!: 200 nA 

Analyses#: 354·358 Peak: 800 eec. 

Spoil# Pbuncorr. Pb corr. Pb arror Th Th error U uncorr. U COlT. 
(ppm) (ppm) (o/a) (ppm) (%) {ppm) (ppm) 

1 3846 3543.97 0.6008 34152 0.2624 2066 1753.10 
2 3219 3116.63 0.6583 28979 0.2956 2101 1835.90 
3 6077 4950.23 0.4812 48604 0.2059 2901 2453.96 
4 4180 4065.51 0.5470 38909 0.2398 2576 2219.10 
5 4280 4161.52 0.5386 42120 0.2268 2502 2115.29 
8 3686 3578.23 0.5969 31734 0.2768 2825 2534.52 
7 3751 3642.86 0 .5898 33942 0.2637 2503 2192.09 

Scatterplot wl error bars: Age Distribution 
<>Grein awrage age (2 sigma) •spot ages (1 sigma) 

19SO - --·-·--·----·--·--···-···----·---·- · .. · ·-----.... ·--·-··· ..... ................ ---.................. . 

::: --~- r - r - -t f 
11800 1----------=r=-T ____ -- -- ! ----,f 1750 

1700 

1650 

1800 ~------~------------------------~------~------~-------~ 
0 2 3 4 

Spot# 
6 7 

Bkg: 300 sac. 
Pb Ma/PETH ThMa/PETJ 
UMb/PETJ Y La/ TAP 

U error y Y error Age S.D.2a S.0.2a 
(%) (ppm) (%) (Ma) (M1) (%) 

3.2430 7413 0 .3091 1875.0 12.4 6.62 
3,1 762 7891 0.2924 1874.5 122 6 .52 
2.4041 8405 0.2782 1847.0 91 4.93 
2.6522 8241 0.2823 1856.5 101 5.44 
2.7352 8286 0.2811 1797.6 101 5.60 
2.4156 8393 0.2774 1871.0 94 5 .02 
2.7112 8149 0.2847 1863.2 104 5.58 



N 
-.J -

Grain II: 8388map1 Aoo. Voltage: 
Chemkal Z0111: homogeneoWl Anal. Currant: 

Analyses#; 857·881 Peak: 600 sac. 

Spot I Pb 11ncorr. Pb eorr. Pb error Th Th '"or U uncon. 
(ppm) (ppm) (%) (ppm) (%) (ppm) 

1 4881 4775.50 0.5070 42657 0.2091 3679 
2 4154 4080.02 0.5856 37984 0.2252 2622 
3 3088 3009.18 0.7007 27116 0.2815 2301 
4 5149 5041.03 0.4896 43568 0.2063 4106 
5 5037 4930.65 0.4988 41132 0.2141 4623 
6 3547 3464.64 0.6324 31276 0.2559 2394 
7 2776 2705.29 0.7598 23233 0.4134 2314 
8 4740 4643.86 0.5167 43347 0.2070 2629 

Scatterplot w/ error bars: Age Distribution 

2000 ..-----

1960 

¢Grain awrage age (2 sigma} 

l :: t r-- J--T --t 
II 1800 1----- -----

~ 1750 
1700 

1650 

• Spot ages (1 sigma) 

15 kV 
200 nA 

Ucorr. 
(ppm) 

3487.80 
2274.04 
2053.35 
3706.40 
4245.98 
2108.01 
2102.03 
2231 .31 

1~0 ~----~------~-------r------~-----------~------~-----~----~ 
0 2 3 4 5 6 8 9 

Spot# 

Bkg: 300 sec. 
PbMa I PETH Th Ma I PETJ 
U MbiPETJ YLa/TAP 

U error y Y error Age S.D. 2a S.D. 2s 
(%) (ppm) (%) (Ma) (Ma) W•l 

1.4699 6708 0.3165 1850.0 58 3 .15 
2.0865 5977 0.3496 1880.5 82 4.36 
2.32S9 5636 0.3670 1864.0 91 4.91 
1.3988 6877 0.3099 1690.0 57 3.01 
1.2597 7008 0.3050 1865.0 51 2.76 
2.2553 5504 0.3754 1903.5 90 4.72 
2.3131 5200 0.3B38 1874.5 92 4.92 
2.0907 5527 0.3751 1930.2 64 04 



Oratnll: 8318mep2 Ace. Vollaga: 15 kV Skg: 300 aec. 
Chemical zone: homogeneoue Anal. Current: 200nA PbMa IPETH ThMa/PETJ 

Analyse sf#: 41-46 Peak: 600 sec. U Mb/PETJ YLa/TAP 

SpotfJ Pb uncorr. Pb corr. Pb error Th Th error U uncorr. Ueorr. U ttror y Y error Age S.D. 21 8.0.21 
(ppm) • (ppm) (%) (ppm) (%) (ppm) {ppm) (%) (ppm) (%) (Ma} (M1) (%) 

1 2541 2459.20 0.7908 22038 0.3257 1923 1721.75 2.8212 6619 0.3289 1861 .5 110 5.90 
2 2317 2232.96 0.8524 19549 0.3555 20~3 1834.62 2.7().40 7199 0.3060 1827.0 105 5.72 
3 3734 3628.89 0.5947 35225 0.2368 2441 2118.14 2.2848 7609 0.2928 1816.5 86 4.75 
4 3492 3390.72 0.6239 32531 0.2496 2287 1989.07 2.4216 7515 0.2957 1831.0 92 5.03 
6 3423 3320,66 0.6335 31676 0.2542 2472 '2181.96 2.2527 7749 0.2881 1802.0 85 4.72 
6 4507 4398.62 0.5220 43769 0.2059 2650 2247.83 2.1376 6881 0.3202 1820.0 81 4.43 

Scatterplot w/ error bars: Age Distribution 

<>Grain awrage age (2 sigma) • Spot ages (1 sigma) 

19&0 

1900 

1850 

i 1800 

.f 1750 

_f ~ r=- t=-
1100 

1850 

1800 
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Gral11 II: 8367·10 A~. Voltage: 15 kV Bkg: 300 sec. 
Chamlcal zooe: homogeneoua Mal. CUrrent: 20011A Pb Mo/PETH Th Mal PETJ 

Ma!yses#: 496-501 Peak: 800 sao. U Mbl PETJ Y l.a I TAP 

Spo11# Pb unc:orr. Pb corr. Pb arror Th Th arror U uncorr. U corr. U error y Y error Aga S.D.2a &.D.b 
(ppm) (ppm) (%) (ppm) (%) (ppm) (ppm) (%) (ppm) (%) (MI) (Na) {%) 

1 3186 307t.71 0.6535 21286 0.3a.2 4496 4302.10 1.4001 10529 0.2361 1785.0 57 3.21 
2 2887 2851.93 0.8902 19375 0.4137 4103 3928.60 1.5245 10866 0.2300 1814.5 63 3.46 
3 4129 3994.34 0.5449 29464 0.3012 5307 5038.03 1.2258 11830 0.2146 1793.3 50 2.76 
4 1909 1823.08 0.9731 14000 0.5365 2063 1935.68 2.8540 8178 0.2931 1853.0 114 8.13 
5 2315 2221.52 0.8330 16346 0.4730 2859 2710.26 2.1076 8752 0.2765 1817.0 84 4.64 
6 4071 3956.72 0.5478 33549 0.2741 3948 3841.26 1.5960 8929 0.2729 1614.5 62 3.43 

Scatterplot wl error bars: Age Distribution 

<>Grain awrage age (2 sigma) • Spot ages (1 sigma} 
1950 ------- -----·----·- ---
1900 

1850 T 
l 1800 

T 
.L t .t 1750 

f f.- ! i- !-
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Grain#: 8387map1 Ace. Vollage: 15 kV 
Chemical zo11o: homageneoua Anal. Current: 200 nA 

Anolysealll: -47-51 Peek: 600 sec. 

Spot II Pb uncorr. Pb carr. Pb error Th Th error U uncorr. U carr. U error 
(ppm) (ppm) (%) (ppm) (%) (ppm) (ppm) ('Yo) 

1 3364 3257.88 0.6248 30o447 0.2608 2816 2536.55 ~ .090-4 
2 3975 3863.50 0.5556 37247 0.2284 2802 2459.42 2.1138 
3 4267 4147.78 0.5299 41839 Cl.2120 :l089 27D3.69 1.9413 
4 5482 5342.10 0.4514 54248 0.1802 3469 2987.68 1.7894 
5 6026 5885.66 0.4260 58797 0.1716 3&40 3095.95 1.7042 

Scatterplot w/ error bars: Age Distribution 
<>Grain a~~erage age (2 sigma) 

1950 ------------------

1900 

1850 

j'1eoo -
1' 1750 

1700 

1650 

- ---------- --
- 1- r --f 
--I -- I -- ---- _! 

•Spot ages (1 sigma} 

f -f.--·-----·-·-·-

1600 1------~----~-------T-----~-----~----~ 
0 2 3 

Spot# 
4 5 

Bkg: 300 sec. 
PbMaiPETH Th Ma I PETJ 
UMb/PETJ YLa/TAP 

y Y error Age S.O.:Ze S.D.2e 
{ppm) {%) (Me) (Ma) ('lo) 
8296 0 .2139 1767.5 78 4.40 
8049 0 .2820 1798.5 711 4 .40 
8352 0.2736 1731.5 70 4.06 
9140 0.2540 1769.0 65 3.68 
8612 0.2676 1806.6 64 3.54 



Grain#: S371-oe Ace. Voltage; 
Chemical zone; homogeneous Anal. Currenl: 

An8IY$os#; 122·127 Peak: 60ll sac. 

SpoU Pb uncarr. Pb c:orr. Pb error Th Th error U uncorr. U corr. U error 
(ppm) (ppm) ~·~) (ppm) (•lo) (ppm) (ppm) (%) 

1 3423 3336.09 0.6348 35762 0.2324 1859 1531.08 2.7598 
2 3354 3265.81 0.8446 35101 0.2354 1808 1486.22 2.8377 
3 3625 3530.74 0.6097 37848 0.2242 1955 16()7,79 2.6415 
4 4844 4730.49 0.5002 51283 0.1851 2292 1819.81 2.3122 
5 6218 5101.03 0.4766 53770 0.1796 2708 2212.58 1.9675 
6 3874 3779,78 9.5813 40280 0.2154 2051 1881.21 2.5294 

Scatterplot w/ error bars: Age Distribution 

o Grain average age (2 sigma) • Spot ages (1 sigma) 

1950 ------ -·-----·· ------ ·--------.. ---.... - •. - .. . .......... ................ -·==~ 

1900 1-----· ----~ 
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J:18oo 
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1600 ~--------~--------~--------~---------r---------r------------------~ 

0 2 3 4 5 6 7 

Spot## 

15 kV Bkg; 300 sao. 
200nA Pb MaiPETH Th Ma/PETJ 

U Mb/PETJ YLaiTAP 

y Yerror Age St.Dev. St.Dev. 
(ppm) W•l (Mal (Ma.l: 2a) (%t 21) 
5479 0.3823 1741.0 99 5.69 
57\5 0 .3688 1739.0 102 5.85 
6064 0.3501 1743.0 95 5.45 
8551 0.3282 1760.8 84 4.75 
6630 0.3249 1777.3 73 4.11 
5740 0.3677 1756.3 92 5.22 



Chemical zone: 8371.09 Ace. Voltage: 15 kV Bkg: 300 sec. 
Chemical zone: homogeneous Anal. Current: 200nA PbMafPETH Th Ma I PETJ 

Analyses#: 118·121 Peak: 600 sec. UMb/PETJ Yla ITAP 

Spot II Pbunco". Pbcorr. Pb error Th Th error U uncorr. u corr. U error y Y error Age S.C. 2s S.D. 21 
(ppm) (ppm) (%) (ppm) ('1.) (ppm) (ppm) ('I.) (ppm) {%) (Ma) (Ma) (%) 

1 2882 2790.59 0.7343 27560 0.2780 2113 1861.23 2.4829 7096 0.3171 1752.0 91 5.22 
2 6079 4964.90 0.4913 54126 0.1797 2172 1673.89 2.4856 6254 0.3563 1776.6 90 5.09 
3 2498 2417.25 0.8196 25657 0.2919 1182 947.72 4.3073 6098 0.3619 1788.0 157 8.79 
4 3087 3001.54 0.6960 31923 0.2517 1495 1202.95 3.4526 5825 0.3777 1781.0 126 7.07 
5 2093 2025.14 0.9440 20908 0.3371 1169 978.32 4.3309 5212 0.4161 1782.0 159 8.90 
6 2-\(}-1 2:J l:l.4~, 0 8 J~l :.:~195 (I,W~:) ., o~:J .. ~ .:~2 :! :~ ',:(i,l !·.2~: ~: · 1-1{) !l.~)(t 

Scatterplot w/ error bars: Age Distribution 

0 Grain awrage age (2 sigma) •Spot ages (1 sigma) 
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N 
-.) 
-.) 

Grain •: 8371·18 
Chemical zone: homogeneous 

Analyses#: 128·135 

Spot# Pb unconr. Pb torr. Pb error Ttl Th error U uncorr. 
(ppm) (ppm) (%) (ppm) (%) (ppm) 

1 5161 5051.68 0.4777 54854 0.1771 1887 
2 3773 3680.35 0.6895 39457 0.2176 1236 
3 2773 2697.01 0.7393 27304 0.2773 1217 
4 2521 2449.05 0.7963 25057 0.2942 1257 
5 2250 2181 .99 0.6707 21862 0.3235 1083 
6 2821 2743.37 0.7292 26934 0.2798 1606 
7 1698 1638.91 1.0979 16137 0.4026 1051 

Scatterplot w/ error bars: Age Distribution 

1950 

1900 

1850 

1 1800 

.. 1750 

<>Grain awrage age (2 sigma) • Spot ages {1 sigma) 
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___ I--
1700 1------------------ -- -
1650 +--------------------------------

Ace. Voltage: 
Anal. Current: 
Paak: 600 aac. 

U corr. U error 
(ppm) (%) 

1381.37 2.9459 
873.83 4.3360 
967.23 4.3516 
1027.93 4.2103 
883.34 4.8519 
1359.68 3.3380 
903.86 4.9638 

1600 ~------~------~------~------~ 
0 2 3 4 

Spot# 
5 6 7 8 

15 kV Bkg: 300 sec. 
200nA Pb Ma / PETH Th M11/ f'ETJ 

U Mb / PETJ YLaiTAP 

y Y error Age S.0.2a S.D. 2a 
(ppm} (%) (Ma) (Ma) ('Yo) 
559:2 0.3763 1815.7 109 5.99 
5665 0.3707 1855.<1 163 8.77 
5310 0.3915 1876.0 166 6.85 
5132 0.4035 1628.0 157 8.59 
5089 0.4060 1867.5 185 9.88 
5550 0.3763 1847.0 127 6.86 
4562 0.4466 1814.0 185 10.20 
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Grain#: 8371-19 Ace. Voltage: 15 kV 
Chemical zone: homogeneous Anal. Current: 200 nA 

Analyses#: 370-373 Peak: 600 sec. 

Spot# Pb unco". Pb corr. Pb error Th Th error U uncorr. U corr. 
(ppm) (ppm) ('h) (ppm) (%) (ppm) (ppm) 

1 4165 4054.77 0.6536 42024 0.2271 2343 1957.32 
2 4621 4499.08 0.5168 46770 0.2113 2900 2470.29 
3 3222 3126.27 0.6650 32270 0.2735 1935 1639.64 
4 4219 4110.47 0.5489 43249 0.2229 2393 1995.94 

Scatterplot w/ error bars: Age Distribution 

Q Grain a~oerage age (2 sigma) 
1950 ............ _ ............................. .,--·····-········· ... . .................... ............... .............................. .. 

1900 
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l1eoo 1---:r -- I-
.t 1750 1-----"li-<-- l---

1700 

1650 1-- --------- ---- -

eSpot ages (1 sigma) 

1600 ~----------------------------------------~ 

0 2 3 4 5 

Spot# 

Bkg: 300 sec. 
PbMaiPETH Th Me/ PETJ 
U Mb i PETJ Yla / TAP 

U error y Y error Age S.D. 2a 
(%) (ppm) (%) (Ma) (Ma) 

2.6438 7344 0.3137 1777.0 96 
2.1816 8082 0.2889 1740.0 79 
3.1277 6929 0.3298 1761.5 113 
25964 6986 0.3284 1754.0 94 



Grain fl: S371-:ZO Ace. Voltage: 
Chemical tone: homogeneous Anal. Current: 

Analyses#: 374-379 Peak: 600 sec. 

Spot #I Pb uncorr. Pbcorr. Pberror Th Th error U uncorr. 
(ppm) (ppm) (%) (ppm) (%) (ppm) 

1 4536 4423.20 0.5303 48041 0.2076 2195 
2 1609 1545.95 1.1772 15381 0.4813 1195 
3 2892 2803.52 0.7323 29810 0.2910 1551 
4 4171 4057.25 0.5619 44471 0.2187 2038 
5 2196 2115.32 0.9106 21095 0.3756 1746 
6 3203 3109.79 0.6786 31657 0.2775 2141 

Scatterplot w/ error bars: Age Distribution 

0 Grain average age (2 sigma) 

1950 r-- -
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.f 1760 
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1650 1------- -
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1600 ·1-----~---~---~-------~----~ 

0 2 3 4 5 6 

Spot# 

15 kV Bkg: 300 sec. 
200 nA Pb MafPETH Th Ma I PET J 

U Mb l PETJ Y La /TAP 

U corr. U error y Y error Age S.D.:Zs S.D. :Zs 
(ppm) . (%) (ppm) (%) (Ma) (Ma) ('/•) 

1753.58 2.8393 6862 0.3344 1752.5 102 5.80 
1054.93 4.8800 5339 0.4151 1735.0 175 10.09 
1280.28 3.8599 6443 0.3520 1763.5 139 7.88 
1629.80 3.0262 7441 0.3109 1?36.5 107 6.18 
1553.63 3.4200 6646 0.3421 1707.5 122 7.12 
1851.42 2.8480 6726 0.3393 1746.5 103 5.89 
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<ll'llln #: 8371·21 Ace;, Voltage: 15kV 
CllomlcallOne: homogen$ous Anal. Current 200 nA 

Analyses#: 381·385 Peak: 600 sec. 

Spoil Pbunoorr. Pb corr. Pb error Th Th error U uneorr. U oorr. U error 
(ppm) (ppm) (%) (ppm) ('!.) (ppm) (ppm) (%) 

1 2157 2067.92 0.8978 18499 0.4158 1713 154H5 3.8272 
2 3262 3169.96 0.6510 32727 0.2707 1889 1589.52 3.6351 
3 2198 2100.81 0 .8858 19078 0.4061 1701 1527.16 3.8623 
4 2414 2314.83 0.8225 21868 0.3653 1672 1472.57 3.9375 
5 2594 2503.80 0.7763 23899 0.3413 1782 1563.90 3.7056 

Scatterplot w/ error bars: Age Distribution 

¢Grain awrage age (2 sigma) • Spot ages (1 sigma) 

1950 

1850 

1600 ~----------------------~---------------------r--------------------~ 
0 2 3 

Spot# 
4 5 8 

Bkg; 300 sec. 
PbM&/PETH Tn Ma /PETJ 
UMbiPETJ Yls/TAP 

y Yerror Age S.D.2• S.D.2a 
(ppm} ('/.) (MI) (Ma) (%) 
7967 0.2935 1839.0 145 7.91 
6456 0.3547 1773.0 128 7.21 
8634 0.2685 1630.0 146 7.97 
8702 0.2721 1826.0 146 8 .08 
7395 0.3139 1818.0 138 7.61 
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Grain #I: 8373..01 ~c. Voltage: 15kV 
Chemical zone: homogeneous Anal , Current: 200nA 

Analyaeall: 251-255 Peak: 600 uc. 

Spot I Pb uncorr. Pbcorr. Pb error Th Th error U uncorr. U corr. 
(ppm) (ppm) (%) (ppm) (%) (ppm) (ppm) 

1 5901 5751.68 0 .4339 36211 0.2520 9230 8898.51 
2 3335 3221.31 0 .6338 28886 0.2962 2363 2099.07 
3 3749 3635.75 0.5824 32349 0.2727 2930 2633.91 
4 3609 3501.00 0.5979 34169 0.2622 2251 1938.05 
5 3084 2980.85 0.6703 2697(1 0.3111 2280 2033.42 

Scatterplot wl error bars: Age Distribution 
o Grain average age (2 sigma) •spot ages (1 sigma) 
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1600 
0 3 

Spot# 
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Bkg: 300 sec. 
Pb Mo/PETH Th Ma / PETJ 
UMbiPETJ Yla/TAP 

U error y Y error Age S.D. 2a S.D. 21 
(%) (ppm) (%) [MI) [NI) (%) 

0.7382 1?633 0.2194 1797.3 32 1.81 
2.3767 9450 0.2806 1888.5 94 4.98 
1.9553 8949 0.2948 1858.0 77 4.13 
2.4969 8103 0.3218 1824.7 94 5.17 
2.4529 8473 0.3087 1858.5 95 5.13 
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Grain 1#: S373·02 Aoc. Vollage: 15 kV 
Cheml~l zone: homogeneous Anal. Current: 200nA 

Analyaea#: 258·260 PaaM: 600 aac. 

Spot If Pb uncorr. Pb corr. Pb error Th Th error U uncorr. U corr. 
(ppm) '(ppm) ('Yt) (ppm) ('Yo) (ppm) (ppm) 

1 6183 8040.51 0.4251 43318 0.2237 8206 7808.02 
2 8849 6698.43 0.4011 38749 0.2419 11464 11108.56 
3 5842 6703.09 0.4399 38360 0.2432 8449 8097.06 
4 8044 5899.95 0.4323 40457 0.2352 8709 8337.64 
6 5401 5273.23 0.4820 36140 0.2540 7435 7103.57 

Scatterplot w/ error bars: Age Distribution 

<> Grain a~.erage age (2 sigma) • Spot ages (1 sigma) 
1950 - - ·-----·- ------·-·-···· -- _, ___ ·-·-· - --··---.... ·- ........ _ .. .. 
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Spot# 
4 6 

Bkg: 300 sec. 
PbMaiPETH Th Ma I PETJ 
U MbiPETJ YLa/TAP 

U error y Y error Age S.D.2a S.D.21 
('Yo) (ppm) ('lo) (MI) (MI) (%) 

0.6121 10887 0.2294 1605.5 34 1.91 
0.6276 12407 0.2057 1810.3 29 1.59 
0.7901 11110 0.2253 1802.3 34 1.89 
0.7757 11433 0.2208 1788.3 33 1.86 
0.8751 10110 0.2446 1821.0 38 2.08 
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Grain#: S373.03 Act:.. Vollllga; 16 kV 
Chemical zone: homogeneous Anal. Current; 200 nA 

Analyae8#; 267-271 Peek: 600 sec. 

&potM Pb uncorr. Pbcorr. Pbarror Th Th error U uncorr. U corr. U error 
(ppm) (ppm) (%) (ppm) ('Yo) (ppm) (ppm) (%) 

1 3812 3698.61 0.5839 35113 0.2579 2788 2466.14 1.9876 
2 2525 2434.46 0.7937 22464 0.3582 1854 1648.81 2.8725 
3 3701 3586.26 0.5961 32213 0.2741 3253 2958.00 1.7231 
4 4925 4798.20 0.4911 40669 0.2329 5138 4764.74 1.1617 
5 8418 6263.95 0.4112 46075 0.2138 8273 7849.68 0.7883 

Scatterplot w/ error bars: Age Distribution 
o Grain awrage age (2 sigma) • Spot age.s (1 sigma) 
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Bkg; 300 soc. 
Pb Ma/PETH Th Ma I PETJ 
UMbiPETJ YLa i TAP 

y Y error Age S.D.2e S.D. 2a 
(ppm) ('4) (Ma) (Na} (%) 
8600 0.2771 1804 75 4.18 
7589 0.3086 1835 110 6 .01 
9130 0.2527 1794 66 3.70 
9667 0.2509 1778 46 2.58 
11661 0.2140 1800 33 1.86 



Grain#: 8373-04 Ace. Vollage: 1SkV Bkg: 300 sec. 
Chemical zone: homogeneous An.al. Current: 200nA PbMa !PETH ThMa/PETJ 

Analyses*: 458 ... &2 Peak: 600 sec. U Mb/PETJ Y La /TAP 

Spot II Pb uncorr. Pb COtf, Pb error Th Th error U uncorr. U corr. U error y Y error Age S.D.2e S.D. 2a 
(ppm) (ppm) l"'·l (ppm) (%) (ppm) (ppm) (%) (ppm) ('to) (MI) (Ma) (%) 

1 3787 3874.94 0.5936 36844 0.250!) 2271 1933.17 2.6164 8223 0.2834 1801.5 97 5.40 
2 3752 3644.01 0.5975 36385 0.2528 2314 1980.57 2.5709 7814 0.2964 1799.0 96 5.31 
3 3161 3062.50 0.6767 28676 0.2995 2283 2000.65 2.8014 77 11 0.2994 1828.5 99 5.42 
4 6904 6764.33 0.4041 41844 0.2299 11387 11003.22 0.6600 11944 0.2072 1771 .0 29 1.64 
5 5129 5004.95 0.4834 44500 0.2202 4900 4491.21 1.3135 8622 0.2728 1770.0 50 2.85 

Scatterplot w/ error bars: Age Distribution 

o Grain average age (2 sigma) • Spot ages (1 sigma) 
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Grain#: 5373.0!1 Ace. Voltage: 
Chemical zone: homogeneous Anal. Curren1: 

Analyseall: 4!13-4!17 Peak: 600 aec. 

8pot1# Pb uncorr. Pbcorr. Pberror Th Th error U unc:orr. 
(ppm) (ppm) (%) (ppm) (%) (ppm) 

1 ~626 .. 50<1.67 0 .5138 390SO 0.2414 4237 
2 4098 3982..42 0.5577 35856 0.2563 3451 
3 3924 3813.89 0.5747 37809 0.2489 2505 
4 4546 4427.66 0.&197 44183 0.2219 2900 
5 6332 8189.78 0.4222 43334 0.2251 9024 

Scatterplot w/ error bars: Age Distribution 

<>Grain a\erage age (2 sigma) • Spot ages (1 sigma) 
1950 ............... --...................... _ .. _,_ ...... -............... . 
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Spot II 

15kV Bkg: 300 sac. 
200nA PbMaiPETH Th Mal PETJ 

U Mb / PETJ Y La / TAP 

U corr. U error y Y error Age S.D. 2a S.D. 21 
(ppm) (%) (ppm) {%) (Ma) (Ma) (%) 

3678.31 1.4821 8998 0.2614 1817.5 58 3.19 
3122.15 1.7736 6749 0.2674 1811 .2 68 3.76 
2158.00 2.3831 7863 0.2935 1797.0 89 4.94 
2493.79 2.1006 7992 0.2898 1789.0 78 4.36 
8626.01 0.7885 10869 0.2230 1778.8 33 1.87 
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Grain#: 537.·01 ArJ:;. Voltage: 15kV 
Chemical zone: homogeneous Anal. Current: 200 nA 

Analysea#: 272-277 Peak: 600 sec. 

Spot til Pb uncarr. Pb carr. Pb error Th Th error U uncorr. U corr. 
(ppm) (ppm) (%) (ppm) (%) (ppm} (ppm) 

1 6320 617&.52 0.4162 37861 0.2455 9914 9567.05 
2 3551 3434.82 0.6076 29808 0.2912 2707 2434.27 
3 3927 3806.49 0.5681 360().4 0.25-45 2460 2129.94 
4 6485 6322.47 0.4114 39881 0.2373 9421 9055.28 
5 2984 2883.59 0.6892 26166 0.3203 2151 1911.59 
6 3387 3277.17 0.6268 28639 0.2991 2558 2396.01 

Scatterplot w/ error bars: Age Distribution 
<>Grain average age (2 sigma) •Spot ages (1 sigma) 
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Spot# 

Bkg: 300 aec. 
PbMaiPETH Th Ma/PETJ 
U Mb/PETJ Y La /TAP 

U error v Y error Ago S.D.:Ze S.D. 2a 
{%) {ppm) (%) {Ma) (Ma) ("/.) 

0.6812 11730 0.2166 1816.3 31 1.69 
2.0326 9602 0.2555 1899.5 62 4.29 
2.2351 9304 0 .2642 1865.3 87 4.65 
0.7113 11360 0.2233 1852.9 32 1.73 
2.5075 8247 0.2927 1865.0 9B 5.25 
2.0618 9020 0.2700 11177.5 82 4.38 



Grein 1#: 8374-02 kc. Voltage: 15kV 
Chamlcal zone: homogeneous Anal. Current: 200nA 

Analyses#: :il71·283 Puk: 800 sac. 

Spot II Pb unc:orr. Pb COlT. Pb error Th Th erTGr U uncorr. UCGI'T. U error 
(ppm) '(ppm) (%) (ppm) (%) (ppm) (ppm) ('It) 

1 4199 4068.01 0.5581 39102 0.2397 2850 2291.38 2.0847 
2 3528 3414.53 0.6303 32611 0.2725 2248 1947.40 2.4140 
3 2468 2366.88 o.aae5 21 157 0.3763 1833 1639.91 2.8952 
4 6733 5597.18 0.4542 40293 0.2351 7170 8800.47 0.8785 
6 3376 3273.68 0.6510 31087 0.2825 2101 1816.44 2.5708 
e 3215 3113.11 0.6754 29059 0.2988 2064 1798.16 2.6128 

Scatterplot w/ error bars: Age Distribution 

¢Grain awrage age (2 sigma) • Spot ages (1 sigma) 
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Spott 

Bkg: 300 aec. 
Pb Me/PETH Th Mal PETJ 
UMb/PETJ Y La/TAP 

y Y error Age S.D. 2e s.o.2e 
(ppm) (%) (Ma) (Ma) (%) 
10122 0.2435 1841.0 80 4.35 
8934 0.2710 1846.0 93 5.03 
8983 0.2692 1869.0 114 6.08 
10533 0.2359 1841.0 38 2.05 
7840 0.3044 1862.5 99 5.34 
8052 0.2973 1874.0 102 5,44 
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Grain II: 8314~3 
Cnomlcal zone: homogeneous 

Anal)l$esll: 

Spot# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1950 

1900 

1850 

1 1800 -
; 1750 

1700 

1650 

284·2112 

Pb uncorr. 
(ppm) 
5784 
4543 
4805 
4243 
4875 
4360 
4346 
4049 
6409 

Ace. Vohage: 15kV 
Anal. Current: 200nA 
Peak: 600 sec. 

Pb corr. Pb error Th Th enor U 11ncorr. U corr. U error 
(ppm) {%) (ppm) (%) (ppm) (ppm) (%) 

5643.37 0.4566 570<45 0.1864 2652 2125.86 2.1643 
4420.87 0.5335 44256 0.2208 2171 1764.21 2.5684 
4684.68 0.5131 46207 0.2143 2426 2001.03 2.3151 
4123.44 0.5585 39795 0.2373 2217 1851.70 2.5026 
4752.14 0.5082 47695 0.2097 2316 1877.18 2.4209 
4237.94 o.s4e5 41748 0.2297 2260 1876.57 2.4615 
4228 .15 0.5495 40632 0.2341 2198 1824.92 2.5245 
3938.53 0 .5756 38170 0.2440 2069 1718.72 2.6563 
5278.97 0.4747 55674 0.1889 2371 1857.63 2.3887 

Scatterplot w/ error bars: Age Distribution 

<>Grain awrage age (2 sigma) • Spot ages (1 sigma) 
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Spot# 
6 7 8 9 

Bkg: 300 S$C. 
Pb Ma !PETH ThMa / PETJ 
U Mb /PETJ Yla/TAP 

y Yerror Age S.D.2a S.D. 2a 
(ppm) (%) (Ma) (Mal (•t.) 
8918 0.2717 1!169.7 83 4.45 
8433 0.2844 1872.0 99 5.27 
7973 0 .2987 187&.8 90 4.17 
8713 0.2757 1898.5 98 5.16 
8071 0.2954 1870.6 !13 4 .97 
8749 0 .2751 1871.8 95 5.07 
8408 0.2849 1915.5 100 5.20 
7870 0 .3009 1900.0 104 5.46 
7864 0.3022 1818.8 89 4.89 
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Grain#: 8374..04 Ace. Voltage: 15 kV 
Chemical zone: homogeneous Anal. Current: 200 nA 

Analyses#: ...... 8 ... !12 Peak: 600 soc. 

Spott Pb uncorr. Pb c:orr. Pb error Th Th error U uncorr. U corr. U error 
(pprn) (ppm) ("/o) {ppm) ("!.) (ppm) {pprn) (%} 

1 3426 3320.92 0.8597 30767 0.2857 2516 223-4.32 2.3667 
2 3538 3436.42 0.8436 32974 0.2718 2303 2000.90 2.5759 
3 3372 3271.13 0.6660 30916 0.2842 2386 2101.94 2.4827 
4 4388 4261.99 0.5531 41640 0.2311 3040 2658.59 2.0103 
5 3828 3713.43 0.6088 35030 0.2802 2705 2383.&4 2.2239 

Scatterplot w/ error bars: Age Distribution 
¢Grain average age (2 sigma) • Spot ages (1 sigma) 
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Spot# 
5 

Bkg: 300 sec. 
PbMa/PETH Th Ma I PETJ 
U Mb/PETJ YLa/TAP 

'Y Y .rror Ago S.D.2a S.D. 2a 
(ppm) {%) {Ma) (Ma) (%) 
8204 0.2824 1832.5 91 4.95 
7513 0.3051 1833.0 98 5.35 
7698 0.2980 1822.0 94 5.18 
9004 0.2609 1790.5 75 4.21 
8521 0.2734 1824.5 85 4.65 



Grain#: 8374·05 Aoo. Volle9e: 15 kV Bkg: 300 sao. 
Chemical zone: homogeneous Anal. Current: 200 nA PbM•IPETH Th Ma I PETJ 

Allslysesll: 440-447 Peak: 800 uc. UMb/PETJ Vla / TAP 

Spot# Pb uncorr. Pb c:orr. Pb error Th Th error U uncorr. U c:ort. U error y V error Age S.D.2a S.D. 2e 
(ppm) (ppm) (%) (ppm) (•fo) (ppm) (ppm) (%) <ppm) (%) (N•) (MI) (%) 

1 2770 2669.6. 0.7404 23313 0.3532 2391 2177.92 2 .4503 8602 0.2695 1833.0 95 5.18 
2 6961 6a07.61 0.3990 43777 0 .2246 10273 9870.9& 0.7118 \ 2100 0.2033 1827.0 31 1.72 
3 4321 4194.27 0.5371 40135 0.2381 2801 2432.45 2.1492 9481 0.2489 1838.) 82 4 .47 
4 7280 7125.46 0.3895 39779 0.24()4 12205 11840.18 0.6246 12752 0.1950 1835.8 29 1.57 
5 4701 4570.39 0.5079 45222 0.2195 2783 2367.11 2.1779 9274 0.2540 1824.0 82 4.50 
6 2790 2683.17 0.7381 22714 0.3606 2468 2260.48 2.3817 9424 0.2494 1857.0 ll4 5.05 
7 2481 2385.47 0 .8068 20H3 0.3950 1912 1727.79 3.0131 8446 0.2738 1924.5 121 8.29 
8 4608 4489.26 0 .5137 38991 0.2431 3977 3619.05 1.5634 8477 0.2743 1844.8 62 3.34 

Scatterplot w/ error bars: Age Distribution 

<>Grain average age (2 sigma) •Spot ages (1 sigma) 
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Grain#: 8376·11 Ace. Voltege: 
Chemical zone: homogeneous Anlll. Current; 

Analysu#: 867-4168 Peak: 600 sac. 

8po1# Pb uncorr. Pb corr. Pb error Th Th error U uncorr. 
(ppm) (P!)m) (%) {ppm) (%) (ppm) 

1 6363 5237.39 0.7691 28643 0.3585 9()94 
2 5376 5231.32 0.7702 25974 0.3845 9603 
3 6295 5152.76 0.7775 23476 0.4137 9962 
4 3150 3041.37 1.1105 28275 0.3614 2221 
6 4782 4671.54 0.8268 26127 0.3&25 8329 
e 5316 5188.88 0.7737 28544 0.3595 9138 

Scatterplot w/ error bars: Age Distribution 
¢GrBin awrage age (2 sigma) • Spot ages (1 sigma) 
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15kV 
200 nA 

U corr. U arror 
(ppm) ("!.) 

8832.33 1.2080 
9365.97 1.1581 
9747.92 1.1251 
1982.51 4.0697 
8090.43 1.2910 
8877.25 1.2041 
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o 2 3 5 e 7 8 9 10 11 12 
Spot# 

Bkg: 300 aec. 
PbMa i PETH ThMaiPETJ 
U MbiPETJ YLa /TAP 

y Y orror Age S.D. 2a S.D. 2a 
{ppm) (%) (MI) (Ma) ("!.) 
10840 0.3044 1838.7 55 2.97 
13382 0.2547 1855.0 54 2.90 
13422 0.2540 1859.5 53 2.87 
8917 0.3597 1842.5 156 8.47 
9415 0.3435 1800.3 57 3.17 
11026 0.3001 1822.3 54 2.96 



Grain #I: 1375·12 Aoo. Voltage: 
Chemical <~:one: homogeneoua Anal. Current: 

Analyseslll: 857.(;68 Peak: 600 sec. 

Spot# Pb uncorr. Pb carr. Pb error Th Th error U uncorr. 
(ppm) (ppm} (%) (ppm) ('M (ppm) 

1 1989 1905.17 1.6070 15646 0.5634 1435 
2 2733 2634.70 1.2473 22470 0.~291 2024 
3 31n7 2938.01 1.1520 16701 0.5380 4435 
4 5275 5142.94 0.7843 24069 0.4089 9293 
6 5866 6723.24 0.7346 26660 0.3813 10392 
6 3452 3330.34 1.0490 28332 0.3636 2826 
7 2764 2666.11 1.2359 23473 0.415.4 1807 
a 5387 5251.68 0.7742 24637 0.4021 9832 

Scatterplot w/ error bars: Age Distribution 
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U carr. u error 
(ppm) (%) 

1292.82 6.1591 
11119.46 4.466.4 
4283.23 2.1862 
9074.00 1.1947 
10150.21 1.0999 
2567.75 3.2938 
1593.25 4.9705 
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Spot II 

Bkg: 300 sec. 
PbMaiPETH ThMaJPETJ 
U Mb/PETJ Yla/TAP 

y Y error .Age S.D. 2a S.D. 2a 
{ppm) {%) (Ma} (MI) (%) 
nos 0.4090 1992.0 255 12.78 
8494 0.3760 1933.5 180 9.32 
8170 0.3888 1929.0 98 5.08 
12211 0.2760 1908.7 57 2.99 
13128 0.2601 1909.3 53 2.77 
10439 0.3150 1890.0 131 6.96 
8315 0.3830 1945.0 200 10.28 
12516 0.2704 1892.8 55 2.92 



Grain II: S3a3~1 ~.Voltaga: 15kV Bkg: 300 sec. 
Chemical zona: cere Anal. Current 200 nA PbMa/PETH Th Ma I J>ETJ 

AnalyaeaN: 472-476 Pe"k: BOO sao. UMb/PETJ YLa/TAP 

8pot,. Pbuneon. Pb cttrr. Pb error Th Th II'TDf U uncorr. Ucorr. U error y Y error Age 8.0.21 S.D.h 
(ppm) (ppm) (%) (ppm) (%) (ppm) (ppm) (%) (ppm) ('.<.) (Ma) (Ma) (%) 

1 6675 5500.63 0.4530 50977 0.2018 4471 4001.45 1.3437 13595 0.1935 1803.8 52 2.88 
2 5510 5338.36 0.4615 49136 0.2069 4361 3908.63 1.3708 13519 0.1944 1810.0 53 2.94 
3 7298 7112.18 0.3904 68968 0.1836 7459 6914.82 0.8804 13898 0.1905 1813.8 36 1.98 
4 6191 6010.69 0.4300 55075 0.1919 5045 4537.17 1.2161 13768 0.1918 1804.3 47 2.62 
s 5531 5381.11 0.4601 49130 0.2069 4494 4041.69 1.3350 13316 0.1969 1804.5 52 2.87 

Scatterplot wf error bars: Age Distribution 

<> Grain average age (2 sigma) espot ages (1 sigma) 
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Grain II: 8383-01 Aco. Voltage: 
Chemical zone: rim Anal. Current: 

Ana!ysastl: 477-480 Peak: 600 &ec. 

Spot# Pb unc:arr. Pb carr. Pb error Th Th error U11ncorr. 
(ppm) (ppm) (%} (ppm) ('!.} (ppm) 

1 7079 6853.25 0.4044 48404 0 .2107 9878 
2 6562 6345.71 0.4219 46814 0.2154 8624 
3 6498 6293.93 0.4229 45992 0.2179 8600 
4 7163 6954.39 0.4015 47935 0.2122 9859 

Scatterplot w/ error bars: Age Distribution 
¢Grain awrage age (2 sigma) 

1950 -----··-------- -- . ---·---- -··--·-
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15 kV 
200nA 

U carr. U error 
(ppm) ('!.) 

9232.69 0.7039 
8193.43 0.7681 
8176.99 0.7687 
9418.09 0.6941 

1600 +-------------------------------~------~ 
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Spot# 

Skg: 300 sec. 
Pt>M•IPETH Th MaiPETJ 
UMb/ PETJ YLa i TAP 

y Yarror Age S.D.2a S.D. 2a 
(ppm) (%) (Mil) (MI) (•!.) 
19758 0.1464 1793.0 30 1.70 
18877 0.1517 1779.0 33 1.83 
17586 0.1505 1784.2 33 1.83 
20143 0.1442 1812.3 30 1.66 



Grain#: S3U·02A Ace. Voflage: 15kV Bkg(s): 300 
Chemical zone: homogeneous Anal. cu .. ent: 200nA PbMa/PETH Th Mal PETJ 

Analyses#: 820·823 Peak(s): 600 UMb/PETJ Y La/TAP 

Spotlll Pb uncorr. Pb corr. Pb e!for Th Th error u uncorr. U corr. U arror y Y error Age S.0.2a 8.0.28 
(ppm) (ppm) (%) (ppm) (%) (ppm} (ppm) ('4) (ppm) {'k) (Ma) (Ma) (%) 

1 3776 3824.89 0.9743 30542 0.3399 3438 3158.84 3.0181 13583 0.2553 1847.5 118 6.39 
2 2868 2543.43 1.2572 20867 0.4467 2560 2359.75 3.9294 11760 0.2876 1847.0 153 8.30 
3 3603 3440.91 1.0103 27713 0.3638 3505 3251.95 2.9612 15213 0.2323 1861.6 117 6.31 
4 2674 2551.62 1.2554 20079 0.4687 2934 2750.97 3.4651 11609 0 .2909 1818.5 135 7.43 

Scatterplot w/error bars: Age Distribution 

<>Grain average age (2 sigma) • Spot ages (1 sigma) 
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a rain#: 8383·02 Ace;, Voflage: 15 kV Bkg(a): 300 
Cl\emlcal zone: homogeneous Anal. Currant: 200nA PbMaiPETH Th Ma /PETJ 

Anelyseall: 483~71 Pnk(s): 600 U MbiPETJ Y La/TAP 

Spot II Pb uncorr. Pb corr. Pb error Th Th error U un~orr. U corr. U error y Y error Age S.D. 2a S.D. 2a 
(ppm) (ppm) (%) (ppm) (%) (ppm) (ppm) (%) (ppm) (%) (Ma) (Ma) (%) 

1 3623 34&3.24 0.6083 31153 0.2822 3184 2899.12 1.7533 12191 0.2108 1795.0 68 3.76 
2 3310 3166.51 0.6522 25289 0.3291 3651 3420.19 1.5458 13378 0.1952 1801.5 62 3.43 
3 2550 2424.41 0.7928 20014 0.3927 2489 2306.56 2.1781 11986 0 .2138 1829.0 86 4.71 
4 2490 2357.88 0.8097 19094 0.4074 2583 2409.03 2.1049 12885 0.2010 1815.5 83 4.59 
6 3849 3498.07 0.6081 30003 0.2905 3411 3136.79 1.6492 138J1 0.1924 1813.0 65 3.57 
8 2990 2856.52 0 .7022 24137 0.3407 2852 2631.74 1.9289 12368 0.2083 1818.0 76 4.17 
7 3938 3805.85 0.5729 27673 0.3079 4854 4601.22 1.2066 11763 0.2175 1834.0 51 2.76 
8 5423 5278.18 0.4632 34038 0.2656 7673 7361.63 0.8296 12415 0.2084 1852.5 37 1.99 
9 6499 6317.38 0.4178 39610 0.2393 9497 9134.31 0.7064 15953 0.1699 1851.0 32 1.73 

N 
I.C 
0\ Scatterplot w/ error bars: Age Distribution 

<>Grain awrage age (2 sigma) • Spot ages (1 sigma} 
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Grain,.: 9383·07 ~c. Voltage: 15kV 
Chemical zone: homoganaoue Anal. Current: 200 nA 

Anetyan#: 481-492 Peak(s): 600 

8pott Pb uncorr. Pbcorr. Pb error Th Th ~rror U uneorr. 
(ppm) ·(ppm) (%) (ppm) (%) (ppm) 

1 6351 6179.20 0.4205 51623 0.2008 6425 
2 33<46 3220.19 0.6406 31995 0.2789 2125 
3 6718 6486.05 0.4140 44631 0.2220 9341 
4 6872 6637.43 0.4090 46359 0.218-4 9195 
5 6815 6584.64 0.4106 44670 0.2219 9363 
8 7202 6973.70 0.3971 46251 0.2168 10273 
7 7098 8853.75 0.4025 46226 0.2169 9877 
8 8161 7961.19 0.3573 48377 0.2103 12537 
9 7582 7356.14 0.3854 46934 0.2147 11171 
10 8255 8083.98 0.3640 60277 0.2048 12821 
11 7317 7071.91 0.3959 46020 0.2177 10525 
12 51140 5770.78 0.4361 51090 0.2024 5182 

Scatterplot w/ error bars: Age Distribution 

oGraln awrage age (2 sigma) • Spot ages (1 sigma) 
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Spot# 

Bkg: 300 
PbMaiPETH Th Ma I f>ETJ 
U Mb/PETJ Y La/TAP 

y Y error A; a S.D. :la S.D. 2a 
(ppm) (%) (M•I (Ma) (".<.) 
13225 0 .1978 1810.0 40 2 .20 
10431 0.2403 1792.0 96 5.35 
20796 0.1375 1802.5 32 1.75 
21106 0.1361 1816.3 32 1.76 
20838 0.1374 1824.5 26 1.41 
20406 0.1397 1818.7 30 1.65 
22005 0.1318 1820.0 31 1.69 
16877 0.1626 1840.5 27 1.47 
20044 0.1418 1828.8 29 1.57 
15624 0.1730 1624.7 27 1.46 
22357 0.1303 1827.4 30 1.tl3 
12992 0.2009 1815.7 47 2.57 



Grain II: 8388.()1 Aa:.. Voltage: 15 kV 
Cheml~l zone: Inner r1m Anal. Cunent: 200 nA 

Analy$eell: 5&-ll1, 811, 87 Peak: 600 sec. 

SpoU Pb unc:orr. Po carr. Pb error Th Th error U uncorr. U corr. U error 
(ppm) {ppm) (%) (ppm) (%) (ppm) (ppm) (%) 

1 (67) 10862 10848.55 0.3153 41241 0.2165 22988 22609.38 0.3892 
2 (58) 11458 11238.75 0.3079 42154 0.2126 24283 23875.93 0.3779 
3 (~9) 11625 11391.32 0.3070 ~4332 0 .2081 24403 23995.78 0.3775 
4 (80) 10226 10015.76 0.32-43 38181 0.2266 21737 21388.74 0.4013 
6 {81) 11421 1120S.87 0.3081 41974 0.2132 24301 23915.60 0.3776 
8(66) 10169 9975.84 0.3313 43938 0.2077 20050 19847.73 0.4292 
7 (Btl) 9455 9268.75 0.3396 35653 0.2395 19533 19207.91 0.4238 
8 (87) 9041 8816.28 0.3508 37197 0.2332 17691 17351.83 0.4513 

Scatterplot w/ error bars: Age Distribution 
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Spot# 

Bkg: 300 aec. 
PbMa /PETH ThMa/PETJ 
VMbiPETJ Yla/TAP 

y Y error Ae• $.0.21 S.D. 21 
{ppm) ('!.) (Ma) (Ma) ('Yo) 
19505 0 .1425 1835.8 21 1.13 
19628 0.1408 1851.5 20 1.10 
21198 0.1340 1841.8 20 1.09 
19290 0.1436 1838.3 21 1.16 
19404 0.1432 1847.6 20 1.10 
19126 0.1452 1841.1 22 1.19 
17155 0.11105 1865.0 23 1.22 
21426 0.1352 1866.8 24 1.27 
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Grain#: 8381-01 Aet:. Vollage: 15 kV 
Ctlemlcal zone: <Mer ~m • core AMI. Cutl'enl: 200 nA 

Analyns* 112·61, 112-65, 523-652 P"k: 600 sec. 

8potll Pbuncorr. Pb corr. Pb error Th Therror U uncon-. U corr. 
(ppm) {ppm) (%) (ppm) (%) CI'Pm) (ppm) 

1(62)' 8541 M2U9 0.~1~3 3e151 0.2345 11471 t\140.12 
2(63)' 6973 8&49.55 0 .3969 37160 0.2~ 12185 11&4U2 
3 (54) &446 8332.59 M174 36780 0.2366 11189 10881.71 
4 (55)' 7147 7007.22 0.3946 37327 0.2302 12780 12418.40 

22(528) 2301 2214.84 0.8590 17747 0.4458 2604 2342.61 
23 (529) 2836 2635.82 0 .7742 15951 0.4861 4058 3813.06 
2A (830)' ~687 471!2.00 0.~987 25760 0.3349 8305 8070.41 
26(631) 2188 2082.60 0.&023 11185 0.4579 2231 2074.94 
28 (532) 2018 1832.2.4 0.8572 13389 0.5805 2&99 2577.31 
17(523) 65711 64~9.27 0.4181 36338 0.2620 11685 11352.40 
18(~24) 6546 8427.&4 0.4172 35716 0.2652 11588 11261.15 
19(525) 8556 &438.31 0.~170 38172 0.2828 11657 11325.84 
20 (626) 6838 6515.15 0 .4142 37384 0 .2570 11612 11269.93 
21 {627)* 9617 9605.45 0.3404 44753 0.2213 19249 18839.14 
11 (82)' 48&4 4780.11 0.41112 22826 0.3261 9051 8&45.09 
12 (63) 1862 1775.62 1.0171 13807 0.4710 2072 1946.57 
13(84)' 6883 6508.60 0.4091 254INI 0.3007 13894 13662.00 
14(85)' 4858 4733.88 0.4951 23421 0.3188 8720 8606.88 

Scatterplot w/ error bars: Age Distribution 

<>Grain awrage aga (2 aigma} 
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• Spot ages (1 sigma) 
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Spot II 
20 25 

Bkg: 300 sec. 
Pl>Me/Pe1'H ThMa/PETJ 
U MI>IPI::TJ YlaiTAP 

U error y Y error Ao• 8.0.20 a.o. 2o 
(%) (ppm) (%) (Mo) (MI) (%) 

0.6185 8840 0 .2709 1784.6 28 1.58 
0-6931 9568 0.2536 1823.6 28 1.53 
0.8307 8576 0.2787 1801.0 29 1.61 
0.5747 11447 0.21&4 1815.3 27 1.49 
2.3483 7762 0.3090 1809.0 92 5.08 
1.5135 8852 0.2561 1800.0 64 3.55 
0 .8308 11273 0.2251 1842.8 3e 2.07 
2.6163 7781 0.3093 1&08.5 '102 5.62 
2.1844 8299 0.2915 1817.0 119 4.91 
0.8689 9121 0.2706 1783.5 30 1.68 
0.8726 8137 0.2701 1785.2 30 1.69 
0.6700 9255 0.2671 1783 2 30 1.89 
0 .6728 9233 0.2678 1762.5 30 1.69 
0.4761 18832 0.1493 1811.3 23 1.28 
0.7114 9217 0.2660 1856.3 35 1.87 
2.5272 7147 0.3310 1822.0 101 5.54 
0.5242 14753 0.1805 1842.2 27 1.49 
0.7332 11234 0.2262 1854.0 35 1.90 
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13T.tn it. SSII.02 
Chemical zone: homogeneous 

Ana lyles#: 

SpotiJ 

1950 

1900 

1850 

'ii' 1800 !. .t 1750 

1700 

1 
2 
3 
4 
5 
8 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

<P 
! 

157~811 

Pb uncorr. Pb corr. Pb error Th 
(ppm) (ppm) (%) (ppm) 
11439 11232.01 0.8321 ~0543 
7471 7251.28 0.7921 35392 
1683 1584.09 2.3221 11488 
8720 6549.15 0.8362 35885 
6090 5971.52 0.8806 36565 
6914 6728.74 0.1)244 35369 
6194 6073.50 0.8728 37180 
2847 276D.68 1.4980 160911 
6631 8402.09 0.8525 31060 
6299 6068.92 0.8807 25400 
8847 6468.27 0.8428 34768 
6029 5822.48 0.9000 29813 
11321 6193.13 0 .8625 37823 
6303 8160.34 0.8661 36769 
6649 6481.37 0.6412 36689 
6628 8484.24 0.8420 36818 

Scatterplot w/ error bars: 

o Grain a-.erage age (2 sigma) 
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Spot# 

Ace. Voltage: 15 kV Skg{s): 300 
Anal. Current: 200nA Pb Ma I PETH ThMa/PETJ 

Peak(a}; 600 UMbiP£TJ Y La /TAP 

Th error u uncorr. u corr. U error y Y error A;• s.o.21 S.D. 2• 
(%) (ppm) (ppm) ("!.) (ppm) (%) (Me) (Me) (%) 

0.3400 . 25203 24831.90 0.8086 18818 0.2 178 1828.2 40 2.18 
0.3738 14101 13777.34 1.1774 20905 0.1995 1812.0 53 2.95 
0.8910 Z334 2229.39 5.3Z76 65Z7 0.5309 1750.0 206 11.76 
0.3712 12284 I 1957.37 1.3008 15230 0.2572 1774.0 57 3.19 
0.3840 10278 9942.91 1.4865 9044 0.4733 1763.5 62 3.54 
0.3738 12642 12318.38 1.2742 16935 0.2360 1796.5 56 3.14 
0.3599 10447 10tas.23 1.4695 9200 0.3945 1764.0 62 3.50 
0.6750 4824 4677.26 2.7661 7954 0.4454 1787.0 115 6.42 
0.4108 12799 12515.33 1.2S09 22505 0.1882 1789.6 57 3.17 
0.4766 13207 12975.44 1.2294 23353 0.1827 1768.7 57 3.18 
0.3782 12156 11839.89 1.3103 16258 0.2438 1761.2 57 3.22 
0.4228 11336 11063.72 1.3786 20088 0.2056 1781.0 61 3.41 
0.3557 10679 10332.32 1.4452 9973 0.3678 1764.0 61 3.45 
0.3831 10831 10294.16 1.4509 11825 0.3179 1780.2 62 3.47 
0.3718 11982 11836.24 1.3265 14870 0.2623 1783.0 58 3.24 
0.3628 11742 11404.84 1.3452 14263 0.2714 1771.5 58 3.27 

Age Distribution 

•spot ages (1 sigma) 
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Gl'llln#: &3111..02 Ace. Vollage: 15 kV 
Chemical zona: homogeneous Anal. Curren!: 200 nA 

Analyaee#: 657-1161 Peak(&): 800 

8polll Pb uncorr. Pb corr. Pb error Th Th error u unoorr. U c:orr. U error 
(ppm) (ppm) (o/o} (ppm) (%) (ppm) (ppm) (%) 

1 6987 8802.26 0.4097 35~88 0.2644 12910 12585.26 0.6278 
2 7123 8931 .32 0.4060 38814 0.2574 12900 12562.13 0.6292 
3 1768 1889.S. 1.0922 11597 0.6300 2331 2225.43 2.6580 
4 6047 5820.73 0.4547 31008 0.2922 10900 10616.77 0.7119 
5 2116 2034.60 0.9405 15808 0.4878 2494 2349.91 2.5007 

Scatterplot w/ error bars: Age Distribution 

¢Grain awrage age (2 sigma) eSpol ages (1 sigma} 
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Bkg(s): 300 
Pb Ma /PETti ThMa/PETJ 
U Mbl PETJ Yla/TAP 

y Y error Age S.0.2a S.0.2a 
(ppm) (%) (Ma) {Ma) (%) 
16861 0.1660 1792.2 29 1.62 
17479 0.1615 1796.2 29 1.61 
7621 0.3238 11135.0 108 5.89 

22201 0.1336 1790.5 32 1.81 
7419 0.3321 1793.5 98 5.44 



aralnll: 8388·16 Ace. Voltuge: 16kV 
Chemical ~na: homogeneous Anul. Current: 200nA 

Analyseslil: 11-99 Paak{s~ 600 

Spot# .Pb uneorr. Pb~orr . Pb error Th Th error U un~orr. U corr. 
(ppm) ·(ppm) W•l (ppm) (%} (ppm) (ppm) 

1 5192 4947.25 0.4864 41153 0.2149 5777 5399.48 
2 .629 4380.50 0.5267 36608 0.2320 4963 4627.60 
3 4968 4706.51 0.5044 40801 0.2163 4849 4474.79 
4 5038 4764.78 0.5021 40160 0.2185 6083 4714.80 
5 6181 4888.51 0.4977 39495 0.2211 5637 5275.11 
6 5297 5017.47 0.4865 44544 0.2046 5038 4629.13 
7 5000 4747.04 0.5006 39942 0.2192 5342 4975.71 
8 4938 4686.01 0.5048 37155 0.2297 5756 5415.59 
9 -4964 4711.33 0.5032 36852 0.2309 6037 5699.36 

Scatterplot w/ error bars: Age Distribution 

o Grain awraga age (2 sigma) •spot ages (1 sigma) 
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Bkg(s): 300 
PbMaiPETH Th Ma I PETJ 
UMb/PETJ V La /TAP 

Uarror y Y error Age S.D. 2a 8.0.21 
(%) {ppm) (%) (Ma) (MI} {%) 

1.0181 22780 0.1330 1751.8 41 2.31 
1.1S34 23767 0.1286 1763.6 46 2.59 
1.1811 247H 0.1249 1773.5 46 2.62 
1.1333 26121 0.1197 1786.5 45 2.53 
1.0394 28605 0.1119 1788.7 42 2.36 
1.1475 26291 0.1193 1759.5 45 2.54 
1.0869 23658 0.1283 1760.0 43 2.45 
1.0176 24097 0.1273 1771.8 -41 2.33 
0.9782 24213 0.1268 1759.7 40 2.27 

9 



Grain#: 8382..01 Aoo. Voltage; 15 kV Skg(a): 300 
Chemical zona: homogeneous Anal . Current; 200nA Pb MafPETH ThMa i PETJ 

Anatyeol#: U7·$88 Peak(s): 600 U Mb/PETJ YLal TAP 

SpotM Pb uncorr. Pbcorr. Pb error Th Th error U uncorr. U corr. U error y Y error Age S.D.2a S.D. 2a 
(ppm) (ppm) {%) (ppm) (%) (ppm) (ppm) (%} (ppm) (%) (Ma} (MI} ('Yo) 

1 ~125 3970.38 0.9793 28773 0.3663 5100 4837.17 2.0136 14231 0.2438 1832.4 83 4.55 
2 4205 4053.18 0.9654 31653 0.3429 4604 4314.58 2.2020 13536 0.2542 1833.5 89 4 .87 
3 4032 3878.99 0.9951 31405 0.3448 4183 3895.86 2.3951 13705 0.2518 1824.5 96 5.24 
4 3963 3814.27 1.0071 27114 0.3818 5043 4795.43 2.0297 13764 0.2506 1831.5 84 4.60 
5 4180 4072.68 0.9624 31172 0.3459 4804 4518.83 2.1187 8440 0.3603 1832.0 86 4.71 
6 4061 3866.02 0.9989 24746 0.4079 5728 5502.36 1.8201 19398 0.1899 1844.5 78 4.24 
7 4227 4022.72 0.9727 26841 0.3851 5498 5253.14 \.8877 20197 0.1840 1868.0 81 4 .33 
8 4210 3999.66 0.9772 25503 0.3996 5971 5738.46 1.7603 21042 0.1783 1842.5 76 4.11 
9 4090 3972.71 0.9787 33587 0.3288 3954 3846.56 2.5188 9283 0.3501 1619.0 99 5.45 
10 4010 3853.00 0.9991 32467 0.3369 4320 4023.07 2.3305 14028 0.2468 1760.5 90 5.12 
11 3988 3835.0. 1.0023 28875 0.3651 •a so 41126.20 2.0856 14025 0.2466 1800.0 84 4 .69 
12 4579 4418.42 0.9113 26831 0.3847 6857 6812.10 1.5676 15405 0.2285 1851.8 69 3.72 

Scatterplot w/ error bars: Age Distribution 

<>Grain a..erage age (2 sigma) • Spot ages (1 sigma) 
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Grain#: 83112..05 Ace. Voltage: 1SkV 
Chemical lOne: homogeneous An.ar. Current: 200nA 

Analysaall: 6!17·661 Peak: 600 SIC. 

Spot II Pb uncorr. Pb corr. Pb error Th Th error U uncorr. U corr. 
(ppm) (ppm} (%) (ppm) ("/o) (ppm) (ppm) 

1 SS08 5331.03 0.7585 31964 0.3325 7465 7172.93 
2 4499 4324.18 0.8661 30241 0.3454 5295 5018.75 
3 5643 5513.20 0.7413 38468 0.2928 6616 6263.54 
4 4402 429M2 0.8689 31613 0.3327 4827 4335.94 
5 6307 6140.05 0.7761 34047 0.3183 6671 6359.65 
6 5890 5715.35 0.7272 35432 0.3100 7929 7604.90 
1 3921 3816.48 0.9411 31835 0.3325 36S4 3362.71 
8 3879 3727.37 0.9552 33616 0.3208 2859 2551.45 
9 4659 461o.82 0.8317 34114 0.3166 5109 4796.43 

Scatterplot w/ error bars: Age Distribution 
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Bkg: 300 &ec. 
Pb!.la / PETH Th Ma /PETJ 
U Mb/PETJ Y La /TAP 

U .rrcr y Y error Age s.o.a, &.0.1• 
(%) (ppm) (%) (M1) (Mal ('/o) 

1.4592 16421 0.2216 1945.8 66 3.37 
1.9406 16386 0.2218 1899.4 82 4.31 
1.6139 10112 0 .3340 1915.6 !19 3.61 
2.1779 8276 0.3974 1922.3 91 4.74 
1.6010 14992 0.2389 1912.0 89 3.62 
1.3933 15708 0.2301 1923.2. 62 3 .22 
2.8635 8034 0 .4079 1854.0 106 5.73 
3.3585 13256 0.2642 1861.8 131 7.02 
1.9981 1152 2.5656 1906.0 84 4.38 



Gral" 1#: 8392.()6 Aoo. Voltage: 15 kV 
Chemical 2one: homogeneoua Anal. Current: 200 nA 

Analy&esl#: 657-868 Peak: 800 sse. 

Spot# Pb uncorr. Pb corr. Pb error Th Th error U uncorr. 
(ppm) (ppm) (%) (ppm) (%) (ppm) 

1 72<46 7083.81 0.8643 37275 0.3007 11803 
2 5871 5679.23 0.7587 3691!1 0.3026 71!75 
3 4602 4375.28 0.8976 36704 0.3043 <4185 
4 4621 4516.93 0.8759 39471 0.2887 3968 
5 4660 4594.34 0.8666 37983 0.2960 4881 
e 4249 4078.55 0.93?6 33833 0.3210 4136 
7 3559 3392.58 1.0649 28641 0.3803 3584 
8 4527 4351.43 0.8981 36855 0.3029 4262 
9 4656 4371.15 0.8958 36796 0.3034 4439 
10 4484 4409.38 0.8916 39093 0.2903 3989 
11 4811 4709.23 0.8520 38490 0.2936 4959 
12 3820 3708.81 1.0016 36311 0.3052 2200 
13 3129 3030.85 1.1593 28841 0.3578 1928 

Scatterplot w/ error bars: Age Distribution 
<>Grain awrage age (2 sigma) • Spot ages (1 sigma) 
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11<461.90 1.0234 
7536.65 1.3950 
3649.29 2.3798 
3606.05 2.4898 
4332.75 2.1492 
3826.S7 2..3941 
3322.44 2.7140 
3924.66 2.3382 
4102.25 2.2551 
3630.40 2.4738 
4606.14 2.0487 
1867.31 4.2545 
1664.30 4.7927 

lh 
12 13 

Bkg: 300 cec. 
Pb Ma l PETH ThMa /PETJ 
UMbiPETJ Yla/TAP 

y Y error Aga S.D.2e 8.D.2s 
(ppm) (%) (Mal (MI) c•~o) 
,4037 0.2509 1903.5 48 2.53 
17<485 0.2094 1879.5 61 3.24 
2153~ 0.1772 1848.0 95 5.13 
6981 0.4592 1841 .5 98 5.32 
5026 0.6194 1832.0 86 4.88 
1S418 0.2315 1831.0 95 5.19 
15618 0.2288 1790.0 105 6.88 
15621 0.2292 1625.0 92 5.05 
16700 0.2170 1813.5 89 4.90 
3592 0.8479 1810.3 96 5.30 
6844 0.4675 1827.0 82 4.48 
8222 0.3961 1847.4 162 8.77 
7679 0.4202 1863.0 184 9.89 



Grain 1#: 8392·17 Aco. Vollago: 15kV Skg(s): 300 
Chemical zone: Zone 1 Anal. Current: 200nA PbMaiPETH Th Ma I F'ETJ 

Analysesj: 100·105 Peak(s): 600 U t.4b / PETJ YLa/TAP 

Spot# Pb uneorr. Pbcorr. Pberror Th Th error U uncorr. Uco!'l'. U error y Y error Age 8.0. 28 S.0.2e 
(ppm) (pprn) (%) (ppm) (%) {ppm) (ppm) (%) (ppm) {%) (Ma) (MI) (%) 

1 4757 4888.76 0.4975 39550 0.2204 4489 4125.95 1.2850 2781 0.7496 1841.6 52 2.60 
2 4881 4813.59 0.5037 39011 0.2228 4343 3984.95 1.3261 2756 0 .7583 1847.3 53 2.89 
3 4878 4810.50 0.4905 41459 0.2143 4213 3832.21 1.3652 2444 0.8502 1859.4 55 2.95 
4 4778 4705.07 0.4978 37188 0.2303 5137 4795.95 1.1471 3406 0.6228 1843.7 47 2.68 
5 4969 4890.18 0.4852 39243 0.2223 6123 4762.86 1.1521 4057 0.5297 1650.4 47 2.55 
6 4805 4731 .21 0.4956 38996 0.2231 4773 4415.15 1.2226 3501 0.6067 1841.0 50 2.69 

Scatterplot w/ error bars: Age Distribution 
<>Grain average age (2 sigma) • Spol ages (1 sigma) 
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Grain#: S3U·17 Ace. Volts ge: 15kV Bkg(s): 300 
Chemical %one: Zone2 Anal. Current: 200nA Pb Ma/PETH Th MaiPETJ 

Anatyaas#: 108·115 Peak(,); 600 UMbiPETJ Y La /TAP 

Bpatlf Pb uncorr. Pb corr. Pb error Th Th lft'Of U uneorr. U eorr. U error y Y error A;e S.D. 2e S.D. 2a 
(ppm) ' (ppm) (%) (ppm) (%) (ppm) (ppm} (%) (ppm) (%) (Ma) (M.-) (%) 

1 4487 4384.47 0.5234 32212 0.2521 5-108 5112.99 1.0736 7713 0.3058 1845.2 45 2.46 
2 4539 4433.73 0.5196 33155 0.247~ 5367 5063.26 1.0819 7907 0.2995 1839.8 45 2.47 
3 4931 4796.46 0.4949 34411 0.2419 6133 5817.79 0.9706 11125 0.2241 1845.3 42 2.25 
4 4991 4847.36 0.4920 33488 0.2463 6540 6233.40 0.9200 12294 0.2061 1844.8 40 2.16 
6 4874 4784.18 0.4980 38329 0.2330 5444 5110.90 1.0121 8024 0.2960 1855.0 45 2.42 
a 4045 3874.29 0.5728 25671 0.2939 5228 4991.75 1.1031 16370 0.1632 1876.0 46 2.57 
7 4339 4123.21 0.5529 33792 0.2453 4196 3886.8~ 1.3423 20518 0.1371 1642.5 54 2.96 
8 4581 4418.87 0.5240 29351 0.2694 6157 5888.89 0.9645 14947 0.1757 1858.0 42 2.28 
9 4667 4602.49 0.5176 29537 0.2682 6526 6255.97 0.9193 15197 0.1734 1839.8 -40 2.19 
10 4518 -4391.59 0.5239 31773 0.2549 5584 5273.15 1.0499 10526 0.2345 1843.5 45 2.42 

Scatterplot w/error bars: Age Distribution 

¢Grain awrege age (2 sigma) • Spot ages (1 sigma) 
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Grain II: S392map5 Ace. Voltage: 15 kV 
Chemical zone: zoned Anal. Current: 200 nA 

Analyse!IN: 857-668 Peak(s): 600 

Spot II Pb uneorr. Pb CDfl', Pb error Th Th error U uncorr. 
(ppm) (ppm) (%) (ppm} (~., (ppm) 

1 4479 4356.95 0.8792 43139 0.2701 2496 
2 3425 3323.01 1.0614 33615 0.3177 1918 
3 7019 6871.72 0.6840 35031 0.3107 11951 
4 21567 2671.54 1.2819 24994 0.3921 1764 
s 4337 4221.91 0.8982 38239 0.2928 3292 
6 4458 4280.59 0.8907 31135 0.3370 5343 
7 51151 4995.41 0.8059 29458 0.3503 8230 
8 3279 3171.88 1.0970 30716 0.3394 2150 

Scatterplot w/ error bars: Age Distribution 
<>Grain awrage age (2 sigma) espot ages (1 sigma) 
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Bl<g(1): 300 
PbMa/PETH ThMa/PETJ 
UMb/PETJ YLe/ TAP 

U error y Y error Ago S.D.2a S.D.2a 
(~.) (ppm) (%) (Ma) (Me) (%) 

3.6862 6533 0.3660 1842.5 140 7.60 
4.6a85 742 1 0.4131 1802.0 174 9.64 
0.9887 12493 0.2644 1887.2 47 2.48 
5.0591 7800 0.3943 1810.0 190 10.47 
2.8563 8362 0 .3724 1849.7 111 6 .02 
1.8612 16195 0.2133 1848.0 77 4.19 
1.3061 15291 0.2236 1827.3 sa 3.16 
4 .2045 8412 0.3697 1817.0 158 8 .72 



Grain#: 8397.01 Aec. Vol!age: 15 kV Bkg(s): 300 
Chemical zone: core Anal. Current: 2DOnA Pb Mal PETH ThMa/PETJ 

An'lyaastl: 386·391 Peak(&): 600 UMbiPETJ Yla/TAP 

Spot# Pb uncorr. Pb corr. Pb error Th Th error U uncorr. U carr. U error y Yerror A;a S.0.2a S.D.21 
(ppm) (ppm) (%) (ppm) (%) (ppm) (ppm) ('~) (ppm) (%) (MI) (Ma) (%) 

1 9893 9666.78 0.3387 56228 0.1874 14574 140$5.15 0,6177 18753 0.1495 1911.9 26 1.48 
2 8874 8658.23 0.3575 53241 0.1942 13480 12986.98 0.6519 17935 0.1548 1840.0 29 1.56 
3 10376 10163.92 0 .3305 50881 0.2002 18914 18445.49 0.5117 18967 0.1461 1835.9 24 1.J1 
4 8943 8728.25 0.3580 56070 0 .1871 13116 12598.41 0.6676 17464 0.1583 1831.2 29 1.58 
5 9510 9277.20 0.3465 51633 0.1963 15770 15294.22 0.5809 20077 0.1415 1844.7 27 1.44 
8 9197 8977.17 0.3512 54246 0.1918 14266 13765.62 0.6259 18272 0.1625 1837.8 28 1.51 

Scatterplot w/ error bars: Age Distribution 
¢Grain awrage age (2 sigma) •SP.ot ages (1 sigma) 
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Gral"ll: 8397.01 Atx. Voltage: 15kV 
Chemical zone: rtm Anat. Current: 200 r.A 

Anslyuall: 312-398 Peak(s): 600 

lpot#l Pb uncorr. Pb corr. Pb error Til Th error U uncorr. U cort. U ertor 
(ppm) (ppm) (%) (ppm) (%) (ppm) {ppm) (%) 

1 81523 8329.75 0.3633 60812 0.1783 10547 998-4.97 0.7481 
2 8335 8142.87 0.3879 60300 0.1794 10223 9665.79 0.1666 
3 8134 7942.64 0.3727 58974 0.1820 9935 9390.20 0.7823 
4 7812 7620.21 0.3812 66624 0.1869 9!129 9006.27 0.6060 
5 78415 7653.42 0.3894 57014 0.1861 9696 9068.81 0.8023 

Scatterplot w/ error bars: Age Distribution 
o Grain awrage age (2 sigma) • Spot ages {1 sigma) 
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Bkg(s): 300 
PbMa /PETH ThMe/PETJ 
U Mb IPETJ YLaiTAP 

y Y arror Age $.0. 2.& 6.0. 21 
(ppm) ('ill) {M1) (M~) {%) 
14465 0.1822 18352 32 1.72 
14391 0.1629 1826.7 32 1.76 
14469 0.1820 1826.5 33 1.79 
14818 0.178-4 1826.6 34 1.84 
14742 0.1792 1821.5 33 1.84 



Grain II: 8397·02 Ace. Voltage: 15 kV 
Cllemlcal tone: lOned Anal. Current: 200 nA 

Analyaasl#: 387-'06 Peak(s): 600 

Spotfl Pb uncott. Pb corr. Pb error Th Th error U uncorr. U corr. 
(ppm) (ppm) (%) (ppm) (%) (ppm) (ppm) 

1 8476 8325.54 0.3627 82123 0.1757 9804 9229.08 
2 8708 8545.40 0 .3583 63488 0.1735 10154 9566.32 
3 8243 8083.04 0 .3891 68669 0.1649 7716 7079.27 
4 8110 7951.09 0.3723 87204 0.1671 7646 7023.09 
5 8527 8379.59 0.3615 61467 0.1770 10090 9521 .24 
6 8581 8430.08 0 .3605 62204 0.1757 995S 9379.31 
7 8515 836Q.63 0.3621 &2185 0.1757 97S7 9191.53 
8 8131 7932.09 0.3748 62503 0.1754 8641 8062.86 
9 8228 8030.94 0.3721 62154 0.1760 9104 8529.15 
10 8770 8590.27 0 .3583 62871 0 .1747 10009 9427.31 

I.JJ 

Scatterplot w/ error bars: Age Distribution --
¢ Grain awrage age (2 sigma) e Spot ages (1 sigma) 
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Bkg(s): 300 
Pb Mol PETH ThMa IPETJ 
UMb/PETJ Y La/ TAP 

U error y Y error 
{'Yo) (ppm) (%) 

0.7963 9265 0.2575 
0.7771 10374 0 .2341 
0.9761 9630 0.2494 
0.9816 9698 0.2478 
0.7786 9113 0.2614 
0.7875 9423 0.2540 
0.7991 9822 0.2450 
0.8830 14890 0.1734 
0.8463 14495 0.1772 
0.7856 12649 0.1983 

Age 
(MI) 

1859.7 
1858.3 
1835.2 
1837.4 
1863.0 
1869.3 
1868.0 
1848.5 
1644.6 
1886.3 

1863 
1869 

J 
wos 1868 
... 

S.C. 21 S.0.2a 
(Ma) (%) 
34 1.81 
33 1.77 
39 2.13 
39 2.14 
33 1.77 
33 1.79 
34 1.81 
36 1.97 
35 1.90 
34 1.78 



Oraln #: 6-401·01 Ace. Voltage: 15 kV Bkg(s): 300 
Cllomlcal zono: very zoned Anal. Current 200r~A Pb Ma/PSTH Th Mal PETJ 

Aoal)llles#: 407-418 Peak(&): 800 UMoiPETJ Yla/TAP 

Spot II Pb uncorr. Pb corr. Pb error Th Th error U uncorr. U eorr. U error y Y erTOr Age S.D. 2a s.o. 2• 
(ppm) (ppm) (%} (ppm) (•nJ (ppm) (ppm) (%) (ppm) (%) (M•) (MI) (•/.) 

1 9801 9656.01 0.3359 80763 0.1488 10341 9588.47 0.7902 6352 0.3506 1776.7 31 1.76 
2 11107 10936AO 0.3175 89233 0.1401 11995 11162.04 0.7149 8217 0 .2804 1807.4 29 1.81 
3 10971 10721.99 0.3239 114184 0.1456 11910 11126.52 0.7137 17851 0.1476 1841.7 30 1.62 
4 9~22 9193.47 0.3478 808117 0.1491 8687 7914.42 0.9124 15921 0.1613 1800.9 38 2.00 
5 9576 9349.64 0.3447 67432 0.1673 12780 12155.00 0.8603 17263 0.1512 1796.4 28 1.55 
e 9936 8778.07 0.3339 74037 0.1573 12077 11388.71 0.6940 8708 0.2858 1815.0 29 1.60 
7 10484 10347.47 0.3252 83750 0.1458 11591 10809.93 0.7281 4991 0.4373 1804.2 30 1.65 
8 10328 10161.07 0.3285 80084 0.1500 11701 10955.27 0.7188 8736 0.2658 1816.5 30 1.63 
9 11169 10854.20 0.3275 74448 0.1577 15693 15002.78 0.5757 26542 0.1095 1803.0 25 1.39 
10 10044 9854.68 0.3341 72093 0.1603 13131 12461 .58 0.6513 12560 0.1956 1800.0 27 1.52 
11 10322 10065.15 0.3355 76438 0.1548 12789 12079.22 0.11693 20852 0.1310 1792.8 28 1.55 
12 11>!165 10553.78 0.3316 73352 0.1591 15253 14573.09 0.5863 26275 0.1102 1791.6 25 1.41 

w -N Scatterplot w/ error bars: Age Distribution 
0 Grain awrage age (2 sigma) • Spot ages (1 sigma) 

1950 ----

1900 1- ------- ---------
1850 ! 

i 1800 -4> ,--'---!--! .t 1750 1----- - -

,_,_! - i 

1700 [---- --- --- ------- - -- ----------

1650 t------ --- --------------------

1600 ~--~---~-~---~-~----~-------~-~---~-------~-~ 

0 2 3 4 5 6 7 8 9 10 11 12 

Spot # 


