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ABSTRACT 

 

In order to evaluate the electron microprobe (EMP) method for chemical dating of 

monazite, we chemically analyzed selected suites of monazite grains that were previously 

dated by standard U/Pb isotopic methods at three laboratories each equipped with a 

sensitive high resolution ion microprobe (SHRIMP). Representing diverse igneous and 

metamorphic lithologies, these grains yielded conventional isotopic ages ranging in age 

from Neoarchean to Devonian. Chemical dating was performed at Virginia Tech using a 

Cameca SX-50 EMP in which the analytical routines and settings were specifically 

optimized for monazite geochronology, including correction of analytical peaks for all 

major spectral interferences and correction of peak intensities for local background 

emission. Placement of cross-grain analytical traverses was based on backscattered 

electron (BSE) images together with wavelength-dispersive (WD) generated X-ray maps 

for Y, Th, U, and Ca, which revealed the internal compositional complexity of each 

grain. Shorter EMP traverses were selected adjacent to each SHRIMP pit in order to 

provide the best possible comparison of ages obtained by the two dating methods. 

Synthesis protocol for key elemental measurements (Y, Th, U, and Pb) was developed 

utilizing the 1σ elemental errors associated with individual analyses, providing an 

objective approach for data synthesis. Analytical dates were either accepted or excluded 

based on analytical and spatial justifications. Isotopic dating techniques utilize three 

independent age calculations, provided the sample is old enough to have accumulated 

sufficient 207Pb (i.e., ≥~1000 Ma). Similarly, the chemical dating method can utilize two 

independent age calculations (i.e., Th/Pb and U/Pb) and a U-Th-Pbtotal centroid age in 

Th/Pb vs. U/Pb space, verified independently against the calculated Th* or U* CHIME 

ages. Across the entire 2,200 m.y. age range represented by the sample set, the chemical 



iii  

ages calculated from the EMP data chemical ages are internally consistent (within 

2σ error) with the previously measured SHRIMP isotopic ages, except in one case where 

bulk mixing of discrete age domains within an ablation pit led to an isotopically 

discordant apparent age. Overall, this study illustrates that EMP chemical dating (1) 

represents both an accurate and precise primary method for dating monazite from igneous 

and polymetamorphic terrains; (2) provides superior spatial resolution for obtaining 

meaningful ages from small and/or irregular domains of discrete age that may be 

irresolvable or misinterpreted by other dating techniques that sample larger volumes; and 

(3) illuminates the geological meaning of isotopically discordant monazite ages obtained 

using conventional methods with lower spatial resolution (e.g., SHRIMP).
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1CHAPTER 1. INTRODUCTION 

Monazite is a Ce light-rare-earth (LREE) phosphate accessory mineral that can 

occur in many magmatic rocks, but is most commonly found in granitoids with a 

metaluminous to peraluminous composition. It is also commonly found in pelitic schists 

and gneisses ranging from greenschist facies up to and including granulite facies, but is 

less abundant in mafic and calcic bulk composition assemblages (Overstreet, 1967). Due 

to the resistance of monazite to weathering, it is also known to occur as detrital grains in 

beach sands (e.g., Suzuki and Adachi, 1991; Suzuki et al., 1994; Ferry, 2000; Spear and 

Pyle, 2002 and references therein), and has also been found as detrital grains in 

sedimentary rocks and very low-grade metamorphic rocks, where it may be either 

diagenetic or detrital. 

Awareness of the utility of monazite as a geochronometer has rapidly increased 

over the past several decades, initially through use of U-Pb isotopic dating techniques 

(TIMS, ID-TIMS, SHRIMP, SIMS) and more recently by using the electron microprobe 

(EMP) chemical dating technique. Specific characteristics of monazite that render it ideal 

for geochronological studies include its ability to incorporate large amounts of Th and U, 

thereby generating a very high ratio of radiogenic Pb to common Pb (Heaman and 

Parrish, 1991). In addition, the monazite crystal structure is more robust in response to 

alpha-particle bombardment and thus does not suffer substantial metamictization like 

zircon, another common geochronometric mineral. It is also resistant to thermally 

induced volume Pb diffusion (e.g., DeWolf et al., 1993; Smith and Giletti, 1997; Zhu et 

al., 1997; Braun et al., 1998; Cocherie et al., 1998; Crowley and Ghent, 1999; Zhu and 

O’Nions, 1999; Cherniak et al., 2002), thereby retaining its radiogenic Pb up to and 

above 900 °C. Monazite inclusions have also been found to occur in a wide variety of 

host minerals including mica, garnet, feldspar, and quartz, some of which may provide a 

partial armoring effect from matrix fluid fluctuations, thereby potentially allowing an 

earlier history of thermal events to be preserved. 

The preferential incorporation of Th (~2 to 15 wt.%) and U (100’s to 1000’s of 

ppm) into monazite makes it a complementary U-Th-Pb geochronometer to U-Pb zircon 

for documenting the timing of igneous and metamorphic crystallization histories. 
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Moreover, due to the typically high abundance of Th in monazite (relative to zircon), 

monazite analysis allows for the third Pb isotopic decay system to be utilized (Th/Pb) 

with great confidence. This enrichment in Th leads to greater accuracy to 238U/206Pb ages 

for young monazite by providing a more accurate calculation of excess 206Pb due to initial 

incorporation of 230Th. Also noteworthy is the variety of metamorphic events (single or 

multiple) that can be recorded by the growth of new monazite, including thermotectonic, 

hydrothermal, and in some cases high-temperature thermal events. These events may 

occur at different points along a P-T path, during times of prograde metamorphism or of 

retrograde recrystallization. For this reason, deciphering monazite chemical ages can be 

complex and requires objective analytical scrutiny to ensure that interpretations made 

therefrom are geologically meaningful.  

Whole-rock metamorphic reactions involving crystallization or resorption of Y- 

or Ca-bearing minerals such as garnet, apatite, or plagioclase can significantly influence 

the concentration of these elements in monazite, therefore backscattered electron images 

and high resolution chemical maps should be generated. On average, monazite grains 

range from 5 to 150 microns in size, and therefore when rims on significantly larger 

crystals such as garnet are consumed or produced in reactions, there can be a large 

change in Y concentration among monazite growth zones. Previous studies have defined 

the characteristic types of “patchy” chemical zoning in monazite (e.g., Zhu and O’Nions, 

1999) solely through the use of backscattered electron imaging (BSE), which displays 

changes in the average atomic number (Z) of the chemical composition as intensity 

variations in BSE images. Due to the large number of high-Z elements preferentially 

incorporated in monazite (mainly La, Ce, Th, U, and other LREE’s), the BSE image has 

been considered to represent a composite image of abundance variations of multiple 

elementals (e.g., Gibson et al., 2004). Therefore, in order to perform accurate analysis 

site-selection, BSE images may give non-unique chemical information, and individual X-

ray maps should be generated for at least those elements that are most likely to be 

influenced by bulk chemical changes during metamorphism (e.g., Y, Th, U, and Ca). 

Elemental maps should be individually evaluated for heterogeneity, textural patterns, and 

chemical-domain boundary sharpness, and should be used for post-analysis determination 

of any age-domain to chemical-domain relationships. Conventionally, a yttrium map has 
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been used as a guide for targeting monazite growth regions (where analysis location is 

selected solely on Y zonation), and promotes making a premature interpretation about the 

number of age domains expected within a single monazite grain. Additionally, it should 

be realized that unnecessary bias in selecting analysis locations is being introduced, since 

it has been shown that age-domain boundaries do not always directly correlate with 

specific element-domain boundaries (Williams et al. 1999). 

Application of chemical dating of monazite has rapidly increased over the past 

decade due to the increasing number of EMP facilities that have adapted and investigated 

the methodology for their specific instrument. The chemical dating method uses graphical 

illustrations similar to those used with isotopic methods (SHRIMP, LA-ICP MS), for 

evaluating a complete data set, including the probability density histogram, linearized 

probability plot, and Th/U vs. age plot. Because the EMP chemical dating method 

measures individual elemental concentrations, as opposed to element isotopes, the Th* 

CHIME plot (Suzuki and Adachi, 1994) needs to be generated to estimate the amount of 

excess radiogenic 206Pb derived from the decay of initially incorporated 230Th and/or 

common Pb, either of which may require a correction. The Y-axis on this specific plot 

provides an estimated value that is normally less than the detection limit of Pb and 

therefore can be considered as negligible. A problem in comparing isotopic and chemical 

age results is the lack of graphical means in the chemical system to assess Pb loss and 

resultant errors in age estimation as provided by the concordia curve for isotopic data. It 

is a basic assumption of the chemical dating method that EMP monazite age results are 

considered concordant with respect to Pb loss, but this does not mean that EMP ages 

could not be apparently discordant for other reasons, such as lying on mixing lines that 

reflect bulk mixing of two or more age domains. In lieu of the concordia plot used in 

isotopic dating, chemical dating employs a Th/Pb vs. U/Pb plot for calculating Th/Pb, 

U/Pb, and U-Th-Pbtotal centroid ages with a statistical regression line that is then 

compared to and correlated with the centroid age isochron. The position of the centroid 

age isochron is used to provide a visual indication and evidence for the existence of 

single vs. multiple age populations within a selected data set. 

Previous studies over the last decade have been performed to investigate a variety 

of different EMP operating parameters and data collection and processing protocols, 
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including post-processing data corrections and proper data reporting formats (Suzuki and 

Adachi, 1998; Williams et al., 1999; Scherrer et al., 2000; Cocherie and Albarède, 2001; 

Pyle and Spear, 2003; Jercinovic and Williams, 2005; Dahl et al., 2005; Pyle et al., 2005 

and references therein; Williams et al., 2006). The second chapter of this dissertation 

outlines the data collection and correction methods and post-processing methods used for 

this study. To minimize the amount of bias for analysis site selection, an analytical 

traverse method is typically used, in which traverses with arbitrary analysis-spacing cross 

a single grain several times and may include specific traverses that target small or thin 

chemical domains, to ensure that each chemical domain is properly sampled. This 

approach produces the closest approach to the statistical principle of random sampling 

each chemical domain and should minimize the amount of bias introduced during 

analysis location selection, realizing that some bias will always be present to ensure that 

each chemical domain is sufficiently sampled. Post-processing data synthesis includes a 

rather laborious error-analysis scheme, utilizing a calculated 2σ absolute and relative 

errors that are inferred from the 1σ uncertainties reported for individual analyses and 

which yield typical age precision (2σ) for an individual analysis of ca. ± 20-75 m.y. 

absolute. Analytical age results determined from abundance measurements for Y, Th, U, 

and Pb are then accepted or excluded based on analytical, spatial, and graphical 

justifications, as outlined in chapter 2.  

Chapter 3 is a comparative study of EMP and isotopic dating age results based on 

six monazite grains of diverse age that had previously been analyzed by SHRIMP 

isotopic techniques and on which the ion-beam ablation pits could still be observed. One 

grain was dated at the Geological Survey of Canada facility (gneiss TRMR-2), two grains 

were dated at the SUMAC Standford/USGS facility (quartzite NSB-2 and pegmatite CJ-

9), and the remaining three grains were dated at the Australian National University 

facility (granite VT/Br1-89). This final chapter of this dissertation provides the results 

from the isotopic to chemical dating comparative study and discusses some of the 

inherent problems associated with each method, as well as those that are shared by both 

methods such as bulk-mixing of multiple age domains within the individual analytical 

sampling volume. In summary, the comparative study demonstrated that EMP chemical 

dating: (1) is both an accurate and precise primary method for dating monazite from 
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igneous and polymetamorphic terrains; (2) provides the highest spatial resolution for 

obtaining meaningful ages from small and/or irregular age domains that may be 

irresolvable or misinterpreted by other dating techniques sampling larger volumes; and 

(3) can help to decipher discordant monazite data that have been obtained through more 

conventional but lower-resolution isotopic methods such as ID-TIMS and SHRIMP. 
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2CHAPTER 2. AN OBJECTIVE APPROACH TO ANALYSIS SITE-

SELECTION AND AGE-POPULATION DETERMINATION IN 

MONAZITE CHEMICAL DATING 

 

2.1 INTRODUCTION 

Monazite chemical dating has rapidly gained popularity as a useful tool for 

deciphering the evolution and timing of metamorphic and deformational events (e.g., 

Suzuki and Adachi, 1991, 1998; Zhu and O’Nions, 1999; Montel et al., 2000; Williams 

and Jercinovic, 2002; Hibbard et al., 2003; Dahl et al., 2005a, 2005b; Williams et al., 

2006). This technique couples the capability to perform in situ analyses with the high 

spatial resolution (< 3µm) of an electron beam, thereby allowing for geochronological 

analyses to be associated with microtextural and microchemical relationships within a 

single thin section.  

The high spatial resolution offered by the electron microprobe is essential for 

creating the high-resolution elemental X-ray maps, obtained by wavelength or energy 

dispersive spectrometry (WDS or EDS), that commonly reveal compositional zoning 

within a single monazite grain. Single-element chemical maps may show a simple core 

and rim relationship, or may reveal complex internal zoning patterns, reflecting the 

spatially variable abundance of a single element not necessarily present in other 

elemental maps (Williams et al., 1999 and references therein). These single-element 

abundance variations may be linked to bulk-rock metamorphic reactions and associated 

mineral consumption or production, allowing for constraints to be placed on the timing of 

such occurrences on specific points along a P-T path (Pyle and Spear, 1999, 2003; 

Simpson et al., 2000; Foster et al., 2000; Williams and Jercinovic, 2002; Foster et al., 

2004; Gibson et al., 2004; Dahl et al., 2005a, 2005b). 

Isotopic dating techniques are limited to a lower spatial resolution due to the size 

of the Kohler aperture and therefore the primary beam diameter. The larger ablated area, 

though very shallow, makes the isotopic technique inherently more susceptible to bulk-

mixing of multiple compositional zones and age domains, such as small irregular cores 
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and thin final growth rims. Therefore, in considering the choice of analytical technique, 

one must weigh the trade-off between high spatial resolution as provided by the electron 

microprobe and high analytical precision as offered by companion isotopic techniques. It 

should be noted that any measure of accuracy is directly influenced by the attainable 

spatial resolution, assuming that no bulk-mixing of multiple domains (chemical or age) 

has occurred either at the surface or at depth within the respective analytical volume, or 

by sampling of multiple submicron domains. 

Electron microprobe (EMP) chemical dating relies on the precise measurement of 

U, Th, and Pb (including Y for spectral interference correction), where Th-Y and U-Pb 

commonly occur as major- and minor/trace-elements, respectively. Trace-element 

analysis routines used for monazite chemical dating require: 1) well-characterized 

analytical standards that have been widely accepted; 2) optimization of analytical 

conditions (high beam current and long counting times on peaks); 3) background 

estimation and modeling; and 4) proper corrections for X-ray spectral interference and 

matrix effects. Due to the influence each of these factors may have on the accuracy and 

precision of chemical dating results, a number of studies have focused on monazite trace 

element analysis and instrument conditions (e.g., Williams et al., 1999; Scherrer et al., 

2000; Cocherie and Albarède, 2001; Pyle and Spear, 2003; Jercinovic and Williams, 

2005; Dahl et al., 2005a, 2005b; Pyle et al., 2005 and references therein), providing a 

benchmark for other EMP facilities to refine or modify as appropriate for their specific 

instrumentation. Like isotopic dating facilities, chemical dating labs commonly develop 

internal routines for data processing and error synthesis in order: 1) to correct elemental-

abundance data for spectral interference (performed either upfront in the analytical 

software or in a post-processing routine); 2) to quantify random error of an inferred 

analytical age (e.g., standard error of the mean, StdErr; error of the weighted-mean, 

WtdErr; or a propagated 2σ error based 1σ uncertainties of on individual elemental 

analyses) (Dahl et al., 2005a); and 3) to plot the age-compositional data by various means 

to assist with age-population determination and to otherwise display the reduced data 

(i.e., age vs. distance, CHIME*, Th/U vs. age, Th/Pb vs. U/Pb, and multiple types of 

probability plots, etc.). 
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Researchers who have limited experience with the monazite chemical dating 

technique rely heavily on the EMP operator and facility to provide precise setup routines, 

accurate analyses, and acceptable and understandable data synthesis methods. More often 

than not, these dating facilities also provide some form of training on EMP operation and 

data analysis, including methods for selecting analysis locations. The goals of any 

geochronology facility, either isotopic or chemical dating, are to provide: 1) accurate and 

precise results with a high level of confidence; 2) explanation of instrument operation and 

data synthesis processes; and 3) assistance for interpreting the data analytically, via 

standard means of graphical representation (i.e., being cautious not to speculate about 

geological significance or interpretation of the data). Within this philosophy, several 

different approaches for data collection and synthesis could be offered and explained in 

planning an analytical strategy. The choice of analytical approach should be based on the 

information needed to answer a specific geological question. Developing an analytical 

strategy allows the operator to assist with the analysis site-selection process, while also 

minimizing the amount of sampling bias introduced prior to the analysis.  

The goal of this chapter is first to provide a basic understanding of the two 

analytical strategies most commonly encountered at monazite chemical dating facilities. 

A modified version of the analytical approach used by Suzuki and Adachi (1991) is then 

presented below as an alternative strategy, with the goal of minimizing the introduction 

of user bias throughout the analytical session. This goal is advanced by performing in situ 

analyses using a traverse method for analytical site-selection and by conducting 

analytical-error synthesis using the elemental 1σ counting uncertainty as a basis for 

calculating a 2σ relative and absolute error. Specific justifications itemized below 

provide an objective foundation for excluding specific analyses from the full data set, 

resulting in a refined data set for generating discrimination plots that are used to help 

identify defined age populations (i.e., “top-down” and “bottom-up” approaches as 

defined in Dahl et al., 2005a and references therein). It is hoped that this chapter will 

provide the researcher with a better understanding of the different formats or approaches 

available for chemical dating, rather than forcing them into a false “compare – contrast” 

choice favoring one sampling approach over another. The overall benefit to providing the 

researcher with multiple approaches for data acquisition and processing may be that each 
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facility comes to better understand and appreciate another facility’s standard analytical 

protocols, and perhaps integrates the best of the other’s approach into their own standard 

protocols. 

2.2 CHEMICAL DATING BACKGROUND AND ASSUMPTIONS  

Monazite is a common LREE-bearing phosphate accessory mineral. It is 

widespread in diverse lithologies of metaluminous to peraluminous composition, 

including granitoids, pegmatites, and pelitic schists and gneisses of wide-ranging 

metamorphic grade (Overstreet, 1967).  Due to its preferential incorporation of Th and U, 

monazite can achieve a high ratio of radiogenic to common Pb in a short period of time 

(ca. ~100 m.y.), thereby assuring that virtually all measured Pb therein is radiogenic since 

negligible amounts of common Pb are incorporated during monazite crystallization. 

Given this behavior, and incorporating the present relative crustal abundances for the U 

isotopes while also considering that the measured Th is all 232Th, it is possible to 

calculate a U-Th-Pb chemical date for monazite from the EMP-measured concentrations 

of Th, U, and Pb (e.g., Suzuki and Adachi, 1991, 1994; Montel et al., 1996; Cocherie et 

al., 1998; Williams et al., 1999; Cocherie and Albarède, 2001). Numerous studies have 

confirmed the validity of these assumptions and will not be discussed in detail here, 

although graphical methods used herein for other purposes also provide independent 

checks for the presence of unsupported (i.e., non-radiogenic and excess thorogenic) 206Pb 

in monazite. 

To ensure that accurate and precise monazite analyses are collected, previous 

studies have focused on ways to optimize the trace-element analytical routine. Many of 

these studies included suggestions about sample surface preparation and different coating 

effects when using a C vs. Au conductive coating, while other studies focused on 

instrumental operation and calibration standards. Further suggestions incorporated in 

these studies variously pertained to proper methods of data collection, correction, and 

synthesis (including error analysis) and how to properly report chemical dating results 

(e.g., Williams et al., 1999; Scherrer et al., 2000; Cocherie and Albarède, 2001; Pyle and 

Spear, 2003; Jercinovic and Williams, 2005; Dahl et al., 2005a; Pyle et al., 2005 and 

references therein; Williams et al., 2006). Collectively, these studies illustrate some of the 
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pitfalls that must be considered when performing EMP chemical dating. However, each 

EMP is unique and should be individually evaluated for the criteria mentioned above, in 

order to determine the quality and reproducibility associated with performing monazite 

analyses and chemical dating. This will help to determine how to refine suggestions from 

other lab protocols to create an internal lab procedure that has been specifically tailored 

for that particular instrument.  

The ability to perform in situ analyses is an essential benefit to the EMP chemical 

dating method, coupled with the high spatial resolution of this technique, provides the 

EMP’s unique ability to accurately analyze small monazite grains that may exist as 

inclusions in a host mineral or as small matrix grains. It is also becoming more common 

to use monazite as a geochronometer to constrain ages of metamorphic and deformational 

events, hydrothermal events, and even using inclusion trails found in monazite to date 

fabrics themselves. Additionally, monazite composition has been used for geobarometry 

when coupled with xenotime (Andrehs & Heinrich, 1998) and for geothermometry when 

coupled with garnet (Pyle et al., 2001). 

This rapid increase in utilizing monazite for geothermometry and geobarometry 

techniques has caused some geochronology laboratories to reconsider the amount of 

information that can be obtained by outside users during a single lab visit. The main 

questions that arise are: should fewer monazite grains be dated to make time for 

performing other measurements that can be used in conjunction with age information, or 

should a more targeted approach be developed for performing specific monazite studies 

(e.g., metamorphic, deformational, hydrothermal, igneous, or detrital). One such 

analytical strategy for constraining the timing of deformational and metamorphic events 

was proposed by Williams et al. (2006), who performed high-resolution chemical 

mapping at different scales, and focused their selection of monazite grains for analysis on 

those that possessed similar textural relationships. An alternative approach is to perform 

high-resolution chemical mapping on a representative selection of monazite grains, then 

select cross-grain analytical traverses that sufficiently sample each defined chemical 

domain. Both of these approaches calculate a collective statistical error for pooled single-

age-domain analyses that meet the statistical criterion to achieve 95% confidence level 

and produce a resultant error that is comparable to isotopic errors at the 2σ level and in 
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many cases at the 1σ level. These two approaches are explained in more detail in the 

following sections. 

2.3 A PROPOSED OBJECTIVE ANALYTICAL PROTOCOL 

2.3.1 Analytical site selection  

Creation of pre-analysis, high-resolution, chemical maps for U, Th, and Y is 

required for each pre-selected monazite grain, inasmuch as they provide an integrative 

basis for site-specific analysis selection (Figure 2.1). From BSE images of monazite 

(Figure 2.1), it is evident that compositional domains in monazite may vary in shape and 

texture from igneous sector zoning growth patterns to the more commonly shown patchy 

compositional zoning patterns described by Zhu and O’Nions (1999) for metamorphic 

varieties. Typically, monazite is considered to be a “sink” mineral for compatible 

elements such as yttrium, which is mobilized during the consumption of Y-enriched 

minerals like garnet. Specifically, the Y elemental map has gained popularity for 

differentiating monazite growth zones, which may or may not be as prominent in Th and 

U maps. Due to the small size of monazite grains (typically 10 to 100 µm), it may only 

take a small volume of a Y-bearing host mineral (e.g., garnet) to be consumed in order to 

produce a noticeable change in a monazite Y chemical map. 

An objective approach for selecting monazite analysis locations is the linear 

traverse method (Suzuki and Adachi, 1991). Multiple traverses are positioned to transect 

across the entire width of a grain such that each chemical domain (Y, Th, and U) has 

been sufficiently sampled; additional traverses may be used to target small internal or rim 

domains (Figure 2.2). This method provides compositional information that can be used 

to graphically show multiple elemental variations, age, or other collected information 

with respect to distance, either across a grain or within a recognized chemical domain. 

Although, a true random selection of analysis points is not being utilized (i.e., the 

“shotgun” scatter approach), linear analytical traverses will provide a statistically 

acceptable level of randomness while allowing for key information about age domain 

boundary locations and widths to be collected. This method involves the collection of a 
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large number of analyses from within a single grain, and therefore does require long 

analytical and processing sessions. 

A second approach developed for metamorphic and deformational studies, utilizes 

a statistical basis for collecting targeted chemical domain analyses that would be similar 

to a single isotopic measurement. This method is explained in detail in Williams et al. 

(2006) and will only be summarized here to provide a basic description of their analytical 

site-selection approach. Terms that they define for their approach include “top-down” and 

“bottom-up” that refer more specifically to how the collected analytical data is processed. 

High-resolution elemental X-ray maps are generated for an entire thin section to locate 

monazite grains. Subsequent maps are generated for selected monazite grains that possess 

similar textural or microstructural patterns and relative compositional domain intensity. 

The number of analyses to be collected from each defined chemical domain, within a 

single grain, is based on the size of the domain and the desired precision (error) for the 

resulting domain “date”. This method suggests that as few as 6 analyses within a single 

homogeneous chemical domain are needed to achieve 95% confidence precision. 

2.3.2 Error synthesis and age calculation 

As previously mentioned, individual chemical dating labs should individually 

evaluate their specific instrument for optimum performance and for reproducibility of 

high-quality trace-element analysis required for chemical dating of monazite. These 

evaluations will help to develop an operating and data collection protocol specifically 

tailored to their achievable detection limits. Data synthesis and error processing have 

traditionally followed an in-house developed routine, in some cases using freely-

distributed programs like the EPMA dating Excel add-in (Pommier et al., 2002) or may 

use an independently developed Excel macro. A main difference among chemical dating 

labs is the methodology used for discerning the error associated with an analytical-date. 

Previous studies have evaluated the use and comparability of different error calculations 

(e.g., Cocherie et al., 1998; Williams et al., 1999; Cocherie and Albarède, 2001; Dahl et 

al. 2005a), which are not reevaluated here. Instead, a detailed description will be 

provided here for the error synthesis approach that has been developed by this author and 

has been used at the Virginia Tech electron microprobe lab. In its essence, this approach 
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utilizes the EPMA dating program for propagating a calculated 2σ error value through the 

chemical dating equation of Montel et al. (1996).  

  Monazite age calculations for this refined approach are based on individual spot-

analyses that were initially synthesized using a Microsoft Excel spreadsheet constructed 

to perform spectral interference correction of Y Lα on Pb Mα (Åmli and Griffen, 1975; 

Williams et al., 1999). The recalculated Pb concentration, along with the measured Th 

and U concentrations are entered into a subsequent spreadsheet designed to calculate a 

2σ relative and absolute error for each analysis. This error calculation first utilizes the 1σ 

counting uncertainty measured for each element (Th, U, and Pb). That uncertainty is then 

propagated through the same equations used for calculating the elemental concentration, 

and is initially reported as a 1σ concentration error. Each elemental concentration error is 

recalculated to the 2σ level and is used to determine the 2σ relative and absolute error for 

each analysis. Once the error calculations have been completed, the data set should then 

be sorted, based on the Pb relative error, and sub-populations of data are then created for 

blocks of data that vary by more than 0.1% of Pb relative error. Following the creation of 

these sub-populations, an average 2σ relative and absolute error is calculated for each 

one, which is used as input for processing each sub-population data set through the 

EPMA dating Excel add-in program (Pommier et al., 2002), which embodies a Monte 

Carlo approach to error propagation. In particular, this approach propagates the elemental 

concentration (Th, U, and Pb) for each analysis, and associated errors, through the 

chemical dating equation of Montel et al. (1996).  

 The resultant spreadsheet provides the calculated values needed to generate 

specific discrimination plots used for defining apparent age-populations, such as age and 

distance vs. elemental concentration profiles, Th/U vs. age, and several types of 

probability plots. These individual dates are pooled together to calculate a single apparent 

age that is independently verified through comparison with the calculated weighted-mean 

age, Th* and U* CHIME ages (Suzuki and Adachi, 1991, 1994), and Th-U-Pbtotal 

centroid age plotted in Th/Pb vs. U/Pb space. Currently, the majority of chemical dating 

plots are generated using the Isoplot/Ex (ver. 3; Ludwig 2003), which provides a 

calculated MSWD value for the data-set regression line that should be evaluated as 

representing a single population (or not) using the criterion of Wendt and Carl (1991), 
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namely, that for a group pf analyses to represent a single age population the MSWD 

should be less than (MSWD < 1+2(2/f)0.5 in all cases, where f (= n - 2) represents the 

degrees of freedom and n is the number of analyses). 

2.3.3 Data justification and discrimination plots 

Monazite data synthesis, including appropriate grouping of individual spot-

analyses into domains, and identification of associated age domains, is arguably the most 

challenging aspect of monazite chemical dating. The approach presented here is based 

primarily on the visual and statistical correlation of data points, using two main 

justifications for acceptance or exclusion of data points, including trace-element analysis 

completeness and the spatial position of each measured point within the analyzed grain 

(Cocherie and Albarède, 2001; Figure 2.3). Although this process is very laborious, it 

appears to inject the least amount of bias when selecting a data set to define an age 

population. Another data-grouping technique suggests pooling all the analytical points 

that have been collected from the same or similar compositional domains, as inferred 

from the X-ray chemical maps. However, it has been shown a direct correlation of age 

domains to compositional domains does not always exist(Williams et al., 1999), which 

means that site-selection based on a particular chemical map (Y, Th, U) for age domain 

calculations could be considered an injection of bias prior to data synthesis.  

The first justification for data-point elimination requires going through each 

analysis and checking to ensure that each element was properly measured for the total 

peak and background counting times, which is 900 seconds on peak and 450 seconds on 

each selected background pint. Depending on what analytical software is collecting and 

reporting the analysis information, eliminating data points on this basis may not be 

possible if peak and background counting times are not reported. It should be noted that 

Probe for EMPA (PFE) software, a Windows-based software package created by Probe 

Software, Inc. for both Cameca and JEOL electron microprobes, does provide a custom 

style results spreadsheet that reports peak and background counting times. The Cameca 

SX50 Quantiview software package does not have a selectable option for reporting 

counting times, even though it may be possible to have this information reported by 

writing a “task” routine. Although the PFE software does provide this information, 
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mention of this is fact here is not to be considered an endorsement for the purchase or use 

of this or any other special software. If the analysis-justification check can be performed, 

then data not meeting this criterion should be eliminated, regardless of measured 

elemental concentrations or calculated analytical dates. 

Post-analysis BSE images are captured for each analyzed monazite grain and 

date-annotated for spatial justification (Figure 2.3). These images provide visual 

justification for eliminating any data point that falls outside the monazite grain boundary 

or was taken near a fracture or other defect. Individual elemental maps should also be re-

sized and annotated for each respective grain, producing a date-annotated chemical map. 

Visual analytical-age to compositional-domain relationships can be determined and used 

to assist with the selection of dates to pool, while also facilitating interpretations of 

possible geologic processes (e.g., metamorphic bulk-rock reactions, deformation, 

hydrothermal and igneous crystallization/recrystallization). 

Once all justifiably bad analyses have been eliminated, the remaining data set can 

then be sorted based on the analysis-date (commonly performed in a descending order) 

and discrimination plots should then be created to assist with defining discrete age 

populations. The first such plot to be generated is a probability density plot of the 

individual analysis-dates and their uncertainties, which projects the frequency of analyses 

for similar apparent-age populations in histogram form and fits a Gaussian curve over the 

highest number of points (Figure 2.4). Another recommended discrimination plot is a 

linearized probability plot, which visually displays slope relationships between analyses 

or groups of analyses. Slope relationships among groups of analyses provide an unbiased 

basis for selecting well-defined apparent-age populations. The last overview plot that 

should be created is a Th/U vs. age plot, which can incorporate the full error for each data 

point into the size and shape of the error ellipse (Figure 2.4). This plot will assist in 

identifying age vs. composition clusters and may also help to identify age-mixing zones, 

which may be used to correlate an older monazite population that has subsequently been 

partially overprinted by a younger population. 
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2.3.4 Age population determination at multiple scales 

Filtering of viable analyses and utilizing discrimination plots as justified above, 

leads to a revised data set can now be used to determine and calculate cumulative ages 

from pooled dates for each discrete age-domain. Analytical-dates that have been 

determined to represent an analytical mix of two or more apparent-age populations can be 

disregarded (not eliminated) for the purpose of discerning apparent domain ages. There 

are several different age plots that should be created and compared to ensure consistency 

of designated age populations, all of which can be created using Isoplot/Ex (ver. 3; 

Ludwig 2003). However, the EPMA dating (Pommier et al., 2002) Excel add-in is needed 

in order to calculate a U-Th-Pbtotal centroid age, and associated the Th/Pb and U/Pb ages, 

This refined data set should also be used to generate element concentration (ppm) vs. 

distance plots, as well as age vs. distance plots (Figure 2.5). The first calculated age plot 

is a simple weighted-average profile, based on a selected set of pooled analyses, yielding 

a weighted-average age with an associated 2σ error, probability of fit, and MSWD 

measurement (Figure 2.6).  

In order to compare and evaluate the quality of this data synthesis protocol and 

the use of discrimination plots to identify discrete age populations, the following age-

plots are recommended: (1) Th* and U* CHIME plots to check for the existence of 

common 206Pb above negligible levels, based on a positive Pb-axis intercept, and linear 

slope relationship among the data points (Suzuki and Adachi, 1991, 1994); and (2) plots 

to display data in Th/Pb vs. U/Pb space, that calculate an independent Th/Pb, U/Pb, and 

U-Th-Pb age, from which a best-fit regression line for the data set can be compared to the 

isochron for the calculated U-Th-Pbtotal centroid age (Cocherie et al., 1999 and 2005; 

Cocherie and Albarède, 2001; Figure 2.6). Performing this suggested data processing and 

error synthesis routine yields a collective statistical error for pooled single age-domain 

analyses that is comparable to typical isotopic-age errors at the 2σ level (ca. ~10 to 20 

m.y.) and in many cases at the 1σ level (ca. ~5 to 10 m.y), providing evidence that 

chemical dating can produce ages that are comparably accurate and precise to those 

obtained through other geochronological methods. 
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This procedure should be performed first at the scale of individual grains, 

although it is common to find that some monazite grains may preserve histories better 

than other grains. Therefore, it is recommended, to create a larger data set that includes 

monazite data collected from multiple grains in a thin section and to performing this 

procedure again, starting with the creation of discrimination plots. This approach to data 

processing is commonly known as the “bottom-up” technique, and can be used at any 

scale as long as it is performed in a stepwise fashion. The opposite type of processing to 

determine defined age populations is known as the “top-down” approach, which starts 

with the entire data set for a whole sample or even a collection of samples from a specific 

region. This data set is processed and then reprocessed at each scale down to the single 

grain level; however caution should be used not to bias the next “smaller” scale of results 

with the expectation of finding age populations that will provide similar results to those 

representing the previous “larger” scale. 

2.4 DISCUSSION AND CONCLUSIONS 

The recognized capability of monazite to record and preserve multiple 

thermotectonic histories, over a wide range of P-T, has produced a rapid increase in the 

number of studies utilizing monazite to constrain the timing of polyphase metamorphic 

and deformational events. Backscattered electron petrography or whole-section elemental 

mapping of unique elements such as Ce or La provide rapid reconnaissance methods for 

identifying all the monazites in a single thin section. Both approaches provide immediate 

information about the size, integrity, textural, microstructural, or compositional setting 

for each monazite grain. Positive identification of the host mineral phase for monazite 

inclusions or neighboring minerals for matrix monazite can provide additional 

information that can be used for documenting reaction relationships that may be reflected 

in high resolution X-ray mapping of monazite grains selected for analysis.  

In order to collect as much relevant information as possible during a single 

analytical session (ranging from a single day to weeks) an investigation strategy needs to 

be constructed, so that the majority of the session is used for performing monazite 

analyses. The approach presented above is focused towards selecting monazite grains for 

high resolution X-ray mapping based on BSE investigations and imaging (Figure 2.1), 
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followed by analytical point selection using a traverse method that sufficiently samples 

each chemical domain while providing cross grain chemical profiles (Figure 2.2). This 

approach, if strategically planned, will produce a large amount of data that can be 

properly synthesized and evaluated either during subsequent monazite analyses or after 

the analytical session has concluded, saving both analytical time and cost for instrument 

usage.   

It may seem logical to pre-select well-defined chemical domains in a large 

number of monazite grains having similar compositional textures and fabric relationships, 

to target for analysis. This may allow collecting a smaller number of analyses per grain to 

offset the longer analytical times that the traverse method may require, but this trade off 

limits the graphical representations for age and elemental profiling across a grain (Figure 

2.5), resulting in either a cluster of data points or a single averaged data point for each 

chemical domain. Additionally, this approach may not provide important age-domain 

boundary information such as location and width, thereby making the assumption that all 

chemical domains possess sharp boundaries, even for outer growth regions that may be 

the result of in situ dissolution and reprecipitation. The opposite approach would be to 

perform analytical traverses across each chemical domain and within discrete chemical 

domain if more analyses are needed, followed by visual evaluation of chemical to age-

domain relationships and then pooling analyses accordingly. 

Data analysis and error processing is considered to be a critical part of any study 

using compositional data to propagate through an equation that yields a result such as 

calculated age used for geological interpretations. The approach discussed in this chapter 

is laborious and involves using several justifications for excluding an analysis, but it does 

provide an objective approach for analysis site-selection and data reduction routines, 

providing foundational arguments and greater confidence for each accepted analysis. 

Using the 1σ counting uncertainty associated with each measured element, corrected for 

both counting statistics and matrix effects, provides a more accurate analytical-date error 

for each measurement. Inherently, the chemical dating method does yield a greater degree 

of error or uncertainty for a single analysis (c.a. ~20 to 60 m.y.), but this is overcome 

statistically by pooling analytical-dates from a single age domain together, yielding an 
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apparent-age error that is comparable to isotopic methods at the 2σ level (c.a.~10 to 20 

m.y).  

In addition, the approach described above recommends generating date-annotated 

images (BSE and WDS or EDS chemical maps) and discrimination plots for discerning 

apparent age-populations at the individual grain-scale (Figures 2.3 and 2.4). From the 

collected data, compositional profiles transecting the entire grain or for a single chemical 

domain (Figure 5) can be created, showing closely-spaced chemical variations and 

detailed information about the shape, width, and sharpness of domain boundaries. This 

process can be repeated at different scales (e.g., grain, thin section, whole-rock, suite of 

samples, lithological unit), performing an integrated “bottom-up” and “top-down” 

evaluation of defined age populations, since age populations found at each scale are then 

checked with those defined at a smaller scale, and vice versa.  

In summary, monazite chemical dating is a unique technique that couples high 

spatial resolution with in situ analysis capability for accurately and precisely measuring 

small internal domains or thin overgrowth regions, which may be geologically significant 

for an earlier history or the latest deformational events. Analytical sessions need to be 

planned carefully in order to obtain the most information, while minimizing the 

introduction of bias, especially prior to performing any trace-element analysis. Strategies 

should be based on BSE and optical petrography for selecting high-integrity grains (no 

inclusions, fractures, etc.) that may also be correlated with some form of textural, 

microstructural, or compositional setting. Using a traverse method for collecting analyses 

should provide sufficient information to characterize each chemical domain with a single 

grain and allows for creating age-annotated BSE images and high-resolution chemical 

maps that are used to justify the exclusion of compromised analyses. Performing an error 

synthesis routine that utilizes the instrument-reported 1σ uncertainty associated with each 

elemental analysis ensures that the most objective error value has been used. The use of 

discrimination plots for age-population determination should help to visually identify 

“mixed age” analyses that may help identify the spatial location of mixing zones. Finally, 

performing a “bottom-up” approach that is continuously checked with a “top-down” 

evaluation at each larger scale assures that age populations are represented at multiple 

scales, which should permit the inference of accurate, precise, and geologically 
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meaningful ages for the preserved histories of metamorphism, deformation, and 

crystallization. 



 21 

 
 
Figure 2.1. (Top row) BSE image of an igneous monazite grain displaying sector growth 

zoning, EDS-generated X-ray maps of Y, Th, and U distributions within the grain, 

showing the relative elemental concentrations and single element zoning. (Bottom row) 

BSE image of a polyphase metamorphic monazite grain, displaying patchy compositional 

zoning, elemental X-ray WDS maps of Y, Th, and U distributions within the grain show 

relative elemental concentrations and complex single-element zoning. 
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Figure 2.2. BSE images of two monazite grains displaying the selected positions for 

analytical traverses. The image on the left is an igneous monazite grain with selected 

traverses run across the whole grain, to ensure analysis of complete sector growth zones. 

The image on the right has multiple traverses selected to provide sufficient analysis of 

each identifiable chemical domain, including a small core region and the outer most 

growth domain. 
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Figure 2.3. Age annotated BSE image for a metamorphic monazite grain. This type of 

image is used for spatial justification of analyses, excluding any data points that may be 

problematic due to analyzing a location either off the grain or on a fracture, inclusion, or 

other internal defect. 
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Figure 2.4. Four types of data discrimination plots used for assisting with age-population 

determination. Clockwise from top left the plots include a probability density diagram, a 

linearized probability plot, a Th* CHIME plot for a complete data set, and a Th/U vs. age 

plot. 
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Figure 2.5. Analytical traverse profiles for a single traverse across a single chemical 

domain. The top plot is an age vs. distance plot displaying the change in ages along the 

traverse and the sharp domain boundary entering the center of the older age domain and 

also showing the broader boundary exiting the older age domain. The bottom plot is an 

elemental concentration vs. distance plot, displaying the closely spaced variation along 

the traverse for each measured element. 
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Figure 2.6. Two types of calculated age plots, on the left is a weighted-mean age plot for 

26 selected analyses, with a dashed line showing the calculated weighted-mean age line. 

The plot on the right is a calculated U-Th-Pbtotal centroid age plot in Th/Pb vs. U/Pb 

space. Ages are also calculated for each axis, thereby providing three ages for 

comparison with 2σ error. The dashed line running through the data points is the isochron 

for the calculated centroid age, showing good correlation to the solid data regression line 

and not crossing outside the data error envelope. 
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3CHAPTER 3. DIRECT COMPARISON OF IN SITU MONAZITE 

DATING TECHNIQUES: ION MICROPROBE ISOTOPIC AGES 

VERSUS ELECTRON MICROPROBE CHEMICAL AGES   

 

3.1 INTRODUCTION 

Monazite, a common LREE bearing phosphate accessory mineral, has over the 

past two decades become an important tool for constraining the timing of metamorphic 

and deformational events (Suzuki and Adachi, 1991, 1998; Montel et al. 1996, 2000; 

Shaw et al., 2001; Williams and Jercinovic, 2002; Hibbard et al., 2003; Foster et al., 

2004; Gibson et al., 2004; Dahl et al., 2005a, 2005b; Pyle et al., 2005; Williams et al., 

2006). Electron microprobe (EMP) analysis provides an in situ, non-destructive method 

of dating that also offers the geochronological advantages of high spatial resolution and 

small analytical volume. Age analyses are collected from the same thin section from 

which microstructural and petrologic investigations are performed. High-resolution X-ray 

compositional mapping is essential for revealing complex compositional zoning that may 

yield information about crystal growth/recrystallization mechanisms/patterns and about 

the ionic substitutions that may be related to metamorphic reactions or microstructures. 

Consequently, such mapping provides a means to constrain age relationships, and thus 

also to unravel complex thermotectonic histories in polydeformational terrains (Pyle and 

Spear, 1999, 2003; Simpson et al., 2000; Foster et al., 2000; Williams and Jercinovic, 

2002; Foster et al., 2004; Gibson et al., 2004; Dahl et al., 2005a, 2005b). Isotopic dating 

methods using ion microbeam techniques (SIMS or SHRIMP) have consistently provided 

a high level of precision and are routinely used to date large homogeneous age domains, 

such as zircon or monazite cores and thick monazite overgrowths, but the dating of 

narrow rim and small irregularly-shaped internal domains requires a spatial resolution 

that is not currently achievable by ion microprobes or other instruments used in 

performing isotopic dating (Gibson et al. 2004; Dahl et al. 2005a, 2005b; Williams et al., 

2006). Therefore, EMP dating provides a unique means of obtaining ages on both small 

internal domains (e.g., remnant older cores in a monazite grain or monazite inclusions 
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within a host mineral or complex fabric) and final-stage rims or recrystallizational 

domains, any of which may be produced during polyphase metamorphism (Dahl et al., 

2005a; Williams et al., 2006). As such, and despite relatively low precision tat is 

surmountable by repeat analyses, EMP chemical dating of monazite represents a valuable 

complement to conventional isotopic methods, an assertion that will be clearly 

demonstrated in this study. The essential trade-off in the choice of isotopic vs. chemical 

dating boils down to the high precision of apparent age inherent in the analysis of a single 

ablation pit vs. the high spatial resolution needed to overcome mixing of closely-spaced 

age domains, respectively. Where both high age precision and spatial resolution are 

needed, the two methods should be reviewed as complementary.  

Application of chemical dating of monazite has rapidly increased over the past 

decade due to the increasing number of EMP facilities that have adapted and investigated 

the methodology for their specific instrument. This is due mostly to the ability to collect 

large numbers of analyses through in situ and automated analyses capability, but also to 

the ease of sample preparation, and the low cost when determined on a “per spot” basis. 

Monazite is common and widespread in diverse lithologies of metaluminous to 

peraluminous composition, including granitoids, pegmatites, and pelitic schists and 

gneisses ranging from greenschist- through granulite facies (Overstreet, 1967).  

Microprobe dating of monazite requires accurate and precise abundance 

measurements for U, Th, and Pb (and Y, which is required to correct for spectral 

interference on Pb). Based on experience, analytical routines have been developed to 

measure “trace” levels of U and Pb, typically ranging from 100’s to 1000’s ppm, which 

require careful optimization of microprobe analytical conditions to be optimized (e.g., 

high beam current and long counting times on peaks, etc.). Also, analytical standards 

must be well characterized and widely accepted: a typical choice is ThO2, UO2, a high-Pb 

O-based standard such as pyromorphite, and YAG. It is further evident from our 

experience that individual microprobe laboratories refine, modify, and optimize the 

monazite dating routine for their specific instruments, thereby accounting for instrument 

variables such as type and size of diffraction crystals (e.g., smaller on the Cameca SX50 

than on the SX100, etc.), electron generation source (i.e., W vs. LaB6), and type of 

detector and pressure (P-10 gas flow vs. sealed Xenon), etc. Likewise, different strategies 
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for data collection and synthesis (including error analysis) may also be developed by, and 

tailored for use in, individual laboratories. 

Given residual uncertainties in the geochronological community regarding the 

comparability of monazite ages obtained by ion and electron microbeam techniques, the 

purpose of this chapter is to present a direct comparison of isotopic and chemical ages 

obtained for monazites of diverse ages. Isotopic dating methods are well accepted and 

have been the method of choice over the last half century, evolving from solution-based 

thermal ionization mass spectrometry (TIMS) to isotope-dilution TIMS (ID-TIMS), 

followed by the advent of ion-microprobe and secondary ion mass spectrometry (SIMS) 

instruments, including the SHRIMP (sensitive high-resolution ion microprobe). Isotopic 

U-Th-Pb ages are commonly difficult to interpret due to the isotope systematics of 

monazite, including excess 206Pb in young monazite and hydrothermal alteration 

(Schärer, 1984; Poitrasson et al. 1996, 2000). Electron microprobe dating of monazite has 

rapidly developed as an acceptable alternative to isotopic methods. This study uses 

samples that have previously been analyzed at three different ion-microprobe facilities 

(SHRIMP labs), and each set of samples was dated at separate facilities. Samples were 

selected to include monazites over a wide range of ages, from both igneous and 

metamorphic rocks (at least one representing polyphase metamorphism), and exhibiting 

concordant isotopic analyses. We show that EMP chemical ages, with their precision 

enhanced by statistical treatment of multiple analyses, agree with isotopic ages in most 

samples, thereby also confirming their relative accuracy across a wide range of ages. We 

further document a case in which chemical dating of isotopically discordant monazite 

illuminates the cause of discordance as simple mixing of multiple age domains rather 

than Pb loss from a single domain. 

3.2 SAMPLES AND METHODS  

3.2.1 Samples 

A migmatitic gneiss, a pegmatite, and a quartzite – all representing Precambrian 

basement from the northwest Wyoming craton – and a Devonian granitoid from northern 

New England were chosen for this comparative geochronometric study of monazite. 
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These samples and their respective geologic settings are described only briefly here. (1) 

The high-grade gneiss TRMR-2 was sampled in the Tobacco Root Mountains, 

southwestern Montana, by Roberts et al. (2002) who conducted an initial 

geochronological study of coexisting garnet and biotite. The Tobacco Root Mountains 

exposed an Archean polyphase thermotectonic terrain in which ~3325-3350 Ma 

magmatism was followed by thermotectonism at ~2460 and ~1780-1720 Ma associated 

with the Beaverhead-Tobacco Root and Big Sky orogenies, respectively (Dahl et al. 

2000; Dahl and Hamilton, 2002; Roberts et al., 2002; Brady et al., 2004; Cheney et al., 

2004; Harms et al., 2004; Mueller et al., 2004; Krogh et al., 2011). (2) Sample CJ-9 was 

collected from a small, cross-cutting, late-syn to post-tectonic tourmaline pegmatite in the 

Ruby Range, southwest Montana, and is interpreted as representing a late pulse of 

regional thermotectonism (Jones, 2008) associated with docking of the Wyoming 

province with Laurentia during the Big Sky orogeny. The assembly of western Laurentia 

occurred over a span of ~150 million years, bracketed by emplacement of continental-arc 

granitoids along the NE-SW trending Great Falls tectonic zone to the north at ~1865 Ma 

(Dahl et al., 2000; Mueller et al., 2002) and final docking of the Wyoming province at 

~1715 Ma as marked by localized midcrustal doming and granite magmatism in the 

Black Hills, South Dakota (Dahl and Frei, 1998; Dahl et al., 1999, 2005a). (3) Fuchsitic 

quartzite sample NSB-2 represents a supracrustal migmatite complex in the western 

Beartooth Mountains, southwestern Montana. Data from a detrital zircon study (Loehn, 

2009) bracketed maximum and minimum depositional ages of 2690 ± 12 Ma and 2531 ± 

10 Ma, based on U-Pb isotopic analysis of a magmatic zircon core and a younger 

metamorphic rim. (4) Finally, a much younger, Acadian suite of monazites from the 

Black Mountain Granite, Vermont, represents a region characterized by ~390-385 Ma 

upper-amphibolite-facies regional metamorphism, dominated by metapelites and intruded 

by ca. 360 Ma anatectic granites, with deformational activity extending through ~330 Ma 

(Ratcliffe et al., 2001). 

Sample selection for this comparative study was based on a preference for 

samples analyzed at multiple independent SHRIMP facilities, in order to incorporate a 

range of lab data-reduction protocols, instrumental configurations, and inherent mass 

resolution. It was also desirable to include both igneous and metamorphic monazite in the 
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study, given the relative complexity of internal domains in metamorphic monazite as 

commonly shown in chemical zoning patterns and textures. The selected igneous-

metamorphic suite embodies monazites ranging in age from Neoarchean (>2550 Ma) to 

Devonian (~330 Ma), as indicated in the original citations or from personal 

communication with the analysts.  

3.2.2 Methods 

Isotopic analyses of monazite for U-Th-Pb were carried out at three different 

SHRIMP facilities, performed by the original researchers who have supplied both the 

analyzed samples and the collected isotopic data: all are co-authors of this paper. The 

individual facility procedures and protocols are described below, including the age 

standards used, to illustrate how the isotopic dating technique varies slightly for each 

facility due to the design and mass resolution ability for the different SHRIMP 

instrumentation. All of the described protocols are based on individual internal lab 

procedures, distributed to individual researchers using the facilities, and are unpublished 

in the standard literature. 

The GSC protocol described below was supplied from the original researcher and 

co-author, and the monazite analyses reported herein for gneiss TRMR-2 analyses were 

performed during the same session (and by the same essential method) that zircon 

analyses were performed by McCombs et al. (2004).  
In situ U-Th-Pb isotopic analyses of monazite in metapelite TRMR-2 were carried out at the 

SHRIMP II facility at the Geological Survey of Canada (GSC), using the analytical and data reduction 
procedures detailed by Stern (1997) and Stern and Sanborn (1998). Prior to analysis, BSE imaging of 
monazite grains was carried out using a Cambridge Instruments S360 scanning electron microscope at the 
GSC in order to identify chemical domains. Individual crystals of GSC natural monazite standards (no. 
2908 - ID-TIMS 207Pb/206Pb age = 1795 Ma, and for no. 3345 = 1821 Ma) were impregnated with epoxy 
into the thin section and spot polished, and the section was then coated with approximately 12 nm of high 
purity Au to ensure good conductivity. To obtain the best quality results data were acquired using a primary 
beam yielding a sputter diameter of ~13 × 18 µm, equating to an ablated sample volume of ~27 µm3, based 
on a maximum ablation depth of ~1 µm. Primary ion currents ranged from ~2 to 2.3 nA, yielding a mass 
resolution in the range 5200 to 5400 (1% peak height). Isotopic analysis was preceded by a 3 min raster of 
an area slightly larger than the analytical sputter region by using an O- primary beam, a procedure that 
effectively eliminated any common Pb introduced to the thin section surface during preparation or Au 
coating. A typical analysis consisted of 6 to 8 sequential scans through 9 masses of interest, including 204Pb, 
and background measured at 204.1 amu. The presence of a known isobaric interference under 204Pb 
(~203.96 amu), stemming from a doubly charged ThNdO2 species (Ireland et al. 1999), was compensated 
for by shifting the electrostatic analyzer (ESA) window settings to accept a slightly higher band of the 
energy spectrum at minor loss of total secondary ion signal (see also Stern and Berman 2000). Despite 
adequate elimination of the isobaric interference, many monazite grains still showed appreciable levels of 
intrinsic common Pb, though their proportions of the total Pb were low. Isotopic ratios were corrected for 
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common Pb using the measured 204Pb/206Pb values, and the Cumming and Richards (1975) model for Pb-
isotopic compositions calculated for the approximate age of the grains. Empirical standard calibrations 
yielded bias corrections for the Pb/U ratios with associated external uncertainties of ± 0.8.1.3% (± 1σ), and 
these were propagated through to the Pb/U isotopic compositions of the unknowns, together with the 
counting errors. Final corrected isotopic ratios and ages are reported in tabular form with 1σ errors (68% 
confidence limits), whereas ages presented in the text and figures, including error ellipses and intercepts of 
statistical regressions on the concordia diagrams, are given with 2σ errors (95% confidence) unless 
otherwise specified. 

 
The SHRIMP-RG (reverse geometry) ion microprobe co-operated by U.S. 

Geological Survey and Stanford University in the SUMAC facility at Stanford 

University, supplied the following lab protocol at the time of the original analytical 

session in 2004. Monazite analyses performed on both quartzite NSB-2 and pegmatite 

CJ-9 were carried out in association with detrital zircon analyses presented in separate 

Master’s theses by Loehn (2009) and Jones (2008).  
U-Th-Pb isotopic analyses of monazite grains from samples NSB-2 and CJ-9 were carried out at 

the SHRIMP RG facility at the US Geological Survey-Stanford laboratory (SUMAC). Prior to analysis, 
BSE imaging of the monazite grains was carried out using a JEOL 5600 SEM housed at Stanford 
University to identify internal structure, inclusions, and physical defects. Individual crystals of SUMAC 
natural monazite standard Wendell were cast in epoxy along with NSB-2 and CJ-9 (USGS mount CC1) and 
polished to a 1-micron diamond-paste finish, then coated with Au to ensure conductivity. To obtain the best 
quality results data were acquired using a primary beam yielding a sputter diameter of ~20 to30 µm, 
equating to ablated sample volumes of ~30 to 46 µm3, based on a maximum ablation depth of ~1 µm. 
Primary ion currents ranged from ~3 to 5 nA, yielding a mass resolution of M/ΔM = ~8500 (10% peak 
height). Isotopic analysis was preceded by a 90 to 120 second raster of an area slightly larger than the 
analytical region by using the primary O- beam, to eliminate common Pb that may have been introduced 
during preparation or Au coating. The basic acquisition routine for monazite started with 140Ce31P16O2

+, 
used as the high-mass normalizing species. This was followed by 204Pb+, with background counts measured 
at 0.050 mass units above the 204Pb+peak, then 206Pb+, 207Pb+, 208Pb+, 232Th+, 238U+, 232Th16O+ , 238U16O+ and. 
An additional peak included specifically for the monazite analytical routine was the half-mass 
143Nd232Th16O2

2+ at mass 203.5, which is used to correct for the interference of 144Nd232Th16O2
2+ on 204Pb+. 

Peak-centering on both ubiquitous species and on guide peaks adjacent to low-abundance or interference-
prone species was used to eliminate any potential effects of magnet drift or peak wandering. The number of 
scans through the mass sequence and counting times on each peak were varied according to the sample age 
and the U and Th concentrations, in order to maximize counting statistics and age precision. The SHRIMP-
RG was designed to provide higher mass resolution than the standard forward geometry of the SHRIMP I 
and II (Clement and Compston, 1994). Data reduction for geochronology followed the methods described 
in Williams (1997) and Ireland & Williams (2003), using the Squid and Isoplot3 programs of Ken Ludwig 
(2001 and 2003).  Average count rates for each element of interest were ratioed to the appropriate high-
mass normalizing species (see above) to account for any primary current drift, and the sample-derived 
ratios were compared to an average of those for the standards to determine elemental concentrations.  Spot-
to-spot concentration precision (as measured on the standards) varied according to elemental ionization and 
absolute abundance. Final corrected isotopic ratios and ages are reported in tabular form with 1σ errors 
(68% confidence limits), whereas ages presented in the text and figures, including error ellipses and 
intercepts of statistical regressions on the Concordia diagrams, are given with 2σ errors (95% confidence) 
unless otherwise specified. 
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The RSES lab protocol described below was supplied from the original researcher 

and co-author and is an internal lab procedure that has not been published, as indicated by 

personal communications with the original researcher. 
Isotopic U-Th-Pb analyses of monazite grains from the Black Mountain Granite sample VT/Br1-

89 were carried out at the SHRIMP II facility at the Research School of Earth Sciences (RSES), Australian 
National University, using the analytical and data reduction procedures detailed by Stern (1997) and Stern 
and Sanborn (1998). Before analysis, BSE imaging of monazite grains was carried out using a scanning 
electron microscope at the RSES. Individual crystals of RSES natural monazite standard TM-1 (1768 Ma 
pegmatite, Thompson Mine, Manitoba, Aleinikoff et al., 2006) were cast in epoxy along with VT/Br1-89 
and sequentially polished to a 6 µm and 1 µm diamond paste finish, and then coated with Au to ensure 
conductivity. To obtain the highest quality results data were acquired using a primary beam yielding a 
sputter diameter of ~10 to 15 µm, equating to ablated sample volumes of ~15 to 23 µm3, based on a 
maximum ablation depth of ~1 µm, yielding a mass resolution in the range 5000 to 6000 (1% peak height). 
A typical analysis consisted of 5 to 6 sequential cycles through 9 masses of interest. These analyses utilized 
energy filtering to remove an isobaric interference (suspected to be a NdThO molecule; Ireland et al., 1999) 
at mass 204.  The energy filter slits were adjusted so that the UO peak (mass 254) was decreased by about 
half. Measured 206Pb/238U ratios for monazite analyses were normalized to values for standard 44069 (424 
Ma; Aleinikoff et al., 2006). All SHRIMP II monazite data are reduced using Squid (Ludwig, 2001) and 
plotted using Isoplot3 (Ludwig, 2003). Concentrations of U and Th are believed to be accurate to about 
±20%, and are only used for comparison of analyses. Final corrected isotopic ratios and ages are reported in 
tabular form with 1σ errors (68% confidence limits), whereas ages presented in the text and figures, 
including error ellipses and intercepts of statistical regressions on the concordia diagrams, are given with 
2σ errors (95% confidence) unless otherwise specified. 

 

Chemical-dating analyses and WDS chemical maps of monazite from TRMR2 

were obtained in situ from a polished thin section, whereas analyses and maps from NSB-

2, CJ-9, and VT/Br1-89 were obtained from monazites cast in epoxy mounts. All 

analyses were conducted using the SX-50 electron microprobe (EMP) facility at Virginia 

Tech. Analytical methods used incorporated the suggestions of Williams et al. (1999) 

during the initial investigation and were subsequently modified to obtain the best quality 

results on the specific SX50 instrument housed at Virginia Tech (VT). Prior to analysis, 

BSE imaging of the same monazite grains that had been isotopically analyzed was 

performed using a Camscan Series II scanning electron microscope at VT, which 

provided positive identification and location of previous SHRIMP analysis pits. High-

resolution WDS X-ray images (for Y, Th, U, and Ca) were generated at 300 nA for each 

grain to characterize compositional patterns and to document correlations with 

subsequent quantitative analyses. An accelerating potential of 15 kV was used with a 

focused beam, and was estimated to be ~2.5µm in diameter at a regulated 200 nA current, 

comparable with a theoretical minimum of ~2.2µm (Castaing, 1960). This spot diameter 

yields an excitation volume of ~8 µm3 for a single spot analysis modeled as a partially 
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filled sphere, using the equation to calculate beam penetration depth (~1.1µm) provided 

by Goldstein et al. (2003). Monte Carlo simulations performed by Pyle et al. (2005) 

yielded a beam diameter and penetration depth of ~1.5µm at 15 kV accelerating voltage, 

producing an analytical volume of ~7µm3. The trace-element analytical procedure we 

used assumes an average chemical composition of major and minor elements (P, Ce, La, 

Nd, Sm, Gd, Dy) for use in matrix and ZAF corrections; individual analyses were 

preformed simultaneously for Y, Th, U, and Pb using four wavelength dispersive 

spectrometers (WDS). Our calculations indicate that the typical variations in 

concentrations of the matrix elements in monazites noted above result in no variation in 

matrix corrections for the analyzed trace constituents. A peak counting time of 900 

seconds was used, and both upper and lower background positions (positions listed in 

Williams et al., 1999) were counted for 450 seconds each. Matrix corrections used a PAP 

correction routine (Pouchou and Pichoir, 1991), and spectral interference on Pb Mα by Y 

Lα was performed as a post-analysis routine (Åmli and Griffen, 1975; Williams et al., 

1999). To avoid analytical bias, and to minimize any uncertainty related to absolute error 

in standard concentrations, only well-characterized natural or synthetic standards were 

used for elemental calibration. These included synthetic YAG (Y3Al5O12) for yttrium, 

synthetic annealed ThO2 for thorium (from Cannon Microprobe, Inc.), synthetic depleted 

UO2 for uranium (from Sandia National Lab), and a well-characterized natural 

pyromorphite (Pb5[PO4]3Cl) for lead (from the Harvard Mineralogical Museum). Age 

uncertainty was calculated using the 1σ elemental errors associated with each analysis 

(Th, U, and Pb) as a basis for calculating the 2σ relative and absolute errors, for each 

element. Data processing utilized the EPMA Excel add-in program by Pommier et al. 

(2002) for propagating the elemental concentrations and their respective error through the 

chemical dating equation of Montel et al. (1996). All errors in EMP data discussed in the 

text and depicted graphically in the figures are at the 2σ level (95% confidence), 

including the calculated error at the centroid for an age regression in Th/Pb–U/Pb space 

(Cocherie and Albarède, 2001; Cocherie et al. 2005). Determination of age populations 

was performed using the methods defined by Loehn (2009) and were evaluated using the 

statistical criterion of Wendt and Carl (1991) for a single age population (MSWD < 
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1+2(2/f)0.5 in all cases, where f (= n - 2) represents the degrees of freedom and n is the 

number of analyses). 

3.3 RESULTS 

3.3.1 Ion microprobe (SHRIMP) geochronology 

U-Th-Pb isotopic analyses were performed by ion microprobe (SHRIMP) on a 

total of 48 spots in 26 monazite grains at three different facilities, including the 

Geological Survey of Canada (SHRIMP II), Research School of Earth Sciences 

Australian National University (SHRIMP II), and the US Geological Survey-Stanford 

laboratory (SHRIMP RG). The analyzed monazite suite included the six monazite grains 

analyzed by EMP (i.e., TRMR-2 grain 23; NSB-2; CJ-9 grain 2; and VT/Br1-89 grains 6, 

7, and 10). The isotopic data are summarized in Table 1, where individual spot analyses 

are listed for each sample in subsets according to the analytical facility and instrument. 

Uncertainties for 207Pb/206Pb ages inferred in this study range from ± 1 to ± 35 m.y. (1σ) 

and for 206Pb/238U ages from ± 5 to ± 33 m.y. (1σ). These uncertainties reflect a 

combination of random error embedded in count-rate statistics, iterative regression 

analysis, discrimination corrections, and systematic errors related to using the “known” 

U/Pb age of the standard material to infer an age for the unknown material.  

Isotopic results for monazite are presented in this study with the understanding of 

the contributors that they will geologically interpret their dates elsewhere and that these 

dates will be strictly used here as a referent for evaluating the quality of the EMP 

chemical dates obtained for the same monazite grains. However, additional data supplied 

by the original researcher (e.g., zircon analyses) or regional information published in the 

literature that recognize ages for specific bodies or events, have been taken into account 

to better understand and determine if apparent age results are geologically meaningful, 

and not just numerically comparable between the two techniques. 

Monazite analyses by SHRIMP II at the GSC for gneiss TRMR-2 yielded 24 
207Pb/206Pb ages ranging from ~2785 to ~1710 Ma, correlating to three distinct domains 

present in multiple polyphase grains (Table 3.1; Figure 3.1), including small truncated 

cores, large mantling areas, and small overgrowth rims, all ages <7% discordant with the 
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exception of two analyses. For the purpose of this study a single grain containing three 

isotopic age domains was selected for electron microprobe investigation. Monazite grain 

23 reveals four to five large compositional domains in BSE imaging done both by the 

original researcher and in this study, including two to three separate mantle regions, dark 

intergrowths, and overgrowths on several edges. Isotopic dating for Mnz-23 specifically, 

yielded 2785 ± 9 and 2619 ± 11 Ma for the dark intergrowth region in the core of the 

grain, 2451 ± 4 and 2432 ± 10 Ma for a large mantling area, and 1914 ± 14 and 1879 ± 28 

Ma for the outer rim areas, all errors listed as 1σ and all ages <6% discordant 

(highlighted in Table 3.1; Figures 3.1).  

 Two samples analyzed at the SUMAC facility using the SHRIMP RG, included a 

tourmaline pegmatite CJ-9 and a fuchsitic quartzite NSB-2, totaling 12 and three 
207Pb/206Pb ages, respectively, as summarized in Table 1. BSE imaging of monazites in 

each sample revealed no major compositional zoning and high levels of grain integrity. 

Six monazite grains were analyzed from CJ-9 yielding a tight grouping of ages from 1759 

± 2 to 1767 ± 3 Ma, errors listed as 1σ and all ages <2% discordant (Table 3.1; Figure 

3.2; Jones, 2008). The present study selected Mnz-2, from sample CJ-9, on the basis of 

size and multiple isotopic analyses across the grain, providing four 207Pb/206Pb ages of 

1760 ± 2, 1761 ± 2, 1764 ± 2, and 1767 ± 3 Ma, all errors listed as 1σ and all ages <2% 

discordant (Table 3.1; Figure 3.2; Jones, 2008). During the same analytical session that 

was originally scheduled to perform detrital zircon studies for Jones (2008) and Loehn 

(2009), two monazite grains in NSB-2 were found but only one grain revealed a high 

level of integrity and was large enough for ion-microprobe analysis. The monazite in 

NSB-2 contained three analytical points transecting across the grain, yielding 207Pb/206Pb 

ages of 2552 ± 2, 2548 ± 2, and 2545 ± 1 Ma, all errors listed as 1σ and all ages <4% 

discordant (Table 3.1; Figure 3.3; Loehn, 2009).  

Black Mountain Granite sample VT/Br1-89 was analyzed by SHRIMP II at the 

RSES ANU facility for a study on the Devonian New Hampshire Plutonic Suite 

(Ratcliffe et al., 2001), producing 206Pb/238U ages from ten monazite grains. 

Characteristic igneous oscillatory zoning is revealed in backscattered electron images, 

providing large magmatic growth areas that yielded 206Pb/238U ages ranging from 386 ± 

12 to 363 ± 10 Ma, errors listed as 1σ in Table 3.1. Three of the ten grains were selected 
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for this study based on their size and spread of ages; Mnz-6 yielded a 206Pb/238U age of 

368 ± 11, Mnz-7 an age of 376 ± 12, and Mnz-10 provided an older age of 386 ± 12 Ma, 

illustrating a spread of igneous ages that fall statistically within the 1σ single grain error 

range to each other (highlighted in Table 3.1 and Figure 3.4). The oldest and youngest 

ages are also independently supported by zircon 206Pb/238U ages that were obtained 

during the initial study. 

3.3.2 Electron microprobe (EPMA) geochronology  

Chemical analyses of Th, U, Pb, and Y were performed by EMP at Virginia Tech 

on the selected samples described above that had been previously analyzed by ion-

microprobe (SHRIMP), including in situ analyses on a polyphase metamorphic grain, one 

grain from a tourmaline pegmatite and fuchsitic quartzite, and three grains from a 

Devonian plutonic body. A total of 472 individual EMP analyses were performed and 

probability density histograms were constructed for each sample, utilizing a default bin 

width. Chemical age data for all analyzed samples are summarized in Table 3.2, in which 

individual spot analyses are listed in subsets according to sample identification, and 

chemical ages are presented in Th/Pb vs. U/Pb space or mean-weighted-average age 

plots. Typical uncertainties on individual spot analyses range from ± 25 to ± 100 m.y. 

(2σ), calculated from propagating 2σ uncertainties in elemental concentrations through 

the chemical dating equation of Montel et al. (1996) using the EPMA dating Excel add-in 

(Pommier et al., 2002) further details are in Loehn (2009). High-resolution WDS 

elemental X-ray images were collected for Mnz-23 in sample TRMR-2 and EDS images 

were collected for the remaining selected grains; additional maps were created in some 

instances to focus in greater detail on areas around microbeam isotopic analytical pits.  

Metapelite sample TRMR-2 contained many monazites that displayed complex 

polygenetic textures in backscattered electron images; Mnz-23 was selected for EMP 

analysis based on its size and the six previous isotopic analyses performed on it. A total 

of 138 EMP analyses were collected across the grain using an analytical traverse method; 

additional points were selected for analysis after data synthesis and spatial plotting of age 

results on backscattered electron images and selected elemental maps. The full data set 

was processed and projected using a probability density histogram (Table 3.2; Figure 3.5) 
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that revealed three major age populations with areas of mixing between age peaks. 

Additional discrimination plots were created, including linear probability, Th/U vs. age, 

and age-annotated spatial distribution images, constraining the boundaries for age 

population selection. Mnz-23 (~90 µm across) yielded three age populations that were 

spatially correlated with distinct compositional zones. The defined age population data is 

displayed in Th/Pb vs. U/Pb space (Figure 6). Nine analyses performed on the small 

irregular core, ~12 x ~16 µm and with an average Th/U of ~21, yielded a centroid U-Th-

Pbtotal age of 2863 ± 10 Ma  (2σ - MSWD = 0.63) and a data regression line parallel to 

the 2863 Ma isochron (Figure 6). The largest defined chemical domain by BSE imaging, 

revealed a complex Y compositional-zoning pattern and Th/U ranging from 5 to 32, 

yielding a centroid U-Th-Pbtotal age of 2452 ± 4 Ma (2σ - MSWD = 0.44) with a data 

regression line parallel to a 2452 Ma isochron (Figure 3.6). Points at the end of the initial 

traverse analyses suggested that a younger overgrowth domain existed; additional 

analyses targeted at, and performed along, selected edges of the grain produced a Th/U 

ratio of ~19 and produced a weighted-average age for this rim of 1703 ± 14 Ma (2σ - 

MSWD = 0.25, 99.4% probability of fit) (Figure 3.6). All EMP ages were found to be 

either geologically meaningful for the region or to have been found through isotopic 

dating in other mineral systems, except for the TRMR-2 Mnz 23 interior core age ~2865 

Ma. 

A tourmaline pegmatite in the Ruby Range, Montana was part of a geochronology 

study in the Ruby Range, Montana by Jones (2008), which yielded monazite, zircon, and 

xenotime mineral separates for isotopic analysis (SHRIMP RG). Results from that study 

revealed coherent ages for between monazite and xenotime, but due to high levels of 

common Pb and severe radiation damage the zircons were declared unusable for analysis. 

For the purposes of the present study, a single grain (Mnz-2) from CJ-9 was selected for 

EMP comparison dating based on its larger size and the four isotopic analyses that had 

been done. A total of 59 EMP spot analyses were performed along two analytical 

traverses, with the full data set being shown on a probability density histogram (Table 

3.2; Figure 3.7) that revealed a single age population. Additional discrimination plots 

were created, including linear probability, Th/U vs. age, and age-annotated spatial 

distribution images, to verify the existence of and help with the single age-population 



 39 

data selection. Mnz-2 was ~325 µm x ~250 µm in size and displayed oscillatory 

compositional zoning in BSE imaging. The single age population yielded a centroid U-

Th-Pbtotal age of 1769 ± 3 Ma (2σ - MSWD = 0.51) and was calculated for the whole 

grain (Figure 3.7), with a low Th/U ranging from 3 to 7 and a data regression line 

paralleling the 1769 Ma isochron. 

A detrital zircon study (Loehn, 2009) on the supracrustal migmatite complex of 

the North Snowy Block, Beartooth Mountains (NSB) included two quartzite samples. 

NSB-2 contained two monazites that were cast in epoxy along with zircons for isotopic 

U-Pb analysis by ion microprobe. One of those two grains was not suitable for isotopic 

(SHRIMP RG) analysis due to size and to fracturing during separate preparation, but the 

other was analyzed three times and provided foundation for constraining the time of 

deposition and metamorphism of the fuchsitic quartzite, NSB-2. A total of 53 EMP spot 

analyses were performed along two analytical traverses and plotted on a probability 

density histogram (Table 3.2; Figure 3.8) that revealed two major age populations and an 

area of mixing between the age peaks. Additional discrimination plots were created, 

including linear probability, Th/U vs. age, and age-annotated spatial distribution images, 

helping to constrain the boundaries for age population selection. The NSB-2 monazite 

was ~225 µm x ~150 µm in size and displayed no obvious compositional zoning in a 

BSE image. High-current trace element (Y, Th, and U) imaging was performed using a 

Bruker XFlash 5010 EDS set for narrow peak width collection to limit spectral 

interference overlap (Figure 3.8). Chemical images displayed a homogeneous central area 

with continuous growth zoning near the edges, with a possible euhedral core region, not 

analyzed for this study; analytical traverses were selected based on BSE images and 

targeted to analyze areas around isotopic analytical ablation pits. A single centroid U-Th-

Pbtotal age of 2553 ± 4 Ma (2σ - MSWD = 1.4) was calculated for the homogeneous 

central area (Figure 8), with a Th/U range from 3 to 14 and a data regression line 

paralleling the 2553 Ma isochron. A second defined age domain yielded a centroid U-Th-

Pbtotal age of 2458 ± 7 Ma (2σ - MSWD = 0.54) with a data regression line that 

overlapped the 2458 isochron (Figure 3.8), and Th/U range from 7 to 11. 

Granite from Black Mountain, in the Guilford Dome of southeastern Vermont, 

was originally part of a Devonian New Hampshire Plutonic Suite study (Ratcliffe et al., 
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2001) in which the authors prepared mineral separates in epoxy mounts, these would then 

be used for several isotopic geochronometers, particularly zircon and monazite. A total of 

ten monazite grains from VT/Br1-89 were isotopically analyzed by SHRIMP II, from 

which three grains were selected for EPMA analysis. A combined total of 222 EMP spot 

analyses were performed on three monazite grains, in which analytical traverses were 

selected to transect the entire grain and target each isotopic analytical ablation pit. Results 

for the combined data set are plotted on a probability density histogram (Table 3.2; 

Figure 3.9) that reveals a single Gaussian peak over the dominant age population. 

Additional discrimination plots were created for each individual grain, including linear 

probability, Th/U vs. age, and age-annotated spatial distribution images, to verify that the 

whole-sample dominant age population is represented in each grain and to evaluate each 

grain for multiple age populations (individual grain analysis is described below). High-

current trace element (Y, Th, and U) imaging was performed using the Bruker XFlash 

5010 EDS set for narrow peak width collection to limit spectral interference overlap 

(Figure 9). BSE imaging of each grain revealed euhedral compositional zoning 

suggestive of magmatic crystallization. Isotopic analytical ablation pits were located in 

areas with the highest level of grain integrity. A total of 72 analyses were performed on 

Mnz-6 along four analytical traverses, two transecting across the entire grain and two 

shorter transects near the SHRIMP analytical pit. A single whole-grain age population 

was determined utilizing 53 analyses, resulting in a centroid U-Th-Pbtotal age of 355 ± 3 

Ma (2σ - MSWD = 0.42) with a Th/U range from 18 to 47 and a data regression line sub-

parallel to the 355 Ma isochron (Figure 3.10). Another grain that displayed apparent 

igneous compositional zoning was Mnz-7, and a total of 43 analyses were performed 

along one long traverse across the grain and two shorter traverses around the isotopic 

analytical pit. A single defined age population, determined from 33 analyses, yielded a 

centroid U-Th-Pbtotal age of 358 ± 3 Ma (2σ - MSWD = 0.54) with a Th/U range from 

27 to 43 and a data regression line sub-parallel to the 355 Ma isochron (Figure 3.11). The 

final grain from this sample, Mnz-10, revealed a large interior region with thin oscillatory 

zoning bands near the outer edges of the grain. Initially, 79 EMP analyses were 

performed along two long transects extending across the entire grain and two short 

traverses around the isotopic analysis pit, synthesis of that data indicated two age 
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populations exist. Two additional traverses containing 30 EMP spot analyses were run 

across the previous SHRIMP analysis ablation region. The oldest defined age population 

was determined from 20 analyses that yielded a weighted-average age of 390 ± 7 Ma (2σ 

- MSWD = 0.18, 100% probability of fit; Figure 3.12) with a Th/U range from 23 to 38. 

A younger, yet whole-grain, age population was determined from 60 analyses producing 

a centroid U-Th-Pbtotal age of 359 ± 3 Ma (2σ - MSWD = 0.43) with a Th/U range from 

25 to 49 and a data regression line sub-parallel to the 359 Ma isochron (Figure 3.12). 

 

3.4 DISCUSSION 

3.4.1 Analytical resolution and imaging 

Accuracy and precision are two controlling factors for obtaining geologically 

meaningful ages, utilizing either isotopic or chemical techniques. Spatial resolution (i.e., 

diameter of the primary beam), analytical sampling volume, and the ability to generate 

and use high resolution elemental maps as guides to chemical or age domains within 

single grains affect the accuracy and final interpretation of monazite ages (e.g., Gibson et 

al., 2004; Pyle et al., 2005). Suggested spatial resolutions and analytical volumes 

provided by ion microprobe researchers ranged respectively from 10 to 30µm (beam 

diameter) and 15 to 46µm3 (sampling volume) for the different SHRIMP instruments, 

compared to an EMP beam diameter of 1.5 to 2.5µm and 7 to 8µm3 analytical sampling 

volume. Due to the typical polyphase nature of monazite which commonly records three 

or more hydrothermal or thermotectonic events in small irregularly-shaped older domains 

or several layers of overgrowth (or intergrowth) material, it is advantageous to use a 

technique that involves a small primary beam, allowing analysis of small grains and 

individual polyphase age domains within a single grain. Given that an EMP analysis 

provides the smallest beam diameter and shallow penetration depth (comparable to 

SHRIMP ablation depth), demonstrates the high accuracy of EMP for site-specific 

analysis of small inclusions or matrix grains and/or individual domains within a single 

monazite. Using a higher spatial resolution analytical technique is the only way to 

prevent domain mixing within the sampling volume, both spatially and at depth, whereas 
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most isotopic techniques are limited to poorer spatial resolution in order to obtain both a 

sufficient signal and a shallow penetration depth.    

 Analytical site selection, either in single point analysis or for line traverse 

profiling, optimally requires pre-analysis imaging to be performed and used both as a 

guide during the analytical routine and during post analysis data processing and 

interpretation. Minimum required imaging for most in situ microbeam geochronology 

should include optical microscopy (i.e., reflective and transmitted light), BSE, and 

secondary electron (SE) imaging; additional methods of imaging may be useful for 

specific minerals (e.g., cathodoluminescence of zircon) if readily available. BSE imaging 

is correctly considered to be a minimum-imaging requirement based on the process that is 

involved in the generation of backscattered electrons in monazite. In monazite, the 

brightness is directly related to the abundance of backscattered electrons being produced 

by high average atomic number (Z) elements such as Th (Z=90) and U (Z=92) and 

effectively show the compositional variation of a single element or possibly the 

cumulative difference between Th + U compositional zones, dominating the BSE image 

and therefore masking any lighter element compositional zoning or pattern. So for 

monazite dating specifically, it is becoming more apparent (for isotopic and chemical 

dating) that some form of elemental X-ray maps (Y, Th, and U) need to be created for 

accurate analytical site selection among different compositional growth zones, among 

which many researchers have largely emphasized changes in Y concentration as a key 

indicator.  

The desirability of obtaining elemental maps prior to analysis has long been a 

point of discussion between isotopic and chemical dating communities, since many 

isotopic facilities may not have easy access to an EMP to create high-resolution WDS X-

ray maps; nor may it be economic or feasible to create single grain chemical maps for 

mineral-separated epoxy mounts (detrital or igneous studies) for isotopic dating 

techniques. Due to relatively high concentrations of Y, Th and even U, to a lesser extent, 

an EDS may be able to generate elemental maps with enough resolution and resolvable 

spectral interference (PKα→YLα; ThMγ→UMβ) to be useful for analytical site selection and 

could be generated over a reasonable period of time, providing a high enough count rate 
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is achieved and the EDS software package allows for image subtraction or spectral 

interference correction.  

To illustrate the different types of images (chemical maps) and resolution 

obtainable (utilizing a short dwell time for EDS imaging, a series of images were created 

for TRMR-2 Mnz-23 (Figure 3.13). BSE imaging should be performed both prior to and 

after completion of chemical and isotopic analysis, to check the accuracy of site-selected 

analyses and to help determine the spatial quality of each analysis. Chemical domain 

boundaries normally appear to be the sharpest in BSE images, but as mentioned above, 

only the high Z element compositional variations are being shown. Elemental imaging 

has traditionally been performed utilizing an EMP for the WD high-resolution and the 

ability to collect images at higher currents that are normally not generated on an SEM. 

Two different sets of Y and Th elemental maps are displayed in Figure 3.13, to display 

the ability of an EDS to generate moderate to high-resolution chemical maps that show 

comparable resolution and definition of chemical domain boundaries, when directly 

compared to WDS images (Figure 13).  

Considering that most geochronology labs possess or have access to an SEM, the 

idea of an EMP being an “all in one” type instrument for imaging and analysis and an 

EDS just being an accessory instrument, is rapidly becoming a thing of the past. The 

advancement in EDS instrumentation (ultrathin-window SDDs, improved software) can 

now allow a high through-put and count rate for major and minor elements in monazite. 

This coupled with software packages that perform and display element deconvolution 

under-the-peak and that can produce spectral interference and background corrected 

chemical maps, may provide an economical solution for generating moderate to high-

resolution chemical maps for isotopic dating facilities. 

3.4.2 Instrument operation and data processing 

To ensure that the most accurate and precise analyses are collected, previous 

studies have investigated ways to optimize monazite analysis, including sample 

preparation quality and coating effects; utilizing only well characterized standards; 

optimizing operator controlled instrument parameters; proper method for data collection, 

correction, and synthesis (including error analysis); and proper reporting of chemical 
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dating results (e.g., Williams et al., 1999; Scherrer et al., 2000; Cocherie and Albarède, 

2001; Pyle and Spear, 2003; Jercinovic and Williams, 2005; Dahl et al., 2005a; Pyle et 

al., 2005 and references therein; Williams et al., 2006). Collectively, these studies 

resulted in illustrating the pitfalls that must be taken into consideration when performing 

chemical dating, and providing a roadmap for refining the overall technique. However, 

each EMP is unique and should be evaluated for the criteria listed above and provided in 

the literature for monazite chemical dating, in order to determine the quality and 

reproducibility for performing monazite analysis and dating. This will help to determine 

how to refine suggested protocols to create internal lab procedures that are more 

specifically focused for that particular instrument. Therefore, though the EMP dating 

technique and parameters are continuously being studied and refined, there is no overall 

standard complete “recipe” that can be used by every lab, which may result in fewer labs 

that perform chemical dating, as is also the case for isotopic geochronology. It is 

advisable and encouraged to engage other EMP labs that regularly perform monazite 

chemical dating to help develop an internal lab procedure and provide up-to-date advice 

about new parameters that may need to be evaluated.  

Data collection and synthesis routines are developed independently by 

geochronology laboratories, focusing on either a specific method for collection based on 

current user samples or type of investigation being performed. The one fundamental rule 

for data collection that is widely agreed upon is to limit the amount operator bias when 

performing analysis site selection. This can be accomplished either by using an analytical 

traverse method that arbitrarily crosses chemical domain boundaries and also ensures that 

each separate chemical domain is sampled sufficiently, or specifically targeting each 

separate chemical with a minimum number of analyses limited only by the size of the 

domain. Each method should produce a cumulative apparent age of equal quality, but the 

amount of information obtained during a single chemical dating session may provide two 

separate but related amounts of information. It should be noted that for this specific study 

the focus was a comparison of the accuracy and precision of chemical ages with 

previously obtained isotopic ages on a single whole-grain or age-domain scale, as the 

latter applies to TRMR-2 Mnz-23 and VTBr1-89 Mnz-10  



 45 

Another difference, inherent to isotopic analysis, between these two dating 

methods is data handling and synthesis. The large majority of isotopic dating facilities 

utilize some form of dedicated software application (e.g., Squid) or Excel macro-

instruction, “macro”, which imports the raw instrumental and analytical data and 

produces a result sheet that has been fully calculated and corrected for specific isobaric 

interferences, thereby only requiring a means to graphically display selected results. In 

contrast, most chemical dating facilities do not use a software package that imports the 

raw EMP data (even though EPMA dating does provide this function for Cameca 

instruments), but rather take analytical data and either processes it through a calculation-

spreadsheet or an Excel macro. The different methods of data synthesis among EMP 

facilities raises a concern regarding how initial error analysis is performed and if a single 

robust method should be adopted that performs error propagation through the chemical 

dating equation of Montel et al. (1996). 

Specifically for this study, monazite chemical analyses were performed following 

a suggested lab protocol for monazite chemical dating (Williams et al., 1999) that 

measures Y, Th, U, and Pb concentrations individually and uses an average monazite 

composition for matrix effect (ZAF) corrections. Spectral overlap correction for Y Lα on 

Pb Mα was incorporated into a post analysis routine for data synthesis (Åmli and Griffen, 

1975; Williams et al., 1999) that also included a robust method for error analysis based 

on calculated 2σ absolute and relative errors inferred from the reported individual 

analysis elemental 1σ uncertainties. Data populations were divided and processed 

according to their calculated Pb relative error (further described in Loehn, 2009), thereby 

using the most influential element for calculating an analysis age and associated error, 

yielding a typical age precision (2σ) within an individual spot analysis to be ca. ± 20-75 

m.y. absolute as shown in Table 3.2. The precision of apparent age domains can be 

calculated and reported in several different ways, and at least one study has tabulated 

these error values for comparison (Dahl et al., 2005a). 

In an effort to compare and evaluate the quality of chemical dating results and 

data synthesis procedures with isotopic data processing and Pb corrections (e.g., common 

Pb and excess 206Pb) several different types of age plots were created, (1) Th* and U* 

CHIME plots to check for above negligible existence of common 206Pb, noting the near-
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zero location of the Pb axis intercept (Suzuki and Adachi, 1991 and 1994), (2) display 

data in Th/Pb vs. U/Pb space, thereby calculating independent Th/Pb, U/Pb, and U-Th-Pb 

ages from which a best-fit regression line can be compared to the isochron for the 

centroid age (Cocherie et al., 1999 and 2005; Cocherie and Albarède, 2001), and (3) 

ensure that calculated MSWD values meet the criteria set forth by Wendt and Carl (1991) 

for a single age population (MSWD < 1+2(2/f)0.5 in all cases, where f (= n - 2) represents 

the degrees of freedom and n is the number of analyses). Performing such a laborious 

data processing and error synthesis routine yields a collective statistical error for pooled 

single age-domain analyses that is comparable to isotopic errors at the 2σ level and in 

many cases at the 1σ level, providing evidence that chemical dating can produce ages 

that are comparably accurate and precise to those obtained through isotopic methods. 

3.4.3 Direct comparison of isotopic and chemical ages 

A direct comparison of the isotopic and chemical age results was performed on a 

total of six monazite grains, four of which were mounted as grain separates in individual 

epoxy mounts and one polymetamorphic monazite in a polished thin section. All 

monazite grains displayed some amount of compositional intra-grain chemical 

heterogeneity (i.e., either patchy or oscillatory compositional zonation) that may or may 

not correlate with actual age domain boundaries. Complications to a direct comparison of 

the two dating techniques and age results have been previously expressed by Dahl et al., 

(2005a) to include (1) the difference in the monazite micro-volume being analyzed, and 

(2) the possibility of multiple age domain sampling within analytical volumes both at the 

micro and nanometer scale (including regions that may have undergone 

nanomineralization as shown in one study by Seydoux-Guillaume et al. (2003). 

Additional consideration should be given to the type of primary beam that is used for 

either ablation or excitation and the directional incoming angle of the primary beam, due 

to possible implantation of excess oxygen or altering the crystal structure to a shallow 

amorphic zone on the opposite side of the incoming primary ion beam, which could 

affect the EMP results. 

Considering these potential limitations, a grain-scale chemical to isotopic age 

comparison is now presented for the six grains of monazite in the sample suite. 
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Analytical traverse locations were determined using either WDS or EDS X-ray maps as a 

guide, to ensure that each compositional zone was sufficiently sampled. In addition, 

selected traverses were positioned around each SHRIMP ablation pit for comparison of 

chemical composition (Th/U ratio) and apparent spot ages, along with possible 

correlation to specific chemical domains.  

The first grain evaluated was Mnz-23 from sample TRMR-2, a Paleoproterozoic 

metapelite from the Tobacco Root range in Montana. Initial BSE imaging showed patchy   

zonation (as defined by Zhu and O’Nions, 1999) that implied three to four large 

compositional zones. Elemental X-ray maps (Y, Th, and U) displayed different degrees 

of complexity and boundary locations for specific chemical regions, best represented in 

the Y and Th maps. Site selection for SHRIMP analysis was clearly based on BSE 

imaging alone, since X-ray elemental maps are not typically done prior to isotopic 

analysis, and four different zones were targeted with the six SHRIMP analyses. Utilizing 

a traverse method for selecting analytical spots, analysis was performed on each chemical 

region displayed in the elemental maps. The mantle regions of Mnz-23 displayed the 

greatest Th homogeneity and at the same time the most complex localized Y and U 

zoning and structure. EMP analyses performed in the mantle region yielded very 

consistent ages, and excellent age agreement for the two methods at the 2σ level: 2452 ± 

4 Ma vs. 2451 ± 8 and 2432 ± 20 Ma, respectively (Figure 3.14), for this region of Mnz-

23. Th/U ratios displayed a modest difference in measurement between the two methods 

that could be reflective of the size of analytical volume utilized by each method.  

Mnz-23 also contained two additional irregularly-shaped structures, one being an 

apparent core displayed most prominently in the Th and U maps (though size and shape 

of the structure differed on individual maps) and the other displayed in the Y map as a 

thin outer rim. Four SHRIMP analyses were targeted at these two domains, and for this 

study short EMP analytical traverses were made to provide not only ample coverage of 

each region but also to determine the exact boundary of each age domain, for correlation 

with individual chemical maps. The irregular shaped core and thin outer rim regions 

yielded similar Th/U ratios when measured by EMP and SHRIMP (apparent core 18 to 

27 by EMP and 16 to 24 by SHRIMP; apparent rim 17 to 20 by EMP and 19 to 21 by 

SHRIMP), providing persuasive, but not conclusive, evidence that equivalent 
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compositional regions were being measured. However, the calculated comparative age 

results for each region showed a significant difference at the 2σ level: apparent core ages 

of 2863 ± 10 Ma vs. 2785 ± 18 and 2619 ± 22 Ma, and apparent rim ages of 1703 ± 14 

Ma vs. 1914 ± 28 and 1879 ± 56 Ma, obtained by EMP and SHRIMP, respectively 

(Figure 3.14). The discrepancy appears to be the result of variable age-domain mixing 

due to spatial resolution differences of the two techniques (Seydoux-Guillaume et al., 

2003). The high spatial resolution and collection of multiple analyses from the (high Y) 

thin outer rim yielded an age that was both younger than the SHRIMP mixed age and was 

geologically meaningful. 

Explanation for the difference in ages for the two zones within Mnz-23 required 

an objective review of each analysis in each domain, including the correlation of 

analytical points with chemical and age domain boundaries. Given both the large 

diameter and the directionality of the ion beam used for isotopic dating, an initial and 

obvious explanation was “bulk-mixing of adjacent age domains” (within the ~30 µm 

beam diameter) and this explanation appeared to be supported by chemical map spatial 

analysis (Figure 3.14). Since the primary ion beam for SHRIMP analysis enters the 

sample surface at a 45 degree angle, the bulk mixing becomes more volumetrically 

complex since it is not just surficial or involving depth as a second dimension, but also 

incorporates a 3rd dimension with both depth and surface area. Bulk mixing of age 

domains can be used as a “calculation model” to explain the disparity between EMP and 

SHRIMP ages for the two regions (core and rim), since it assumes that the SHRIMP age 

lies along a mixing line (chord) with ends on Concordia, but it does not explain the high 

degree concordance (99.1%) for the 2785 ± 18 Ma (2σ) isotopic age. A graphical 

illustration of EMP-anchored age populations with chords connecting the three 

populations (Figure 3.14) shows that five out of six SHRIMP analyses fall either within 

the mixed-age region (2619 ± 22, 1914 ± 28 and 1879 ± 56 Ma) or along a mixing chord 

(2785 ± 18 and 2432 ± 20 Ma). Alternatively, isotopic ages and their relationship to 

Concordia (i.e., concordance) is thought to be well understood for specific minerals like 

zircon, but may need to be explored more thoroughly for other minerals such as monazite 

and xenotime.  
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Two other monazite grains from samples in the Wyoming province, Neoarchean 

to Paleoproterozoic in age, were included in this study. Monazite grains from CJ-9 and 

NSB-2 were initially isotopic dated for studies performed by Jones (2008) and Loehn 

(2009), respectively. Mnz-2 from sample CJ-9 displayed moderate growth zoning 

patterns in BSE imaging and yielded an upper intercept age of 1764 ± 11 Ma (2σ) for 

four collinear and slightly discordant isotopic analyses. EMP analyses were performed 

using two analytical traverses that cross-cut the grain and ran parallel to the SHRIMP 

ablation pits. Collectively, a U-Th-Pbtotal centroid chemical age of 1769 ± 3 Ma (2σ) was 

calculated from 41 analyses, showing an excellent agreement at the 2σ level with both 

the calculated upper intercept age and each individual SHRIMP age (ranging from 1760 

± 4 to 1767 ± 6 Ma and greater than 99% U-Pb concordant). The EMP and SHRIMP 

measured Th/U ratios showed minor differences, ranging from 3 to 7 vs. 8 to 9 for EMP 

and SHRIMP respectively. One monazite grain from sample NSB-2 displayed minor 

compositional variation in BSE imaging and provided an upper intercept age of 2545 ± 2 

Ma (2σ) for three isotopic analyses. A U-Th-Pbtotal centroid age was calculated for 25 

EMP analyses that ran parallel to SHRIMP ablation pits, yielding a result of 2553 ± 4 

(2σ), which correlates well with both the upper intercept and individual isotopic ages 

(2552 ± 4, 2545 ± 2, and 2548 ± 4 Ma, all 2σ). Additionally, a second growth event was 

also recorded and revealed only by EMP dating, occurring at 2458 ± 7 Ma (U-Th-Pbtotal 

centroid age, 2σ). This event was not measured by isotopic means for this monazite, but 

is given credence through SHRIMP analysis on multiple zircon rims during the same 

initial study that produced similar ages. Therefore, this second and younger event 

provides a meaningful geological age recorded by two separate geochronometers within a 

single sample, but due to the small size of the younger growth region and slight variation 

in BSE compositional imaging, isotopic dating was not targeted and probably could not 

have been performed without bulk mixing of the two age domains within the diameter of 

the primary ion beam. 

The last sample selected for this study, VT/Br1-89, contained monazite grains that 

displayed euhedral growth zoning patterns in BSE imaging. The three grains that were 

selected for EMP comparison showed SHRIMP pits and had yielded U/Pb (2σ) SHRIMP 

ages of 365 ± 22, 376 ± 24, and 386 ± 24 Ma (Mnz-6, 7, and 10, respectively), showing 
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agreement within error of each other and six other analyzed grains from the same sample. 

EMP analytical traverses were initially performed across each grain, with additional short 

traverses around each SHRIMP ablation pit. Individually, the grains yielded whole-grain 

(2σ) U-Th-Pbtotal centroid ages of 355 ± 3, 358 ± 3, and 359 ± 3 Ma (Mnz-6, 7, and 10, 

respectively) demonstrating the high precision and age reproducibility of the EMP 

technique (within error) for 146 analyses in three grains. The whole-grain EMP ages also 

yielded excellent agreement with additional zircon and monazite data for this region as 

reported by Ratcliffe et al., (2001) (366 ± 4 Ma (1σ) composite 206Pb/238U and 
207Pb/206Pb; and monazite TIMS 207Pb/235U age of 366 ± 1 Ma), collectively. The 

comparison of individual whole-grain EMP ages to SHRIMP ages showed a large 

disparity for Mnz-10 (Figure 12), but comparison of ages calculated from just the 

ablation pit area yielded an EMP weighted average age of 390 ± 7 Ma for 20 analyses, in 

agreement with the 386 ± 24 Ma SHRIMP age at the 2σ level. Closer evaluation of the 

high-resolution WDS X-ray maps targeting the SHRIMP analysis region (Fig. 3.12) 

revealed small irregular structures resembling relic xenocrystic monazite, providing 

additional support for the older monazite age. Independent geochronometers that were 

used in the original study by Ratcliffe et al., (2001) provide geologic relevance to the 390 

± 7 Ma monazite chemical age, yielding a zircon 206Pb/238U of 392 ± 7 Ma (1σ) in the 

nearby Chester Dome and a muscovite Ar/Ar core age of ~390 Ma. 

  Grain-scale direct comparison of EMP and SHRIMP ages, as discussed above, 

provides the necessary evidence to demonstrate that the EMP chemical dating technique 

is capable of producing calculated ages that compare very favorably with isotopic dating 

techniques (SHRIMP, TIMS). This does not mean that chemical dating should be 

considered as a replacement technique for isotopic dating, particularly for younger rocks 

(< ca. 150 Ma) but that U-Th-Pb dating of monazite can produce meaningful data of 

thermal events, within the given limitations of the technique and the specific instrument. 

The main advantages of using the EMP chemical dating technique certainly lies in the 

dating of small age domains (e.g., relic cores and narrow rims) that are simply 

inaccessible to dating with ion microbeam techniques without mixing of age domains and 

providing an independent method to aide with explaining discordant monazite ages, 
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though to what percent of discordance is still undetermined and may be limited by the 

nature of Concordia. 

 

3.5 CONCLUSIONS 

Considered individually, all monazite-dating techniques have individual 

advantages and limitations originating from instrumentation, statistical data compilation, 

ease of access to analytical facilities, spatial or areal resolution, cost, and graphical means 

for displaying age results. Inherent technique-specific limitations aside, this direct 

comparison of EMP vs. SHRIMP study provides evidence that strongly demonstrates the 

ability of the chemical dating technique to obtain geologically meaningful ages with a 

precision comparable to isotopic dating at the 2σ level.  

Through EMP analysis of the same grains that have produced isotopic ages, this 

study has demonstrated the capability of EMP chemical dating of both igneous and 

metamorphic monazites to produce age results comparable in apparent accuracy and in 

uncertainty to those obtained by in situ ion microbeam (SHRIMP) analysis. Metamorphic 

monazites can be more problematic for dating by either technique (SHRIMP or EMP) 

due to bulk mixing within the spatial resolution of the primary beam, due to the 

straddling of an age domain boundary or by neo-mineralization on the nanometer scale. 

Additionally, this study has reiterated an emphasis on the necessity to use elemental X-

ray images for analytical site selection, a statement made in many studies such as 

Williams et al. (1999), as well as the advantages for random sampling by performing 

analytical traverses with close spacing (5 to 6 microns) rather than targeting individual 

chemical domains for age determination.  

Four igneous monazites used for this study, characterized by typical oscillatory 

growth zoning and presumed single age domain, one having multiple isotopic analyses 

yielding ages within 2σ error of each other (CJ-9 Mnz-2). A total of 59 EMP analyses 

were performed to calculate a CJ-9 Mnz-2 whole-grain U-Th-Pbtotal centroid age of 1769 

± 3 Ma correlating at the 2σ level with the calculated isotopic upper intercept age of 1764 

± 11 Ma. Two igneous grains from sample VT/Br1-89 (Mnz-6 and Mnz-7) each 

contained a single SHRIMP analysis spot that yielded ages of 365 ± 22 (Mnz-6) and 376 
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± 24 (Mnz-7). These isotopic ages correlate to the individual whole-grain EMP ages of 

355 ± 3 and 358 ± 3, for Mnz-6 and 7 respectively. The other grain, Mnz-10, in VT/Br1-

89 also yielded an EMP whole-grain age of 359 ± 3 Ma, strongly correlating with the 

Mnz-6 and 7 whole-grain chemical ages. However, the isotopic age reported for this 

grain was 386 ± 24 Ma, and after close evaluation of high-resolution WDS maps and 

targeted EMP analysis in the SHRIMP analysis area, it was determined that small 

structures resembling relic xenocrystic monazite were present in and around the SHRIMP 

ablation pit. EMP chemical ages of for the targeted area yielded an age of 390 ± 7 Ma 

that has geological foundation for the area through similar ages that have been obtained 

by other independent geochronometers. Based on the EMP chemical whole-grain age, it 

is presumed that if the isotopic analysis on Mnz-10 had been performed in a different 

region of the grain a younger isotopic age would have resulted, correlating more closely 

to ages obtained in Mnz-6 and 7. 

Two metamorphic grains were also included in this study to illustrate both the 

accuracy and precision provided by chemical dating on polyphase metamorphic 

monazite. One grain originated from a quartzite and had yielded three isotopic ages from 

the central area, all in agreement within 2σ error. Chemical dating revealed two separate 

age domains existing in the grain with the central EMP age domain showing agreement 

with the isotopic age (2553 ± 4 vs. 2545 ± 2, EMP and SHRIMP upper intercept). 

However, EMP chemical dating also revealed a younger age population at 2458 ± 7 Ma 

that correlated with a small high-Y domain and this age is geologically meaningful for 

the region, as supported in the literature. This high-Y region was spatially too thin to be 

measured by isotopic methods and therefore was only obtainable by using the higher 

spatial resolution provided by EMP chemical dating.  

The last, and most complex, monazite grain included in this study was Mnz-23 in 

metapelite sample TRMR-2. BSE imaging suggested as many as four possible 

compositional domains that were delineated by differences in BSE intensity originating 

from variable concentrations of high-Z elements. Chemical mapping of this grain 

displayed large homogeneous Th zones, yet some of these same zones displayed highly 

complex Y zoning textures. Additionally, a small irregular central zone was evident in 

BSE, and prominent chemical domain boundaries were also displayed on Th and Y 
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chemical maps. Six SHRIMP analyses were performed targeting three of the defined BSE 

regions and these produced apparent core ages of 2785 ± 18 and 2619 ± 22 Ma, mantling 

zone ages of 2451 ± 8 and 2432 ± 20 Ma, and apparent rim ages of 1914 ± 28 and 1879 ± 

56 Ma, with all uncertainties shown at 2σ level. Only the mantling zone age correlated 

with the weighted mean EMP chemical age of 2452 ± 4 Ma, indicating that the rest of the 

isotopic ages are likely to be results of bulk mixing of two or more age domains within 

analytical volumes. EMP analyses were able to resolve a rim age of 1703 ± 14 Ma and 

this age is well supported in the literature for that region, but again the high-Y rim was 

spatially too thin to accurately measure by SHRIMP without mixing. The older core 

domain yielded an EMP mean age of 2863 ± 10 Ma, which is supported in the literature 

to be geologically meaningful elsewhere in the Wyoming craton but not locally in the 

Tobacco Root Mountains, requires an explanation for the highly concordant isotopic age 

of 2785 ± 18 Ma (2σ). A graphical illustration provided this explanation of how an 

isotopic age with a high concordance value can still be the result of bulk mixing age 

domains. This certainly does not preclude using isotopic methods for dating metamorphic 

monazite, but does show the capability provided by chemical dating techniques to 

provide a graphical constraint for discordant ages, and also highlights the potential risk of 

using high concordance (>95%) to infer accuracy of an isotopic age. However, bulk-

mixing at the sub-micron scale could provide a plausible explanation if the EMP age of 

2863 ± 10 Ma is considered to be a mixed-age based on recent findings by Krogh et al. 

(2011).   

The most significant contribution of this study is the clear evidence that precise 

and geologically meaningful ages can be obtained by means of EMP chemical dating. 

This direct comparison of ages determined by isotopic and chemical dating microbeam 

techniques provides validity to monazite ages determined by EMP. This now argues for 

acceptance by the geochronology community at large for EMP chemical dating as a 

primary means for monazite age determination, within instrumental limitations such as 

detection limit for Pb, effectively limiting usefulness to older (>150 Ma) monazites. The 

ability to collect large amounts of data at a moderate cost, can be automated for long 

analytical sessions, and provides the researcher with sufficient information to calculate 
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meaningful ages at scales ranging from whole-grain to whole-rock to regional settings, 

allowing for complex, yet plausible interpretations to be developed. 
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Table 3.1.  Chemical and isotopic data for monazite grains in selected samples for geochronometric comparison study

U Th Th Pb* 206Pb ±1σ 207Pb ±1σ 207Pb ±1σ Conc.
(ppm) (ppm) U (ppm) 238U  235U  206Pb (%)

11.1 5517 114969 21 15558 0.4526 0.0062 9.9937 0.1483 0.1601 0.0007 2407 ± 27 2457 ± 8 98.0
11.2 3214 65365 20 5985 0.2942 0.0060 4.5392 0.1215 0.1119 0.0017 1662 ± 30 1831 ± 28 90.8
11.3 5328 78151 15 10953 0.4509 0.0058 10.1371 0.1649 0.1631 0.0014 2399 ± 26 2488 ± 14 96.4
14.1 1153 41961 36 3387 0.2794 0.0044 4.2304 0.1038 0.1098 0.0019 1588 ± 22 1796 ± 31 88.4
14.2 14326 69820 5 12819 0.4116 0.0047 8.6544 0.1073 0.1525 0.0005 2222 ± 22 2374 ± 6 93.6
16.1 15982 95681 6 18581 0.4711 0.0053 10.3826 0.1249 0.1599 0.0005 2488 ± 23 2454 ± 5 101.4
16.2 6062 162686 27 21927 0.4713 0.0057 10.2391 0.1336 0.1576 0.0006 2489 ± 25 2430 ± 7 102.5
16.3 6066 151146 25 20101 0.4620 0.0055 10.0568 0.1543 0.1579 0.0013 2448 ± 24 2433 ± 14 100.6
16.4 4879 82796 17 8262 0.3111 0.0044 4.5518 0.0829 0.1061 0.0011 1746 ± 22 1734 ± 18 100.7
17.1 6524 96308 15 13271 0.4306 0.0053 9.3688 0.1305 0.1578 0.0008 2308 ± 24 2432 ± 9 94.9
17.2 31075 117117 4 28222 0.4564 0.0060 10.1658 0.1423 0.1615 0.0005 2424 ± 27 2472 ± 5 98.1
18.1 9611 165931 17 23189 0.4567 0.0053 10.1720 0.1488 0.1616 0.0012 2425 ± 23 2472 ± 13 98.1
19.1 5487 179537 33 23618 0.4741 0.0062 10.3120 0.2639 0.1577 0.0032 2502 ± 27 2432 ± 35 102.9
19.2 6906 168264 24 22196 0.4601 0.0060 10.1051 0.1477 0.1593 0.0008 2440 ± 26 2448 ± 9 99.7
20.1 2591 116569 45 14539 0.4332 0.0071 9.7707 0.1994 0.1636 0.0017 2320 ± 32 2493 ± 17 93.0
21.1 2098 32029 15 3119 0.3093 0.0047 4.4681 0.0917 0.1048 0.0012 1737 ± 23 1710 ± 22 101.6
21.2 5298 121679 23 16657 0.4655 0.0075 10.2688 0.1754 0.1600 0.0007 2464 ± 33 2456 ± 7 100.3
22.1 3508 151080 43 19300 0.4647 0.0057 10.1662 0.1404 0.1587 0.0008 2460 ± 25 2441 ± 8 100.8
23.1 4334 71581 17 10311 0.4574 0.0054 9.9468 0.1372 0.1577 0.0009 2428 ± 24 2432 ± 10 99.8
23.2 3618 87078 24 13543 0.5347 0.0071 14.3812 0.2141 0.1951 0.0011 2761 ± 30 2785 ± 9 99.1
23.3 12885 102960 8 17806 0.4631 0.0052 10.1850 0.1198 0.1595 0.0004 2453 ± 23 2451 ± 4 100.1
23.4 3275 61941 19 6369 0.3232 0.0044 5.2221 0.0858 0.1172 0.0009 1805 ± 21 1914 ± 14 94.3
23.5 3726 77310 21 7563 0.3201 0.0047 5.0728 0.1150 0.1150 0.0018 1790 ± 23 1879 ± 28 95.3
23.6 6211 101508 16 15720 0.4730 0.0067 11.5004 0.1890 0.1763 0.0012 2497 ± 29 2619 ± 11 95.3

m-1 3568 30567 9 960 0.3131 0.3316 4.6521 0.3486 0.1078 0.1074 1756 ± 5 1762 ± 2 100
m-2 5380 28113 5 1452 0.3141 0.3104 4.6590 0.3248 0.1076 0.0957 1761 ± 5 1759 ± 2 100
m-3 3194 28759 9 863 0.3146 0.3545 4.6701 0.3711 0.1077 0.1098 1763 ± 5 1760 ± 2 100
m-4 3573 27280 8 952 0.3103 0.3280 4.6078 0.3446 0.1077 0.1055 1742 ± 5 1761 ± 2 99
m-5 3250 26531 8 864 0.3096 0.3332 4.6055 0.3518 0.1079 0.1131 1739 ± 5 1764 ± 2 99
m-6 3701 28177 8 1003 0.3155 0.3335 4.7011 0.3684 0.1081 0.1565 1768 ± 5 1767 ± 3 100
m-7 4474 28370 7 1211 0.3146 0.3335 4.6699 0.3594 0.1076 0.1339 1764 ± 5 1760 ± 2 100
m-8 3674 27650 8 977 0.3092 0.3332 4.5940 0.3543 0.1077 0.1204 1737 ± 5 1762 ± 2 99
m-10 3504 27168 8 941 0.3125 0.3303 4.6539 0.3463 0.1080 0.1040 1753 ± 5 1766 ± 2 99
m-11 3227 30083 10 872 0.3146 0.3376 4.6762 0.3560 0.1078 0.1131 1763 ± 5 1763 ± 2 100
m-12 4046 31457 8 1097 0.3157 0.3292 4.6883 0.3457 0.1077 0.1054 1769 ± 5 1761 ± 2 100
m-13 3809 31382 9 1013 0.3095 0.3295 4.5968 0.3456 0.1077 0.1044 1738 ± 5 1761 ± 2 99

Spot 1 1603 35076 23 648 0.4706 0.3887 10.9922 0.4047 0.1694 0.1127 2486 ± 8 2552 ± 2 97
Spot 2 4583 19755 4 1903 0.4833 0.3164 11.2449 0.3227 0.1687 0.0630 2542 ± 7 2545 ± 1 100
Spot 3 1534 28443 19 631 0.4788 0.3907 11.1605 0.4059 0.1691 0.1102 2522 ± 8 2548 ± 2 99

1.1 2654 107116 42 * 0.0601 0.0017 0.4609 0.0232 0.0557 0.0023 375 ± 10 * ± * *
2.2 3598 94297 27 * 0.0581 0.0016 0.4416 0.0502 0.0552 0.0061 363 ± 10 * ± * *
3.1 2082 137066 68 * 0.0607 0.0018 0.4843 0.0258 0.0579 0.0026 378 ± 11 * ± * *
4.1 2612 91452 36 * 0.0588 0.0017 0.4966 0.0224 0.0612 0.0022 365 ± 10 * ± * *
5.1 1239 99438 83 * 0.0606 0.0019 0.4879 0.0534 0.0584 0.0061 377 ± 12 * ± * *
6.1 940 59606 66 * 0.0588 0.0019 0.4511 0.0383 0.0556 0.0044 368 ± 11 * ± * *
7.1 1097 74120 70 * 0.0601 0.0019 0.4515 0.0468 0.0545 0.0054 376 ± 12 * ± * *
9.1 561 56361 104 * 0.0610 0.0022 0.5395 0.0457 0.0641 0.0049 377 ± 13 * ± * *
10.1 956 53990 58 * 0.0617 0.0020 0.4633 0.0435 0.0544 0.0048 386 ± 12 * ± * *
Notes: Corrected ratios and ages are reported with 1σ analytical errors. Highlighted samples used for EPMA analysis comparison. 
Conc. = concordance to Concordia curve; * Data not provided

238U 206Pb

Apparent ages (±1σ, Ma)

Sample
/  Spot

206Pb 207Pb

Tourmaline Pegmatite CJ-9         (SHRIMP RG  US Geological Survey - Stanford)

Black Mountain  VT/Br1-89        (SHRIMP II  Research School of Earth Sciences Australian National University)

Metapelite  TRMR-2            (SHRIMP II  Geological Survey of Canada)

Fuchsitic Quartzite NSB-2           (SHRIMP RG  US Geological Survey - Stanford)

 
 
Table 3.1. Chemical and isotopic data for monazite grains in selected samples for 

geochronometric comparison study. 
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Figure 3.1. (a) U/Pb Concordia plot of 10 monazite grains analyzed in situ by ion 

microprobe (SHRIMP) in metapelite TRMR-2. Plot was constructed using Isoplot/Ex 

(ver. 3; Ludwig 2003), and all error ellipses represent 2σ absolute uncertainties; data 

listed in Table 1. (b) U/Pb Concordia plot of six SHRIMP analyses performed in situ on 

monazite grain 23 (Mnz-23) in TRMR-2 corresponding to highlighted data in Table 1. 

Three analyses yielding ages of 2785 ± 9, 2451 ± 4, and 2432 ± 10 Ma (1σ) were >99% 

concordant, whereas the remaining three analyses yielded ages >94% concordant. (c) 

BSE image of Mnz-23 displaying the spatial location for six SHRIMP analyses, 

annotated with U/Pb ages and 1σ errors. 
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Figure 3.2.  (a) U/Pb Concordia plot of 6 monazite grains analyzed in situ by ion 

microprobe (SHRIMP RG) in tourmaline pegmatite CJ-9. Plot was constructed using 

Isoplot/Ex (ver. 3; Ludwig 2003), and all error ellipses represent 2σ absolute 

uncertainties; data listed in Table 1. (b) U/Pb Concordia plot of four SHRIMP RG 

analyses performed in situ on monazite grain 2 (Mnz-2) in CJ-9 corresponding to 

highlighted data in Table 1. All four analyses were >99% concordant and yielded an 

upper intercept age of 1764 ± 11 Ma at the 2σ level. (c) BSE image of Mnz-2 displaying 

the spatial location of four SHRIMP RG analyses, annotated with U/Pb ages and 1σ 

errors. 
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Figure 3.3.  (a) U/Pb Concordia plot of 3 monazite analyses, performed in situ by ion 

microprobe (SHRIMP RG) in fuchsitic quartzite NSB-2. Plot was constructed using 

Isoplot/Ex (ver. 3; Ludwig 2003), and all error ellipses represent 2σ absolute 

uncertainties; data listed in Table 1. All three analyses were >97% concordant and 

yielded an upper intercept age of 2545 ± 2 Ma at the 2σ level. (b) BSE image of monazite 

grain in NSB-2 displaying the spatial location of three SHRIMP RG analyses, annotated 

with U/Pb ages and 1σ errors. 
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Figure 3.4.  (a) U/Pb Concordia plot of 9 monazite grains analyzed in situ by ion 

microprobe (SHRIMP) in Black Mountain granite VT/Br1-89. Plot was constructed using 

Isoplot/Ex (Ludwig 1999), and all error ellipses represent absolute uncertainties at the 

68.3% confidence level; data listed in Table 1. Three analyses highlighted in plot 

represent grains Mnz-6, Mnz-7, and Mnz-10 used for this study. (b) BSE images of 

monazite grains Mnz-6, 7, and Mnz-10 in VT/Br1-89 displaying the spatial location of 

each individual grain SHRIMP analysis, annotated with individual U/Pb age and 1σ 

error. 
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Table 3.2.  Chemical data (EPMA) for monazite grains in selected samples for geochronometric comparison study

Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U

12.15 2736 60181 9888 9383 2886 ± 65 22 4.16 5115 64014 9698 2432 2437 ± 56 13
11.4 2171 44321 7360 8251 2882 ± 76 20 3.3 2781 81632 10651 0 2437 ± 59 29
12.16 2763 49195 8330 9650 2868 ± 71 18 1.3 8161 65971 11300 5468 2434 ± 49 8
13.24 2062 48556 7819 7714 2863 ± 72 24 4.17 4618 61621 9180 2327 2434 ± 58 13
12.14 2440 66658 10468 8156 2854 ± 64 27 8.6 3287 47445 6943 296 2433 ± 67 14
11.3 2145 47477 7688 7763 2853 ± 72 22 7.7 4516 59175 8845 1597 2432 ± 60 13
9.14 1650 31229 5191 6315 2851 ± 107 19 A.3 2795 49870 4786 1429 1721 ± 47 18
8.1 2434 47964 7908 7728 2849 ± 74 20 A.6 2567 46238 4429 632 1720 ± 49 18
10.6 2121 41550 6849 7384 2845 ± 81 20 A.7 2402 45642 4333 246 1720 ± 50 19
1.6 10367 65220 12421 9967 2467 ± 51 6 A.5 2808 47735 4579 1177 1707 ± 48 17
10.7 2676 77627 10272 0 2465 ± 60 29 A.12 2264 45039 4207 0 1706 ± 51 20
9.3 9694 59173 11390 5639 2464 ± 51 6 5.3 2718 45533 4368 819 1703 ± 60 17
4.12 7135 64047 10751 6217 2462 ± 52 9 3.1 2585 47842 4505 1110 1700 ± 59 19
1.14 7039 64777 10787 4419 2461 ± 52 9 A.1 2698 48191 4557 1895 1698 ± 47 18
1.1 8002 64501 11202 5749 2461 ± 50 8 A.17 2514 50457 4675 2124 1695 ± 46 20
4.11 6560 66768 10792 4114 2460 ± 52 10 A.4 2819 54549 5069 1252 1691 ± 46 19
12.7 3428 52029 7627 413 2460 ± 62 15 A.11 2474 48894 4525 1115 1690 ± 47 20
1.13 10878 58654 11839 12932 2457 ± 51 5 A.16 2722 50505 4721 1808 1689 ± 46 19
1.7 11009 65763 12722 10606 2457 ± 51 6
1.12 9700 61437 11606 10963 2456 ± 50 6
8.5 3241 63351 8830 438 2454 ± 63 20
1.11 10014 62703 11885 11427 2453 ± 50 6
9.1 2540 77579 10149 0 2453 ± 60 31
4.24 3198 52017 7487 415 2451 ± 64 16
9.9 3797 47588 7244 1383 2448 ± 67 13
8.4 3061 82116 10876 639 2446 ± 60 27
7.8 5049 55355 8706 2341 2445 ± 60 11
9.2 2549 81397 10555 30 2445 ± 59 32
4.21 3061 52345 7436 431 2443 ± 63 17

Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U

1.8 7978 50414 6598 28721 1784 ± 49 6 1.3 7886 52472 6664 27053 1766 ± 48 7
1.5 8022 53593 6872 29170 1784 ± 47 7 2.16 8287 52133 6751 27253 1765 ± 47 6
1.26 7663 51367 6579 26637 1784 ± 49 7 1.32 7886 55827 6927 25720 1763 ± 47 7
2.9 9988 55998 7666 36278 1783 ± 45 6 2.21 7929 52774 6690 26686 1763 ± 48 7
1.13 9465 57877 7657 31683 1782 ± 45 6 1.22 9286 55684 7329 33046 1762 ± 45 6
2.10 10033 56691 7730 36456 1782 ± 45 6 1.19 9966 57582 7685 33408 1762 ± 45 6
1.7 8251 52106 6810 28935 1782 ± 47 6 2.22 7893 54819 6836 25982 1761 ± 47 7
1.16 10477 59804 8118 38430 1781 ± 45 6 1.34 11762 52713 7819 26762 1760 ± 45 4
1.10 7130 45665 5926 29199 1779 ± 53 6 1.18 10161 57825 7748 34706 1758 ± 45 6
1.25 7746 48213 6321 27195 1778 ± 50 6 2.23 7964 58096 7111 24973 1758 ± 46 7
2.4 9245 49554 6886 34606 1778 ± 47 5 2.14 10835 59589 8088 33791 1757 ± 45 5
2.7 9518 50655 7055 36201 1777 ± 46 5 2.24 8757 56481 7211 26182 1757 ± 45 6
1.33 7788 58377 7154 25043 1774 ± 46 7 2.25 17194 58878 9922 26559 1756 ± 46 3
2.12 9953 56613 7663 36223 1774 ± 45 6 1.1 10258 54499 7489 26462 1755 ± 45 5
1.17 10519 59362 8059 35976 1774 ± 45 6 2.2 7830 52890 6634 26938 1755 ± 48 7
1.6 8324 56207 7135 28666 1774 ± 46 7 1.11 8724 54865 7057 26541 1754 ± 45 6
1.28 7554 54904 6792 25660 1773 ± 48 7
1.2 9601 57372 7605 32737 1771 ± 45 6
2.17 8229 56661 7132 26320 1771 ± 46 7
2.6 9371 51237 7025 35841 1770 ± 46 5
2.13 10428 59301 8003 33686 1769 ± 45 6
2.15 8125 52064 6707 28219 1767 ± 47 6
1.21 9241 54039 7202 32704 1767 ± 45 6
1.23 9990 56081 7594 33836 1767 ± 45 6
2.5 9372 50736 6970 35387 1767 ± 46 5

TRMR-2  Monazite 23 TRMR-2  Monazite 23

CJ-9  Monazite 2 CJ-9  Monazite 2
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Table 3.2. (continued)  Chemical data (EPMA) for monazite grains in selected samples for geochronometric comparison study

Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U

1.35 7253 43720 8950 19690 2582 ± 65 6 1.15 6997 59160 10183 21354 2475 ± 57 8
2.52 7280 39895 8495 13716 2582 ± 66 5 1.1 5992 63771 10230 20435 2471 ± 57 11
2.48 13389 39311 11445 16913 2579 ± 54 3 1.14 6777 60378 10174 21368 2465 ± 56 9
2.45 6199 57437 10073 22499 2576 ± 59 9 1.13 6655 61569 10232 21143 2460 ± 56 9
2.49 10737 38012 9942 15449 2574 ± 63 4 1.9 5811 64326 10146 20213 2457 ± 57 11
1.32 6736 38970 8075 13717 2573 ± 67 6 1.8 5745 63533 10008 19829 2454 ± 57 11
1.33 11570 39871 10536 16233 2565 ± 62 3 1.11 6316 62890 10180 20435 2450 ± 56 10
2.53 10653 41917 10326 15933 2564 ± 62 4 1.17 8140 53252 9892 21062 2447 ± 57 7
2.57 5823 59630 10083 21961 2561 ± 59 10 1.7 5541 63382 9863 19541 2447 ± 57 11
2.43 5390 60162 9932 21191 2561 ± 60 11
2.55 7213 54678 10155 20608 2559 ± 59 8
1.29 14364 61584 14494 16465 2558 ± 51 4
2.51 6294 40955 8028 13171 2554 ± 66 7
1.38 6276 55461 9761 19386 2552 ± 60 9
1.31 6958 33276 7418 11045 2552 ± 65 5
2.5 8188 36384 8373 11200 2547 ± 66 4
1.21 13529 41908 11617 20799 2542 ± 53 3
1.36 6974 54466 9931 20030 2541 ± 59 8
1.2 11315 46094 11021 20577 2538 ± 54 4
1.37 6614 55406 9852 19746 2538 ± 59 8
1.4 5921 55908 9535 19256 2528 ± 60 9
2.42 5060 67827 10542 18860 2528 ± 59 13
1.19 9803 48387 10505 20744 2527 ± 56 5
2.56 6594 57522 10040 22356 2526 ± 58 9
2.41 4862 67190 10349 18670 2524 ± 59 14

Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U

4.4 1541 59200 1067 2677 371 ± 29 38 1.27 1867 52580 930 3742 355 ± 33 28
3.2 1379 56628 1011 2784 370 ± 30 41 1.26 1359 48025 831 2877 354 ± 36 35
4.3 1555 58356 1046 2729 369 ± 29 38 4.1 1586 66482 1134 2872 354 ± 27 42
1.20 1549 62783 1111 2793 366 ± 30 41 1.11 1638 69447 1184 3563 354 ± 26 42
2.30 3813 73516 1399 10340 364 ± 24 19 1.17 1489 61063 1043 2840 354 ± 29 41
1.5 1479 57443 1012 2939 363 ± 31 39 2.9 1364 53245 911 2939 353 ± 33 39
2.16 1721 65063 1147 2862 363 ± 27 38 1.22 1505 67120 1133 2849 352 ± 29 45
2.24 1612 50003 895 3419 362 ± 34 31 2.14 1484 62155 1052 2824 351 ± 29 42
1.30 1639 51369 918 3494 362 ± 34 31 2.27 1566 54698 938 3175 351 ± 32 35
1.6 1507 56712 997 2998 362 ± 32 38 2.7 1652 46923 817 4099 349 ± 36 28
2.2 3626 76212 1423 9121 362 ± 23 21 2.11 1404 54133 916 2895 349 ± 32 39
1.16 1515 62967 1098 2860 362 ± 30 42 2.21 1869 66722 1131 3244 348 ± 29 36
4.2 1541 57642 1013 2818 361 ± 30 37 1.18 1541 66839 1115 2718 347 ± 28 43
2.6 1595 46650 837 3853 361 ± 37 29 1.12 1634 78286 1297 2681 347 ± 25 48
1.13 1671 78555 1356 2689 361 ± 26 47 1.21 1553 68201 1136 2820 347 ± 28 44
2.3 2318 56175 1028 5441 361 ± 31 24 3.3 1425 54871 922 2877 347 ± 32 39
2.17 1551 66777 1151 2806 358 ± 26 43 1.19 1496 62923 1048 2846 346 ± 29 42
1.3 1298 43515 765 2981 358 ± 39 34 1.8 1868 73593 1230 3482 345 ± 25 39
1.24 1465 59853 1035 2756 358 ± 30 41 2.4 1590 53576 906 4248 345 ± 32 34
3.5 1437 55735 966 2779 358 ± 31 39 2.22 2106 72391 1221 3282 345 ± 25 34
1.31 1480 48972 858 3326 357 ± 35 33 2.29 1990 70348 1183 3948 345 ± 25 35
1.10 1699 68771 1182 3604 356 ± 26 40 2.15 1484 67293 1109 2781 344 ± 28 45
1.29 1857 50832 904 3574 355 ± 34 27 1.28 1952 54711 938 4021 344 ± 32 28
2.10 1341 52900 910 2857 355 ± 33 39 1.25 1315 47445 792 2831 343 ± 36 36
1.9 1809 73891 1267 3642 355 ± 26 41 2.25 1401 50240 837 3064 342 ± 34 36

NSB-2  Monazite NSB-2  Monazite 

VT/Br-1  Monazite 6 VT/Br-1  Monazite 6
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Table 3.2. (continued)  Chemical data (EPMA) for monazite grains in selected samples for geochronometric comparison study

Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U

1.23 1588 66298 1092 2888 342 ± 28 42 3.6 1500 57166 987 2561 356 ± 26 38
4.5 1557 63667 1047 2657 341 ± 27 41 1.17 1793 73322 1250 2567 353 ± 25 41
3.1 1482 61507 1007 2687 340 ± 28 42 1.10 2989 110025 1891 3123 353 ± 19 37

3.7 1634 59580 1023 2626 353 ± 25 36
2.3 2207 59431 1104 3686 371 ± 26 27 1.11 3014 108352 1856 3029 351 ± 19 36
1.13 2639 102336 1836 3034 370 ± 20 39 1.21 1851 66165 1134 3000 351 ± 27 36
1.2 1970 60943 1114 3816 370 ± 31 31 1.14 2330 94113 1595 2697 351 ± 21 40
1.3 1695 67824 1210 2661 369 ± 27 40 3.2 1350 52013 883 2320 350 ± 28 39
2.8 2190 58310 1079 3366 369 ± 26 27 1.9 3275 111745 1908 3187 349 ± 18 34
1.27 2338 71167 1296 6708 368 ± 26 30 1.26 2130 72938 1244 4499 348 ± 25 34
2.2 2083 58428 1063 3635 365 ± 26 28 1.8 3126 112802 1914 3174 348 ± 18 36
1.6 2117 57965 1056 3650 364 ± 30 27 1.4 2325 71343 1226 3456 348 ± 25 31
1.22 1574 60324 1065 2756 364 ± 30 38
1.16 2105 84208 1481 2781 364 ± 23 40 5.1 2280 74820 1469 5850 399 ± 21 33
3.5 1429 52159 924 2430 364 ± 29 37 5.2 2940 86830 1716 7590 398 ± 18 30
1.23 1472 62781 1094 2477 362 ± 30 43 4.1 1921 56994 1122 4175 396 ± 29 30
1.5 1257 66886 1146 2095 361 ± 28 53 2.22 1489 38173 762 4342 396 ± 42 26
3.8 1520 64077 1109 2558 359 ± 25 42 2.24 1529 39495 785 4146 394 ± 41 26
2.5 2169 58495 1053 3486 359 ± 25 27 1.36 2255 51489 1029 6262 391 ± 33 23
1.12 2940 106035 1857 3052 359 ± 19 36 2.17 1364 38389 747 4254 390 ± 42 28
1.15 2460 93031 1618 2934 358 ± 22 38 2.26 1347 38944 752 4106 388 ± 42 29
1.24 1593 53020 930 3433 357 ± 33 33 2.7 1221 44914 846 3084 387 ± 36 37
2.4 2072 58675 1043 3594 356 ± 25 28 6.17 1610 59270 1115 2580 386 ± 28 37
1.7 3311 100271 1769 3804 356 ± 20 30 1.8 1117 42997 805 2981 386 ± 40 38
2.1 2182 58706 1047 3663 356 ± 25 27 1.19 1663 56914 1075 3266 385 ± 32 34

Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U

2.21 1467 38156 740 4295 385 ± 42 26 1.16 1888 46820 859 3672 363 ± 34 25
3.2 1245 47723 888 3166 383 ± 33 38 6.12 1940 58070 1044 3080 363 ± 27 30
2.18 1485 38315 737 4347 382 ± 42 26 4.5 1278 46216 816 3070 362 ± 34 36
2.20 1432 37863 726 4307 382 ± 43 26 6.15 1900 69410 1225 2810 362 ± 23 37
3.3 1655 52067 981 3733 382 ± 31 31 6.5 1290 46690 825 3010 362 ± 33 36
5.7 1390 43820 824 3060 381 ± 36 32 1.13 1484 46673 833 3769 362 ± 34 31
1.32 1248 38082 718 3663 381 ± 43 31 2.29 1169 57347 988 1417 361 ± 30 49
2.15 1480 38492 738 4370 381 ± 42 26 6.9 2140 66770 1191 5090 361 ± 24 31
1.15 1469 43176 803 3245 374 ± 39 29 1.22 1680 42628 776 4017 361 ± 38 25
2.23 1459 38555 724 4403 374 ± 42 26 3.4 1651 55753 986 4059 361 ± 29 34
2.19 1449 38674 725 4225 374 ± 42 27 6.1 1590 51460 913 3790 361 ± 30 32
1.34 1816 46342 873 5142 373 ± 35 26 5.10 1220 45300 794 3120 361 ± 36 37
2.3 1886 59874 1098 4579 372 ± 31 32 6.2 1530 49830 884 3560 361 ± 31 33
1.6 1933 60066 1101 4614 371 ± 31 31 6.10 2050 67260 1191 5010 360 ± 24 33
1.24 1423 40081 741 3609 370 ± 40 28 3.1 1442 51032 895 2703 359 ± 31 35
2.6 1305 50710 910 3370 370 ± 34 39 1.11 2078 78199 1361 6369 358 ± 25 38
2.25 1434 38738 718 3953 370 ± 42 27 6.6 1260 44280 775 2970 358 ± 36 35
1.10 1664 61767 1109 3823 369 ± 30 37 5.5 2560 73750 1310 5810 357 ± 22 29
1.40 3229 79010 1477 6511 369 ± 23 24 1.25 1205 36893 651 2839 357 ± 44 31
6.11 2030 54970 1014 3530 368 ± 29 27 1.39 1132 55256 939 1232 356 ± 33 49
1.21 1844 43987 822 4228 368 ± 38 24 5.6 1950 59720 1052 4550 356 ± 27 31
5.3 2740 83750 1518 6610 366 ± 19 31 2.5 1645 55892 974 3859 356 ± 29 34
1.26 1134 31397 572 2750 365 ± 50 28 6.8 1590 56030 973 3940 356 ± 29 35
4.2 1550 53194 949 3666 365 ± 30 34 1.3 3189 82817 1478 6586 355 ± 22 26
1.5 2242 65818 1187 5313 363 ± 26 29 1.1 1816 77925 1325 4358 354 ± 25 43

VT/Br-1  Monazite 6

VT/Br-1  Monazite 10

VT/Br-1  Monazite 7

VT/Br-1  Monazite 10
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Table 3.2. (continued)  Chemical data (EPMA) for monazite grains in selected samples for geochronometric comparison study

Traverse-
Spot

U 
(ppm)

Th 
(ppm)

Pb 
(ppm)

Y 
(ppm)

Age 
(Ma)

Age 
Error 
(2σ)

Th /U

6.16 1830 65250 1125 2730 353 ± 25 36
5.11 1300 47370 814 3260 353 ± 33 36
1.17 1651 46260 811 3469 351 ± 36 28
2.2 2336 64148 1126 5866 351 ± 25 27
1.23 1455 40845 715 3648 351 ± 40 28
1.20 1766 45973 811 4254 351 ± 36 26
1.33 1551 42874 751 4188 351 ± 37 28
5.12 1380 48060 824 3250 351 ± 32 35
6.18 1440 57140 966 2330 349 ± 28 40
2.9 1419 51041 869 3738 349 ± 32 36
6.3 1300 48640 823 3770 348 ± 32 37
2.12 1499 38726 678 4444 348 ± 41 26
2.30 1927 76881 1290 3624 347 ± 25 40
5.4 2860 78970 1368 6650 347 ± 19 28
6.13 1600 64430 1076 2380 346 ± 25 40
2.4 1722 55429 939 4095 344 ± 32 32
6.14 1750 78980 1296 2340 342 ± 21 45
1.18 1845 46197 798 3537 342 ± 36 25

VT/Br-1  Monazite 10

 
 
Table 3.2. Chemical data (EMPA) for monazite grains in selected samples for 

geochronometric comparison study.
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Figure 3.5.  (a) BSE image of Mnz-23 from metapelite sample TRMR-2, displaying 

electron microprobe (EMP) analytical traverse analyses across the whole grain. 

Analytical traverse analyses were also performed targeting the higher-Y rim and low-Th 

core domains. X-ray WDS maps of Y, Th, and U distributions within Mnz-23 show 

relative elemental concentrations and complex single-element zoning. (b) Probability 

density histogram plot based on 138 EMP spot analyses (using a default bin width from 

Isoplot/Ex, ver. 3 - Ludwig, 2003) performed on Mnz-23. Three major age populations 

are indicated at ~2850, 2450, and 1700 Ma, as indicated by the confidence-curve peaks 

that reflect peaks in the histogram. This type of plot is used for displaying the entire data 

set and as a type of discrimination plot to visually locate data set outliers. (c) Linearized 

probability plot displaying the 138 EMP spot analyses performed on Mnz-23. The three 

major data populations display strong linear slope relationships at ca. 1700, 2450 and 

2850 Ma; these linear relationship within the data assist in discriminating statistically 

defined age populations from spot analyses due to mixing that connect the linearly-

related age populations; all data bars shown at the 1s level. All plots were constructed 

using Isoplot/Ex (ver. 3; Ludwig 2003).
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Figure 3.6.  Th/Pb vs. U/Pb plots for three distinct age domains in Mnz-23. (a) U-Th-

Pbtotal centroid age of 2863 ± 10 Ma (2σ) as identified by nine EMP analyses from within 

the irregularly shaped low-Th core domain; the BSE image displays the locations of core 

analyses. (b) U-Th-Pbtotal centroid age of 2452 ± 4 Ma (2σ) for the largest age domain in 

Mnz-23 (mantling domain), as defined by 26 spot analyses; the BSE image displays the 



 66 

location of the mantling domain analyses. (c) Weighted Average of the Mean plot for 12 

spot analyses performed on the thin high-Y rim of Mnz-23 yielded an age of 1703 ± 14 

Ma (2σ) with a probability of fit >99%; the BSE image displays the locations of rim zone 

analyses. All plots were constructed using Isoplot/Ex (ver. 3; Ludwig 2003). 
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Figure 3.7.  (a) BSE image of Mnz-2 from tourmaline pegmatite sample CJ-9, displaying 

electron microprobe (EMP) analytical traverse analyses across the whole grain. (b) 

Probability density histogram plot based on 59 EMP spot analyses (using a default bin 

width) performed on Mnz-2. A single age population was indicated at ~1765 Ma, as 

indicated by the large number of analyses producing age results that fall within the area 

under a single confidence curve peak. This type of plot is used for displaying an entire 

data set and as an initial discrimination plot to visually locate data set outliers. (c) Th/Pb 

vs. U/Pb plot for the single age domain in Mnz-2, yielding a U-Th-Pbtotal centroid age of 

1769 ± 3 Ma (2σ) as identified by 41 EMP spot analyses. All plots were constructed 

using Isoplot/Ex (ver. 3; Ludwig 2003). 
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Figure 3.8.  (a) BSE image of monazite grain from NSB-2, displaying EMP analytical 

traverse analyses across the whole grain. X-ray WDS maps of Y, Th, and U distributions 

within the monazite show relative elemental concentrations and single element zoning. 

(b) Probability density histogram plot based on 53 EMP spot analyses performed on the 

NSB-2 monazite. Two age populations are indicated at ~2550 and 2450 Ma, as indicated 

by the confidence-curve peaks that reflect peaks in the histogram. (c) Th/Pb vs. U/Pb plot 
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for the older age domain that yielded a U-Th-Pbtotal centroid age of 2553 ± 4 Ma (2σ) as 

identified by 25 EMP spot analyses. (d) Th/Pb vs. U/Pb plot for the younger high Y 

domain that yielded a U-Th-Pbtotal centroid age of 2458 ± 7 Ma (2σ) as identified by 9 

EMP spot analyses. All plots were constructed using Isoplot/Ex (ver. 3; Ludwig 2003). 
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Figure 3.9.  (a) BSE image of grain Mnz-6 from Black Mountain Granite sample mount 

VT/Br1-89 and EDS-generated X-ray maps of Y, Th, and U. (b) BSE image of Mnz-7 

and EDS-generated X-ray maps of Y, Th, and U. (c) BSE image of Mnz-10 and EDS-

generated X-ray maps of Y, Th, and U. (d) Probability density histogram plot based on 

222 EMP spot analyses (using a default bin width) performed on the VT/Br1-89 Mnz-6, 

Mnz-7, and Mnz-10. A single collective age population at the whole-rock scale is 

indicated at ~356 Ma, represented by the large number of analyses producing age results 

that fall within the area under the single confidence-curve peak. Individual grain plots 
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were constructed (Figures 3.10-3.12) and used to visually locate any whole-grain data set 

outliers. (e) Th/U vs. age plot for 222 EMP spot analyses performed on the VT/Br1-89 

Mnz-6, Mnz-7, and Mnz-10. Age error ellipse stacking shows a major age population at 

~360 Ma, all error ellipses are 2σ absolute uncertainties for individual EMP spot 

analyses. All plots were constructed using Isoplot/Ex (ver. 3; Ludwig 2003).. 
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Figure 3.10.  (a) BSE image of grain Mnz-6 from Black Mountain Granite sample mount 

VT/Br1-89, displaying the location of electron microprobe (EMP) spot analyses used for 

whole-grain age determination, including additional analytical points targeted around the 

SHRIMP ablation pit (shown within the white box). (b) Probability density histogram for 

Mnz-6 analyses, indicating a whole-grain age at ~356 Ma. Th/Pb vs. U/Pb plot for whole-

grain age analysis yielded a U-Th-Pbtotal centroid age of 355 ± 3 Ma (2σ) as identified 

by 53 EMP spot analyses. All plots were constructed using Isoplot/Ex (ver. 3; Ludwig 

2003).  (c) BSE image of Mnz-6 SHRIMP ablation pit area with both SHRIMP and EMP 

ages annotated for comparison. WDS-generated X-ray maps of Y, Th, and U distributions 

around the ablation pit region, showing relative elemental concentrations and single 

element zoning.



 73 

Th UY

c.

a. Mnz-7

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35 40

U/Pb

Th
/P

b

data-point error ellipses are 2σ

VT/Br1-89 Mnz 7
U-Th-Pb age = 358 ± 3 Ma

(n = 33)   MSWD = .54

"Th-Pb age" = 349  +26  -23 Ma

"U-Pb age" = 451  +225  -272 Ma

358 Ma

0

1

2

3

4

5

6

7

280 300 320 340 360 380 400 420 440

Age (Ma)

N
um

be
r

b.

Th UY

c.
Th UY Th UY ThTh UUYY

c.

a. Mnz-7a. Mnz-7

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35 40

U/Pb

Th
/P

b

data-point error ellipses are 2σ

VT/Br1-89 Mnz 7
U-Th-Pb age = 358 ± 3 Ma

(n = 33)   MSWD = .54

"Th-Pb age" = 349  +26  -23 Ma

"U-Pb age" = 451  +225  -272 Ma

358 Ma

0

1

2

3

4

5

6

7

280 300 320 340 360 380 400 420 440

Age (Ma)

N
um

be
r

b.

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35 40

U/Pb

Th
/P

b

data-point error ellipses are 2σ

VT/Br1-89 Mnz 7
U-Th-Pb age = 358 ± 3 Ma

(n = 33)   MSWD = .54

"Th-Pb age" = 349  +26  -23 Ma

"U-Pb age" = 451  +225  -272 Ma

358 Ma

0

1

2

3

4

5

6

7

280 300 320 340 360 380 400 420 440

Age (Ma)

N
um

be
r

b.

 
 
Figure 3.11.  (a) BSE image of grain Mnz-7 from Black Mountain Granite sample mount 

VT/Br1-89, displaying the location of electron microprobe (EMP) spot analyses used for 

whole-grain age determination, including additional analytical points targeted around the 

SHRIMP ablation pit (shown within the white box). (b) Probability density histogram for 

Mnz-7 analyses, indicating a whole-grain age at ~360 Ma. Th/Pb vs. U/Pb plot for whole-

grain age analysis yielded a U-Th-Pbtotal centroid age of 358 ± 3 Ma (2σ) as identified 

by 33 EMP spot analyses. All plots were constructed using Isoplot/Ex (ver. 3; Ludwig 

2003).  (c) BSE image of Mnz-7 SHRIMP ablation pit area with both SHRIMP and EMP 

ages annotated for comparison. WDS-generated X-ray maps of Y, Th, and U distributions 

around the ablation pit region, showing relative elemental concentrations and single 

element zoning.
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Figure 3.12.  (a) BSE image of grain Mnz-10 from Black Mountain Granite sample 

mount VT/Br1-89, displaying the location of electron microprobe (EMP) spot analyses 

used for whole-grain age determination, including additional analytical points targeted 

around the SHRIMP ablation pit (shown within the white box). (b) Probability density 
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histogram for Mnz-10 analyses, indicating two apparent age populations at ~360 and 

~380 Ma. Th/Pb vs. U/Pb plot for whole-grain age analysis yielded a U-Th-Pbtotal 

centroid age of 359 ± 3 Ma (2σ) as identified by 60 EMP spot analyses. (c) BSE image of 

Mnz-10 SHRIMP ablation pit area with both SHRIMP and EMP ages annotated for 

comparison. WDS-generated X-ray maps of Y, Th, and U distributions around the 

ablation pit region, showing relative elemental concentrations and single element zoning; 

these high-resolution maps also show several small irregular domains resembling relic 

xenocrystic monazite within and around the SHRIMP ablation pit area. (d) Weighted-

average of the Mean plot for 20 spot analyses performed around the ablation pit and from 

within a low-Th region of Mnz-10 (highlighted by the dashed white box and shown in 

Figure 9c), yielding an age of 390 ± 7 Ma (2σ) with a 100% probability of fit. All plots 

were constructed using Isoplot/Ex (ver. 3; Ludwig 2003). 
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Figure 3.13. (a) BSE image of grain Mnz-23 from metapelite sample TRMR-2 displaying 

patchy zoning in BSE intensity, indicating the relative differences in high-Z elemental 

concentrations. (b) WDS X-ray maps of Y and Th distributions in Mnz-23 showing 

relative elemental concentrations and complex single element zoning. These images were 

generated at 15kV with a beam current of 300nA and a total acquisition time of ~4 hours. 
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(c) EDS X-ray maps of Y and Th distributions in Mnz-23 displaying the same features as 

shown by WDS mapping. Although some of the fine structures are not as high resolution 

as shown in the WDS maps, the use of EDS elemental maps for site-specific analysis 

selection can clearly be used as an alternative. However, for this specific grain, the EDS 

maps were generated utilizing the EMP as the primary beam source operating at 15kV 

with a beam current of 300nA, but the total acquisition time was ~30 minutes (4 

cumulative total frames at ~7 to 8 minutes per full frame). 
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Figure 3.14.  (a) BSE image of grain Mnz-23 from metapelite sample TRMR-2 annotated 

with both SHRIMP and EMP ages for spatial comparison. The three age domains are 

outlined with black dashed lines, providing clear visual evidence of the bulk-mixing of 

age domains within both SHRIMP rim analyses and in at least one core analysis. Though 

the other core analysis (SHRIMP) was performed within the boundaries of the core 

domain, the Th X-ray map (Figure 3.5a) reveals what appears to be annealed internal 

fractures that have a different Th content than the surrounding core domain. (b) U/Pb 
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Concordia plot of SHRIMP analyses for Mnz-23 with annotated EMP defined age 

populations (shown on Concordia as filled black circles) at ~2865, 2450, and 1700 Ma 

that are used as anchor points for drawing a chord between each EMP age population. 

This plot visually illustrates how a SHRIMP analysis with a high level of concordance 

(i.e., core – 2785 ± 9 with 99.1% concordance) could still incorporate bulk-mixing 

between two age domains. Other discordant SHRIMP analyses clearly fall within the 

region drawn by connecting EMP age populations with chords. Plot constructed using 

Isoplot/Ex (ver. 3; Ludwig 2003) with additional EMP age population points and chords 

annotated later. 



 80 

 

REFERENCES 

 Aleinikoff, J.N., Schenck, W.S., Plank, M.O., Srogi, L., Fanning, C.M., Kamo, S.L., and 
Bosbyshell, H., 2006. Deciphering igneous and metamorphic events in high grade 
rocks of the Wilmington Complex, Delaware:  Morphology, CL and BSE zoning, 
and SHRIMP U-Pb geochronology of zircon and monazite:  Geol. Soc. Am. Bull. 
118, 39-64. 

Åmli, R. and Griffen, W., 1975. Microprobe analysis of REE minerals using empirical 
correction factors. Amer. Min. 60, 599−606. 

Andrehs, G. and Heinrich, W., 1998. Experimental determination of REE distributions 
between monazite and xenotime: potential for temperature-calibrated 
geochronology. Chem. Geol. 149, 83–96. 

Brady, J.B., Kovaric, D.N., Cheney, J.T., Jacob, L.J., and King, J.T., 2004. 40Ar/39Ar 
ages of metamorphic rocks from the Tobacco Root Mountains region, Montana, 
in, Brady, J.B., Burger, H.R., Cheney, J.T., and Harms, T.A., eds., Precambrian 
Geology of the Tobacco Root Mountains, Montana: Geol. Soc. Am. Special Paper 
377, 131-149. 

Braun, I., Montel, J.M., and Nicollet, C., 1998. Electron microprobe dating of monazites 
from high-grade gneisses and pegmatites of the Kerala khondalite belt, southern 
India. Chem. Geol. 146, 65– 85. 

Castaing, R., 1960. In Advances in Electronics and Electron Physics, Marton LL and 
Marton C (eds), New York: Academic Press, 13. 317-386. 

Catlos, E.J., Gilley, L.D., and Harrison, T.M., 2002. Interpretation of monazite ages 
obtained via in situ analysis. Chem. Geol. 188, 193-215. 

Cheney, J.T., Brady, J.B., Tierney, K.A., DeGraff, K.A., Mohlman, H.K., Frisch, J.D., 
Hatch, C.E., Steiner, M.L., Carmichael, S.K., Fisher, R.G.M., Tuit, C.B., Steffen, 
K.J., Cady, P., Lowell, J., Archuleta, L.L., Hirst, J., Wegmann, K.W., and 
Monteleone, B., 2004. Proterozoic metamorphism of the Tobacco Root 
Mountains, Montana, in, Brady, J.B., Burger, H.R., Cheney, J.T., and Harms, 
T.A., eds., Precambrian Geology of the Tobacco Root Mountains, Montana: Geol. 
Soc. Am. Special Paper 377, 105-129. 

Cherniak, D.J., Watson, E.B., Grove, M., and Harrison, T.M., 2004. Pb diffusion in 
monazite: a combined RBS/SIMS study. Geochim. Cosmochim. Acta, 68, 829-
940. 

Clement, S.W.J., and Compston, W., 1994. Ion probe parameters for very high resolution 
without loss of sensitivity. U.S. Geol. Surv. Circ. 1107, 62. 

Cocherie, A. and Albarède, F., 2001. An improved U-Th-Pb age calculation for electron 
microprobe dating of monazite. Geochim. Cosmochim. Acta 65, 4509-4522. 

Cocherie, A., Legendre, O., Peucat, J.J., Kouamelan, A.N., 1998. Geochronology of 
polygenetic monazites constrained by in situ electron microprobe Th–U–total lead 
determination: implications for lead behaviour in monazite. Geochim. 
Cosmochim. Acta 62, 2475– 2497. 



 81 

Cocherie, A., Be Mezeme, E., Legendre, O., Fanning, C.M., Faure, M., and Rossi, P., 
2005. Electron microprobe dating as a tool for determining the closure of Th-U-
Pb systems in migmatitic monazites. Amer. Min. 90, 607.618. 

Crowley, J.L. and Ghent, E.D., 1999. An electron microprobe study of the U–Th–Pb 
systematics of metamorphosed monazite: the role of Pb diffusion versus 
overgrowth and recrystallization. Chem. Geol. 157, 285– 302. 

Cumming, G. and Richards, J., 1975. Ore lead isotopic ratios in a continuously changing 
earth. Earth Planet. Sci. Lett. 28, 155−171. 

Dahl, P.S., and Frei, R., 1998. Step-leach Pb-Pb dating of inclusion bearing garnet and 
staurolite, with implications for Early Proterozoic tectonism in the Black Hills 
collisional orogen, South Dakota. Geology 26, 111-114. 

Dahl, P.S., and Hamilton, M.A., 2002. Ion microprobe evidence for thermotectonic 
reworking of the NW Archean Wyoming province along the Great Falls tectonic 
zone, SW Montana, U.S.A. Geol. Assoc. Canada – Min. Assoc. Canada Abstr. 
Progr. 27, 25. 

Dahl, P.S., Holm, D.K., Gardner, E.T., Hubacher, F.A., and Foland, K.A., 1999. New 
constraints on the timing of Early Proterozoic tectonism in the Black Hills (South 
Dakota), with implications for docking of the Wyoming Province with Laurentia. 
Geol. Soc. Am. Bull. 111 (9), 1335-1349. 

Dahl, P.S., Hamilton, M.A., Stern, R.A., Frei, R., Berg, R.B., 2000. In situ SHRIMP 
investigation of an Early Proterozoic metapelite: implications for Pb-Pb dating of 
garnet and staurolite. Geol. Soc. Am. Abstr. Progr. 32(7), A297. 

Dahl, P.S., Hamilton, M.A., Jercinovic, M.J., Terry, M.P., Williams, M.L., Frei, R., 
2005a. Comparative isotopic and chemical geochronometry of monazite, with 
implications for U–Th–Pb dating by electron microprobe: An example from 
metamorphic rocks of the eastern Wyoming Craton (U.S.A.). Am. Min. 90, 619–
638. 

Dahl, P.S., Terry, M.P., Jercinovic, M.J., Williams, M.L., Hamilton, M.A., Foland, K.A., 
Clement, S.M., and Friberg, L.M., 2005b. Electron probe (Ultrachron) 
microchronometry of metamorphic monazite; unraveling the timing of polyphase 
thermotectonism in the easternmost Wyoming Craton; Black Hills, South Dakota. 
Am. Min. 90, 1712-1728. 

DeWolf, C.P., Belshaw, N.S., and O’Nions, R.K., 1993. A metamorphic history from 
micron-scale 207Pb/206Pb chronometry of Archean monazite. Earth Planet. Sci. 
Lett. 120, 207– 220. 

Ferry, J.M., 2000. Patterns of mineral occurrence in metamorphic rocks. Am. Min. 85, 
1573-1588. 

Foster, G., Kinny, P., Vance, D., Prince, C., and Harris, N., 2000. The significance of 
monazite U–Th–Pb age data in metamorphic assemblages; a combined study of 
monazite and garnet chronometry. Earth Planet. Sci. Lett. 181, 327–340. 

Foster, G., Parrish, R.R., Horstwood, M.S., Chenery, S., Pyle, J., and Gibson, H.D., 2004. 
The generation of prograde P–T–t points and paths; a textural, compositional, and 
chronological study of metamorphic monazite. Earth Planet. Sci. Lett. 228, 125–
142. 

Gibson, H.D., Carr, S.D., Brown, R.L., and Hamilton, M.A., 2004. Correlations between 
chemical and age domains in monazite, and metamorphic reactions involving 



 82 

major pelitic phases; an integration of ID-TIMS and SHRIMP geochronology 
with Y-Th-U X-ray mapping. Chem. Geol. 211, 237-260. 

Goldstein, J.I., Newbury, D.E., Joy, D.C., Lyman, C.E., Echlin, P., Lifshin, E., Sawyer, 
L., and Michael, J.R., 2003. Scanning electron microscopy and X-ray 
microanalysis. Plenum Publishers, New York. 

Gratz, R. and Heinrich, W., 1997. Monazite–xenotime thermobarometry: experimental 
calibration of the miscibility gap in the system CePO4–YPO4. Amer. Min. 82, 
772–780. 

Gratz, R. and Heinrich, W., 1998. Monazite–xenotime thermometry, III; experimental 
calibration of the partitioning of gadolinium between monazite and xenotime. 
European Journal of Mineralogy 10, 579–588. 

Harrison, T.M., McKeegan, K.D., and Le Fort, P., 1995. Detection of inherited monazite 
in the Manaslu leucogranite by 208Pb/232Th ion microprobe dating: crystallization 
age and tectonic implications. Eart Planet. Sci. Lett. 133, 271-282. 

Harrison, T.M., Grove, M., McKeegan, K.D., Coath, C.D., Lovera, O.M., and Le Fort, P., 
1999. Origin and implacement of the Manaslu intrusive complex, Central 
Himalaya. J. Petrol. 40, 3-19. 

Harms, T.A., Brady, J.B., Burger, H.R., and Cheney, J.T., 2004. Advances in the geology 
of the Tobacco Root Mountains, Montana, and their implications for the history of 
the northern Wyoming province. In Precambrian geology of the Tobacco Root 
Mountains, Montana. Edited by J.B Brady, H.R. Burger, J.T. Cheney, and T.A. 
Harms. Geol. Soc. Am. Special Paper 377, 227-243. 

Heaman, L., and Parrish, R., 1991. U–Pb geochronology of accessory minerals. In: 
Heaman, L., Ludden, J.N. (Eds.), Applications of Radiogenic Isotope Systems to 
Problems in Geology, Short Course Series vol. 19. Min. Assoc. Canada, Toronto, 
pp. 59– 100. 

Heinrich, W., Andrehs, G., and Franz, G., 1997. Monazite–xenotime miscibility gap 
thermometry. I. An empirical calibration. J. Metamorph. Geol. 15, 3–16. 

Hibbard, J.P., Tracy, R.J., and Henika, W.S., 2003. Smith River Allochthon; a Southern 
Appalachian peri-Gondwanan terrane emplaced directly on Laurentia? Geology 
31, 215– 218. 

Ireland, T.R., and Williams, I.S., 2003. Considerations in zircon geochronology by SIMS. 
Reviews in Mineralogy and Geochemistry 53, 215-241. 

Ireland, T.R., Wooden, J.L., Persing, H, and Ito, B., 1999. Geological applications and 
analytical development of the SHRIMP-RG. EOS, 80, F-1117. 

Jercinovic, M.J. and Williams, M.L., 2005. Analytical perils (and progress) in electron 
microprobe trace element analysis applied to geochronology: Background 
acquisition, interferences, and beam irradiation effects. Am. Min. 90, 526-546. 

Jones, C.L., 2008. U-Pb geochronology of monazite and zircon in Precambrian 
metamorphic rocks from the Ruby Range, SW Montana: Deciphering geological 
events that shaped the NW Wyoming province. Unpub. MS Thesis. Kent State 
University. 

Karioris, F.G., Gowda, K., and Cartz, L., 1991. Heavy ion bombardment on monoclinic 
ThSiO4, ThO2, and monazite. Radiation Effects Letters, 58, 1-3. 

Krogh, T.E., Kamo, S.L., Hanley, T.B., Hess, D.F., Dahl, P.S., and Johnson, R.E., 2011. 
Geochronology and geochemistry of Precambrian gneisses, metabasites, and 



 83 

pegmatite from the Tobacco Root Mountains, northwestern Wyoming craton, 
Montana. Can. J. Earth Sci. 48, 161-185. 

Loehn, C.W., 2009. Monazite geochronology of the Madison mylonite zone and 
environs, southwestern Montana with implications for Precambrian 
thermotectonic evolution of the northern Wyoming province. Unpub. MS Thesis. 
Virginia Polytechnic Institute and State University. 

Ludwig K.R., 1999. Users manual for ISOPLOT/EX, version 2. A geochronological 
toolkit for Microsoft Excel. Berkeley Geochronology Center. Spec. Pub. 1a, 43 p. 

Ludwig, K.R., 2001. Squid, version 1.02, A user’s manual:  Berkeley Geochronology 
Center Spec. Pub. 2, 21 p. 

Ludwig, K.R., 2003. Isoplot/Ex version 3.00, A geochronological toolkit for Mircosoft 
Excel:  Berkeley Geochronology Center Spec. Pub. 4, 73 p. 

McCombs, J.A., Dahl, P.S., and Hamilton, M.A., 2004. U-Pb ages of Neoarchean 
granitoids from the Black Hills, South Dakota, USA: implications for crustal 
evolution in the Archean Wyoming province. Precambrian Res. 130, 161-184. 

Meldrum, A., Boatner, L.A., and Ewing, R.C., 1977. Displacive radiation effects in the 
monazite- and zircon-structure orthophosphates. Physics Reviews B, 56, 13805-
13814. 

Montel, J., Foret, S., Veschambre, M., Nicollet, C., and Provost, A., 1996. Electron 
microprobe dating of monazite. Chem. Geol. 131, 37– 53. 

Montel, J.M., Kornprobst, J., and Vielzeuf, D., 2000. Preservation of old U–Th–Pb ages 
in shielded monazite; example from the Benmi Bousera Hercynian kinzigites 
(Morocco). J. Metamorph. Geol. 18, 335– 342. 

Mueller, P.A., Heatherington, A.L., Kelly, D.M., Wooden, J.L., and Mogk, D.W., 2002. 
Paleoproterozoic crust within the Great Falls Tectonic Zone: implications for the 
assembly of the southern Laurentia. Geology, 30, 127-130. 

Mueller, P.A., Burger, H.R., Wooden, J.L., Heatherington, A.L., Mogk, D.W., and 
D’Arcy, K., 2004. Age and evolution of the Precambrian crust of the Tobacco 
Root Mountains, Montana, in, Brady, J.B., Burger, H.R., Cheney, J.T., and 
Harms, T.A., eds., Precambrian Geology of the Tobacco Root Mountains, 
Montana: Geol. Soc. Am. Special Paper 377, 181-202. 

Olsen, S.N., and Livi, K., 1998. Dating of monazite from migmatites in the Aar Massif, 
Swiss Alps, by electron microprobe analyses. Geol. Soc. Am. Abstr. Progr. 30, 
231. 

Overstreet, W.C., 1967. The geological occurrence of monazite. U.S. Geol. Surv. Prof. 
Pap. 530, 327. 

Poitrasson, F., Bland, D.J., and Chenery, S., 1996. Contrasted monazite hydrothermal 
alteration mechanisms and their geochemical implications. Earth Planet. Sci. Lett. 
146, 79–96. 

Poitrasson, F., Chenery, S., and Shepherd, T.J., 2000. Electron microprobe and LA-ICP-
MS study of monazite hydrothermal alteration: implications for U–Th–Pb 
geochronology and nuclear ceramics. Geochim. Cosmochim. Acta 64, 3283–
3297. 

Pommier, A., Cocherie, A., and Legendre, O., 2002. Age calculation from electron probe 
microanalyzer measurements of U-Th-Pb. BRGM, France. 9 p. 



 84 

Pouchou, J.L. and Pichoir, F., 1991. Quantitative analysis of homogeneous or stratified 
microvolumes applying the model “PAP”. In: Electron Probe Quantitation, 
Heinrich, K.F.J. & Newbury, D.E. (eds), Plenum Press, New York, 31-75. 

Pyle, J.M. and Spear, F.S., 1999. Yttrium zoning in garnet: coupling of major and 
accessory phases during metamorphic reactions. Geol. Mater. Res. 1, 1 –49. 

Pyle, J.M. and Spear, F.S., 2003. Yttrium zoning in garnet; coupling of major and 
accessory phases during metamorphic reactions. Am. Min. 88, 708b. 

Pyle, J.M., Spear, F.S., Rudnick, R.L., and McDonough, W.F., 2001. Monazite-
Xenotime-Garnet equilibrium in metapelites and a new Monazite-Garnet 
thermometer. J. Petrol. 42, 2083-2107. 

Pyle, J.M., Spear, F.S., Wark, D.A., Daniel, C.G., and Storm, L.C., 2005. Contributions 
to precision and accuracy of chemical ages of monazite. Amer. Min. 90, 547– 
577. 

Ratcliffe, M.N., Aleinikoff, J.N., Armstrong, T.R., Walsh, G.J., and Hames, W.E., 2001. 
Intrusive relations and isotopic ages of Devonian granites in southern and central 
Vermont: evidence for a prolonged Acadian orogeny and partitioning of 
compressional strain. Geol. Soc. Am. Abstr. Progr. 33, 6. 

Roberts, H., Dahl, P., Kelley, S., and Frei, R., 2002. New 207Pb-206Pb and 40Ar-39Ar ages 
from SW Montana, USA: constraints on the Proterozoic and Archean tectonic and 
depositional history of the Wyoming Province. Precambrian. Res. 117, 119-143. 

Schärer, U., 1984. The effect of initial 230Th disequilibrium on young U–Pb ages: the 
Makalu case, Himalaya. Earth Planet. Sci. Lett. 67, 191– 204. 

Scherrer, N.C., Engi, M., Gnos, E., Jakob, V., and Liechti, A., 2000. Monazite analysis; 
from sample preparation to microprobe age dating and REE quantification. 
Schweiz. Min. Petrogr. Mitt. 80, 93-105. 

Seydoux-Guillaume, A., Goncalves, P., Wirth, R., and Deutsch, A., 2003. Transmission 
electron microscope study of polyphase and discordant monazites: Site-specific 
specimen preparation using the focused ion beam technique. Geology 31, 973-
976. 

Shaw, C.A., Karlstrom, K.E., Williams, M.L., Jercinovic, M.J., and McCoy, A.M., 2001. 
Electron microprobe monazite dating of ca. 1.7–1.63 and ca. 1.45–1.38 Ga 
deformation in the Homestake shear zone, Colorado: origin and early evolution of 
a persistent intracontinental tectonic zone. Geology 29, 739– 742. 

Simpson, R.L., Parrish, R.R., Searle, M.P., and Waters, D.J., 2000. Two episodes of 
monazite crystallization during metamorphism and crustal melting in the Everest 
region of the Nepalese Himalaya. Geology 28, 403–406. 

Smith, H.A., and Giletti, B.J., 1997. Lead diffusion in monazite. Geochim. Cosmochim. 
Acta 61, 1047– 1055. 

Spear, F.S., and Pyle, J.M., 2002. Apatite, monazite, and xenotime in metamorphic rocks. 
In M.J. Kohn, J. Rakovan, and J.M. Hughes, Eds. Phosphates: Geochemical, 
Geobiological, and Materials Importance, 48, p. 293-335. Reviews in Mineralogy 
and Geochemistry, Mineralogical Society of America, Washington, D. C. 

Stern, R.A., 1997. The GSC Sensitive High Resolution Ion Microprobe (SHRIMP): 
analytical techniques of zircon U-Th-Pb age determinations and performance 
evaluation. In Radiogenic Age and Isotopic Studies: Report 10, Current Research 
1997-F, 1−31. Geol. Surv. Canada, Ottawa. 



 85 

Stern, R.A. and Sanborn, N., 1998. Monazite U-Pb and Th-Pb geochronology by high-
resolution secondary ion mass spectrometry. In Radiogenic Age and Isotopic 
Studies: Report 11, Current Research 1998-F, 1−18. Geological Survey of 
Canada, Ottawa. 

Stern, R.A. and Berman, R.G., 2000. Monazite U-Pb and Th-Pb geochronology by ion 
microprobe, with an application to in situ dating of an Archean metasedimentary 
rock. Chem. Geol. 172, 113−130. 

Suzuki, K. and Adachi, M., 1991. Precambrian provenance and Silurian metamorphism 
of the Tsubonosawa paragneiss in the South Kitakami terrane, Northeast Japan, 
revealed by the chemical Th–U–total Pb isochron ages of monazite, zircon, and 
xenotime. Geochem. J. 25, 357– 376. 

Suzuki, K. and Adachi, M., 1998. Denudation history of the high T/P Ryoke 
metamorphic belt, Southwest Japan; constraints from CHIME monazite ages of 
gneisses and granitoids. J. Metamorph. Geol. 16, 23– 37. 

Suzuki, K., Adachi, M., and Kajizuka, I., 1994. Electron microprobe observations of Pb 
diffusion in metamorphosed detrital monazites. Earth Planet. Sci. Lett. 128, 391– 
405. 

Wendt, I. and Carl, C., 1991. The statistical distribution of the mean squared weighted 
deviation. Chem. Geol. 86, 275−285. 

Williams, I.S., 1997. U–Th–Pb geochronology by ion-microprobe. In Applications of 
Microanalytical Techniques to Understanding Mineralizing Processes (M.A. 
McKibben, W.C. Shanks III & W.I. Ridley, eds.). Rev. Econ. Geol. 7, 1-35. 

Williams, M.L. and Jercinovic, M.J., 2002. Microprobe monazite geochronology: putting 
absolute time into microstructural analysis. J. Struct. Geol. 24, 1013–1028. 

Williams, M.L., Jercinovic, M.J., and Terry, M.P., 1999. Age mapping and dating of 
monazite on the electron microprobe: Deconvoluting multistage tectonic histories. 
Geology 27, 1023-1026. 

Williams, M.L., Jercinovic, M.J., Goncalves, P., and Mahan, K., 2006. Format and 
philosophy for collecting, compiling, and reporting microprobe monazite ages. 
Chem. Geol. 225, 1-15. 

Zhu, X.K., and O’Nions, R.K., 1999. Zonation of monazite in metamorphic rocks and its 
implications for high temperature thermochronology: a case study from the 
Lewisian terrain. Earth Planet. Sci. Lett. 171 (2), 209– 220. 

Zhu, X.K., O’Nions, R.K., Belshaw, N.S., and Gibb, A.J., 1997. Significance of in situ 
SIMS chronometry of zoned monazite from the Lewisian granulites, northwest 
Scotland. Chem. Geol. 135, 35–53. 

 
 

  


