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Monazite analysis; from sample preparation
to microprobe age dating and REE quantifieation

by N.C. Scherrer, M. Engi, E. Gnos, V. Jakob and A. Liechti

Abstract

Despite the recognized importance of monazite in geochronology and petrology, a range of fundamental analytical
and preparational problems remains. For example, chemical Th-U-Pb dating of monazite requires special lead-free

sample preparation. This is achieved efficiently and at high quality with specially developed grooved ND-PE

polyethylene polishing disks. Techniques useful in locating and characterizing monazite are evaluated. Back scattered

electron imaging is an effective way to determine zonation patterns, particularly with respect to thorium. Quantitative

analysis of monazite by EMP is delicate and time consuming. A whole series of X-ray peak interferences has

been ignored in published work. For example, for monazite containing 12% Th, the commonly disregarded interference

ofTh Mz on Pb Ma causes an overestimation of 11% (relative) in Pb.This propagates to an age overestimation

of - 50 Ma for a sample of 400 to 500 Ma in age. A judicious choice of X-ray peaks used in quantitative EMP analysis

avoids or minimises peak overlap for all elements, including REE. Only for U a correction factor is required.
U wt%corrccKd U wt%measured - (0.0052 * Th wt%measurJ based on the analytical lines U Mb and Th Ma.

Keywords: EMPA. REE, monazite, polishing, sample preparation, chemical dating,Th-U-Pb dating.

Introduction

Monazite is increasingly recognized as a powerful
mineral for age dating in a wide variety of igneous
(Mougeot et al.. 1997). metamorphic (Bingen
and Van Breemen, 1998; Braun et al.. 1998;

Kingsbury et al., 1993; Paquette et al.. 1999;

Parrish, 1990; Suzuki and Adachi, 1994) and

even diagenetic (Evans and Zalasiewicz, 1996)
environments. Monazite does not "incorporate"
appreciable common lead during growth and thus
all of its lead is radiogenic, from the decay of Tit
and U. This eliminates the need for an isotopic
correction for common lead. The possibility to
date monazite older than - 200 Ma with the electron

microprobe (EMP), a non-destructive, in-
situ. high-resolution, and accessible method, has

enhanced the mineral's popularity as a chronometer.

Various other methods (e.g. ion microprobe,
LA-ICP-MS, XRF) allow dating of geologically
young monazite, giving this mineral good potential

for solving geochronological problems oxer a

wide range of time. Problems identified in mon¬

azite geochronology range from sample preparation

(contamination with lead) to analytical
complications (X-ray line interference) to complex
processes during and following the formation ol
monazite (23"Th disequilibrium, Pb loss, U excess,

single grain zoning).
Relatively little is known about monazite

forming reactions despite its importance for a better

interpretation of P-T-t data. To decipher such

reactions, quantitative microanalysis of monazite
in thin section is indispensible. Andrehs and

Heinrich 1998) demonstrated the use of monazite

in temperature-calibrated geochronology,
requiring complete quantitative analysis ol
coexisting xenotime and monazite. On reviewing
published EMP analyses of monazite. considerable
differences in the quality of the analyses have
become apparent.

The present paper addresses mainly technical

aspects of finding, analysing and chemically dating
monazite. We report techniques specifically developed

for sample preparation, characterization
and analysis of monazite. While monazite is a fre-
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quent accessory in various rock types, it is by no
means easy to find and identify by the untrained
eye. We evaluated a range of techniques to locate
this mineral in context and present information
on their relative merits.

Sample preparation

Th-U-Pb dating by the EMP requires lead-free
polishing. While this can be time consuming for
large series, a method is presented to achieve
excellent polish with an efficiency competitive to
conventional polishing techniques.

Conventional lead disks are unsuitable for the
production of thin sections for Th-U-Pb analysis
on the EMP because they deposit lead at grain
boundaries, filling in surface irregularities and
thus contaminating the sample. Lead-free polishing

disks made of ND-PE Polyethylene have
achieved astonishing results, though only after
special treatment of the abrasive surface. Using a
Schaublin lathe, a spiral groove of 0.1 mm depth
was cut at 75 rotations per minute and 150 mm/
min radial progression (Fig. 1). This reduced the
total polishing time from days to less than 3 hours.
It proved necessary to make adjustments to the
sequence of abrasives used: the currently most
successful procedure is listed in table 1. The
quality of surface polish achieved by this method
is equivalent to conventional techniques (using
a lead disk), with comparable preparation
efficiency.

Finding monazite

A range of methods has been tried with variable
success. Cathode luminescence and UV luminescence,

applicable to zircon, are unsuitable. Monazite

does not luminesce with either technique. By
far the most efficient and practical method is scanning

(lead-free) polished thin sections in BSE-
mode, using the EMP. The methods evaluated are
outlined and detailed recommendations are given.

OPTICAL MICROSCOPY

Pétrographie microscopy of thin sections provides
an efficient way to find heavy minerals in their
textural context. Detecting monazite with reasonable

certainty, however, requires experience, and
even with all that, monazite is not always clearly
distinguishable from zircon, allanite, xenotime or
titanite. Some practical hints are given on distinctive

characteristics of the various phases, always in
comparison with monazite.

Zircon: in reflected light, zircon is distinctly
brighter than monazite; zircon is often euhedral
with elongate shapes and occurs mostly as single
grains whereas monazite tends to show rounded
or irregular shapes and often occurs as clusters or
in trails; the low uranium and thorium content in
zircon implies that radiation damage to the host
minerals becomes visible only if the rocks exceed
several hundred million years in age.

Allanite has low interference colors (1st order
grey to brown) whereas monazite generativ shows

j 210

Fig. 1 Plan of the ND-PE Polyethylene disks with spiral groove pattern developed for lead-free thin section preparation
at the University of Bern. Measurements are in mm.
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Tub. 1 Overview of lapping and polishing procedure.

LAPPING

Steps Disk Abrasive Time in min

1

2

Cast iron
Glass plate (by hand)

SiC 600 plus water
SiC 800 plus water

50
1 to 2

POLISHING

Steps Disk Abrasive Time in min

1*

2*
3*

PE disk with spiral grooves
PE disk with spiral grooves
PE disk with spiral grooves

Stähli AWS-WS-4-8/19 plus AWS-DS-5-8 10.0
Stähli AWS-WS-2-3/20 plus AWS-DS-2-4 10.0

Stähli AWS-WS-1/20 plus AWS-DS-0.75-1.5 10.0

2 x 30
2 x 30

1 2 x 30

* after each step, the PE disks are roughened with a diamond ring

distinctly higher ones (third order blue to fourth
order green or yellow); simple twinning is common

in allanite, not so in monazite which may
exhibit multiple twinning. Euhedral grain shapes
and color zoning are typical features of allanite,
and grain sizes exceeding 100 pm are common;
pleochroic halos around allanite (and monazite!)
are common in biotite and chlorite, even in rocks

younger than 50 Ma.
Xenotime is virtually indistinguishable from

monazite, apart from the lack of halos due to low
uranium and low thorium contents.

Titanite similarly occurs as trails; in general, it
is easily distinguished in transmitted light showing
darker body colors.

Monazite is colorless or faintly colored from
yellow to brown, but is clearly distinguishable
from rutile. Pleochroic halos in biotite, chlorite
and cordierite are a characteristic but non-exclusive

feature; interference colors (3rd order) may
resemble epidote, zircon or small titanite. Grain
shapes and textural relations of monazite vary
widely, especially in metamorphic rocks (Fig. 2).
Pétrographie observation supplemented by
electronic imaging (SEM, EMP, see below) provide
the best means to identify likely interpretations of
geochronologic data. Understanding local phase
relations and reaction textures (e.g. Bea and

Montero, 1999;Bingen and van Breemen. 1998;

Finger et al, 1998: Spear and Parrish, 1996) is
crucial in linking metamorphic processes to monazite

ages.

OPTICAL SPECTROSCOPY

A technique applied to identify gemstones, each

having characteristic absorption bands within the
visible spectrum. Neodymium, a common
constituent in monazite, has absorption lines at 580.
525 and 514 nm (Bernstein, 1982) and these are

visible to the trained eye, provided monazite
grains have diameters in excess of 60 pm. The
method is applicable to grain mounts or thick
sections.

ALPHA SPUTTERING

This method relies on the emission of alpha particles

from the radioactive decay of uranium and
thorium. Since monazite may contain up to 30

wt% thorium, sufficient alpha particles are emitted

to produce alpha tracks on an alpha emission
sensitive film. This is achieved by exposing lightly
polished rock sections to Kodak LR115 type 1 film
for two weeks or longer. Development times are

up to six hours. Unfortunately, metamorphic monazite

commonly has Th contents of around 2 to 15

wt%. which is insufficient to produce visible alpha
tracks within a month. The method is better suited

for minerals such as uraninite (Fig. 3) or thori-
anite.

SCANNING ELECTRON MICROSCOPE (SEM)

Prerequisites are lead-free polished thin sections
coated with either carbon, aluminum or beryllium.

The SEM allows complete thin sections to be
scanned quite efficiently (magnification 20 x) and

provides positive identification of monazite by
EDS (energy dispersive spectrometry) analysis.
By adjusting the brightness and contrast on the
screen, zircon and other bright phases such as il-
menite are easily filtered out such that the
remaining bright spots can be examined to distinguish

monazite from xenotime with a quick EDS
analysis. The imaging features can produce quick
digital images at various scales for recognition
under the optical microscope. A major drawback of
the SEM is the missing optical microscope.
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Fig. 2 Monazites in metapelitic rocks under the optical microscope: typical morphologies. Left column: plain
polarizers; on right: crossed niçois, same scale.
(A) Single grain monazite with typical rounded shape and pleochroic halo in biotite. (B) Characteristic yellowish
pleochroic halo in cordierite and dark halo in biotite. (C) Monazite inclusion in garnet. (D) Pre-kinematic monazite
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blast in garnet-bearing mica schist. (E) Monazite relic. (F) Vermicular monazite: close arrangement of round or
elongated tine-grained monazite. (G) Monazite "trail": "stretched" cluster of small rounded monazite grains.

(H) Loose cluster of small rounded monazite grains in biotite. (I) Large cluster of monazite with larger fragments.
(J) Monazite associated with allanite.
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Fig. 3 Alpha tracks emitted from a uraninite bearing sample recorded on Kodak LR115 type 1 film. The tracks can
be viewed under a normal pétrographie microscope (Al, Bl). A2 and B2 are contrast-enhanced images (b&vv).

ELECTRON MICROPROBE (EMP)

Again, thin sections must be prepared with lead-
free polishing and carbon coated. The EMP
combines all of the advantages of finding monazite,
imaging zonation patterns, quantification and
chemical Th-U-Pb dating of old monazite (> 200
Ma, or younger if thorium contents are
exceptionally high). Monazite is easily and efficiently
localized and mapped using the BSE feature on an
electron microprobe.

Tab. 2 Electron microprobe settings from the literature

applied to the quantitative analysis of monazite.
Note that the critical ionisation energies of the L-lines
of elements La to Lu range from 6 keV to 11 keV.
Ideally, the accelerating voltage should be 3 to 5 times the
ionisation energy, i.e. at least 20 kV.

EMP quantitative analysis of monazite
and xenotime

Quantitative analysis of monazite and xenotime is
not trivial and should be planned with care. The
considerable number of Rare Earth elements
occurring in monazite and xenotime requires careful
selection of X-ray lines such that interferences
can be kept to a minimum. On examining the
recent literature to find EMP settings suitable for
monazite analysis, one finds a whole range of
analytical strategies (Tab. 2). While there exist sev ¬

eral methods to correct for peak overlaps (Amli
and Griffin, 1975; Donovan et al., 1993; Fialin
et al.. 1997; Roeder, 1985), it appears to be more
sensible to choose lines with negligible interference

(Exley, 1980). even at the cost of some extra

analysis time. Well characterized standard
materials are essential and,ideally,synthesized REE-
phosphates should be used (refer to Jarosewich
and Boatner, 1991). Synthesized glass standards
by Drake and Weill (1972) may be used for
minor elements or as secondary standards. Willi
respect to Th-U-Pb dating, ThP.O-. a synthesized
thorium phosphate, achieved better results than
ThO,, while UO, is preferable to elemental U.
Concerning the calibration of Pb. either a well

Tab. 3 Absolute background positions recommended
by Williams (1996) for Rare Earth element analysis.
Additional positions (this study) are marked with an
asterisk*.

kV nA Reference

15 10 Gratz and Heinrich, 1997; Podor and
Cuney, 1997

15 20 Della Ventura et al., 1996; De Parseval
et al., 1997

15 40 Van Emden et al., 1997
15 100 Bingen and Van Breemen, 1998
15 150 Suzuki and Adachi, 1994; Crowley and

Ghent, 1999
15 250 Finger and Helmy, 1998: Finger and

Broska, 199y
15 100 Montel et al., 1996
20 10 Mannucci et al., 1986;

Demartin et al., 1991
20 20 Fialin et al., 1997
20 40 Franz et al., 1996; Rhede,

GFZ Potsdam, 1999
20 50 Kingsbury et al., 1993; Simmat,

Uni Bonn, 1999
20 75 Rapp and Watson, 1986
20 100 Cocherie et al., 1998
25 130 Montel et al., 1994

LiF PET

38500 29775
41336* 30735
45400 40970*
51700 45865*
55650 50890*
64750 62510*
67170



MICROPROBE AGE DATING AND REE QUANTIFICATION ON MONAZITE 99

Tab. 4 Critical elements in monazite and xenotime analysis. Data is based on compositions for monazite and xeno-
time listed in table 5, and on the program VIRTUAL WDS (Reed and Buckley, 1996). Problematic X-ray lines are

highlighted. Interference ratios have been calculated for the given mineral compositions and will vary with differing
monazite or xenotime compositions (more or less significant). Interference can be ignored if none of the overlapping
elements are present, but not otherwise. Xenotime has been included to point at potential problems with Gd ther-

mometry alter Gratz and Heinrich (1997). References: 1) Andrehs and Heinrich, 1998; 2) Cocherie et al., 1998;

3) Crowley and Ghent, 1999; 4) Della Ventura el al„ 1996; Demartin et al., 1996; 5) Demartin et al., 1991;

6) Fialin et al., 1997; 7) Finger and Broska, 1999; 8) Finger and Helmy, 1998; 9) Franz et ab, 1996:10) Gratz
and Heinrich, 1997; 11) Mannucci et ab, 1986; 12) Montel et ab, 1994; 13) Podor and Cuney, 1997; 14) Rapp and

Watson, 1986; 15) Williams et ab, 1999.

Favored line X-tal Wave I cps Inferior X-tal Wave I cps Interferences Wave I cps Ratiot wt% overl. Elem. wt% Significance References

lines (order) (refer to caption)

PKal Mnz PET 70343 124329 Y Lbl (1) 71005 36 0.0003 0.004 12.373 4); 9); 13); 14)

PKal TAP 23956 540638 Y Lbl (1) 24182 2046 0.0038 0.047 6)

PKal Xe PET 70343 158956 Y Lbl (1) 71005 619 0.0039 0.06 15.521

PKal TAP 23956 691209 Y Lbl (I) 24182 35449 0.0513 0.7% •»

La Lai Mnz LLF 66202 10046 0 0 9.757 9); 14)

La Lai PET 30468 65962 Nd LI (1) 30600 839 0.0127 0.124 4); 5); 11); 13)

Pr Lbl Mnz LiF 56091 2267 La Lb2 15(1) 57216 16 0.0146 0.031 2.155 • 2); 9)
Ce Lb6(1) 56662 17

Pr Lbl PET 25819 8120 La Lb2 15(1) 26334 74 0.0507 0.109 » 4)
Ce Lb3(1) 26407 338

Pr Lai PET 28152 15214 La Lbl (1) 28106 25671 1.6873 3.636 5); 11)

Nd Lhl Mnz LiF 53809 8093 Dy Lll (1) 53615 5 0.0101 0.069 6.806 2); 9)
C'e Lb2 1 54855 77

Nd Lai LiF 58863 9956 Ce Lbl (1) 58515 153 0.0154 0.105 4); 6)
Ce Lb4 1 58356 0

Nd La) PET 27094 56434 La Lb3 1) 27571 359 0.0684 0.465 ** 5); 11)

Ce Lbl 4(1) 26917 3500

Nd Lbl PET 24768 22081 LaLgl (1) 24505 45 0.0251 0.171 *

Ce Lb2 15(1) 25241 371

Sm Lai (1) 25140 139

Sm Lbl Mnz LiF 49623 2989 Er Lll (1) 50044 0 0.011 0.021 1.927 * 4); 6): 9)

Cc Lgl(l) 50881 15

Nd Lb2 1) 50565 15

Tb Lai (1) 49088 3

Sm Lai LiF 54624 3702 Ce Lb2 (1) 54855 312 0.0867 0.167 2); 14)

Pr Lb3 (1) 55066 9

Gd Lbl Mnz LiF 45864 2415 Ho Lai (1) 45822 75 0.0311 0.042 1.351 Ho dependent 1 ); 9); 10)

Gd Lai LiF 50831 3289 CeLgl (1) 50881 1926 0.6564 0.887 4)
La Le3(l) 50709 135

Nd Lb2 (1) 50565 98

Gd Lai Xe LiF 50831 3655 Ce Lgl(l) 50881 3 0.0011 0.002 1.471

La Lg3 1 50709 0

Nd Lb2 (1) 50565 1

Gd Lbl LiF 45864 2683 Ho Lai (1) 45822 2860 1.066 1.568 1): 9); 10)

lb Lbl Mnz LiF 44128 351 Er Lai (1) 44313 19 0.0769 0.014 0.178 Er dependent 1); 9); 10)

Sm Lg5 (1) 44202 8

Tb Lai LiF 49085 490 Sm Lbl (1) 49623 18 0.1469 0.026 »
La Lg4 (1) 49277 16

CeLglO(l) 487% 30

PrLgl(l) 48700 8

Tb Lai Xe LiF 49085 2137 Sm Lbl (1) 49623 1 0.0005 0 0.79 -
La Lg4 1 49277 0

Ce LglO (1) 48796 0

PrLgl(l) 487(H) 0

Tb Lbl LiF 44128 1530 Er Lai (1) 44313 493 0.3222 0.255 l);9); 10)

Sm Lg5 1 44202 0

Er Lai Mnz LiF 44314 378 Tb Lbl (1) 44128 51 0.1561 0.021 0.132 Tb dependent
Sm Lg5 1 44202 6

Nd Lg3 (1) 44613 2

Er Lbl LiF 39426 243 GdLgl (1) 39548 99 0.4239 0.056 9)

Dy Lb5 (1) 39468 4

Lu Lu Lai LiF 40222 60 Sm Lg4 (1) 39907 2 3.4667 0.055 0.016 1);9)
Gd Lei (1) 39548 1

unresolved! Ho Lb3 1 40241 12

Dy Lb2 (1) 40325 193

Lu Lbl LiF 35356 31 Yb Lb2 1) 35155 2 1.6774 0.027

Ho Lbl (1) 35202 2

Dv Lg3(1) 35187 45

Tb Lg4 (1) 35427 3

PbMbl Mnz PET 58020 561 U Mz2 57707 2 0.0036 0.001 0.269

Pb Mai PET 60393 805 Y Lg2 3 60367 22 0.1106 0.03 » 2); 3); 7): 8);
12): 14); 15)

Th Mzl,2 59968 67

I) Mbl Mnz PET 42475 3795 Th Mgl (1) 42052 286 0.0754 0.042 0.555 ** 9); 12)

U Mai PET 44692 2656 Tb Mbl (1) 45046 791 0.2997 0.166 2); 7); 8)
Ce Lg2-3 (2) 44695 5

* ratio derived from (sum of interfering counts)/(peak counts of line of interest)*10() overlap in percent

overestimation of element in wt% for the composition given

from mineral composition table

- no overlap; - overlap s 1%; * overlap 1 to 4%; ** overlap 4 to 29%; *** overlap a 30%
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characterized crocoite or vanadinite should be
given preference over galena, avoiding interference

of S on Pb.

Though rarely published, background
positions are critical. Because of the very closely
spaced X-ray lines of the REE, it is preferable to
use global rather than local background positions
free of interferences, as suggested by Williams
(1996). Experimentation has shown that for
elements from Pr to U it is best to measure upper and
lower background on the two closest overlap-free
positions (according to Tab. 3) surrounding the
peak of interest.

Table 4 summarizes the most relevant overlaps,

pointing at the relative overestimation
induced by analysis of the inferior line(s). With
respect to Th-U-Pb dating of monazite by means of
the EM Pit should be interesting to know that
neither U Ma nor U Mb are free of significant peak
interference related to the Th content. None of
the referenced papers indicate correction proce¬

dures. To derive a simple correction procedure
based on the analytical lines Th Ma and U Mb,
theoretical counts were simulated on VIRTUAL
WDS (Reed and Buckley, 1996),using monazite
compositions with varying amounts of Th.The ratio

of interest, determined to be 0.0052 (Tab. 7), is
the intensity of Th Mg at the peak position of U
Mb over the intensity of the analyzed line Th Ma.
Even more relevant with respect to Th-U-Pb dating

is the choice between Pb Ma and Pb Mb. While
no correction is required to Pb Mb, Pb Ma should
be corrected for interfering Th Mz and Y Lg, the
former being the more relevant to monazite,
commonly being high in Th and low in Y (Fig. 4, Tab.
4).This tends to be neglected (i.e. Cocherie et al,
1998; Crowley and Ghent, 1999; Finger and
Broska, 1999; Finger and FIelmy, 1998;Montel
et al., 1994; Suzuki and Adachi, 1994; Williams
et al., 1999). Uncertainties are relatively high in
Th-U-Pb age determinations by EMP. being quite
sensitive to variations in Pb. It is thus essential to

pie Periodic lable Analytical parameters Plotted s'ements Help Eile Periodic table Analytical parameters Plotted elements Help

D Log I when checked sin theta: 60415 Pb Mo Counts: 815

Crystal: PEI Accsleioling voltage 25. Max oidel 6 Analytical Lmo PbMa

Backgiounds Low :[,53920] OHset ():|.0050Q | High : |,60720 [ Ollsnt |.f [ 0030* 1

Log I when chocked sin theta: 58010 Pb Mb Counts 590

Crystal: PE T Accelerating voltage 2b. Max. Older 6 Analytical Lino PbMb

Backgiounds tow |,57619] Ollset | l 1-00400 | High : |.58319 ] 0ll.nl j.00300 [

Virtual WDS Virtual WDS EPie Periodic table Analytical parameters Rotted elements Help
00 Window 140 Upper 2 40

435 4375 44 4425 .445 4475 45 4525 455 4575

-L

File gerlodlc table Analytical parameters Plotted elements Help
PHA I owns 1 00 Window 1 50 Upper 2.50

; Th My*

Mß

415 .4175 .42 4225 425 .4275 43

IE
D Log I when checked sin theta 44680 U Mi

Crystal PET Acceleiating voltage: 25.

^^Jjackgrounds^^n^

Counts: 290f

r: 6 Analytical Lmo UMa

^Hig^^499^^lls^jJ^0TO^

Q Log I when checked sin theta 42475 U Mb

Crystal PET Accelerating voltage: 25. I

Counts: 3833

I. 6 Analytical Line: UMb

Fig. 4 Peak overlap simulations applying the program VIRTUAL WDS by Reed and Buckley (1996). These
simulations were run with the monazite composition given in table 5. The figure visualizes the critical interferences
relevant toTh-U-Pb dating of monazite with the EMP. Peak counts of the element of interest and interfering counts are
listed in table 4.
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Tab. 5 Reference composition of mona/ite and xeno-
lime used for the calculations on tabic 4 and 6.

Tab. 6 This tabic demonstrates the effect of the overlaps

on Pb Ma (Th Mz) and U Mb (Tit Mg) with respect
to Th-U-Pb age calculation. The monazite composition
is listed in table 5. The ages have been calculated
according to Montel et al. (1996).

PhO Th02 I '02 Analytical X-ray line Age Ma

0.290 13.941 0.630
0.290 13.941 0.677
0.290 13.941 0.818

111 Ma. Pb Mb. U Mb corr
Th Ma. Pb Mb. U Mb uncorr
Th Ma. Pb Mb. U Ma uncorr

426
422
411

0.322 13.941 0.630
0.322 13.941 0.677
0.322 13.941 0.818

Th Ma, Pb Ma, U Mb corr
Th Ma, Pb Ma, U Mb uncorr
Th Ma, Pb Ma, U Ma uncorr

473
468
456

select the most favorable lines. Table 6 demonstrates

the effect arising from the neglect of
interferences. using the monazite composition listed in
table 5. Even though overlaps on Pb Ma and U Ma
arc counteracting, the calculated age is still 30 Ma
off the best approximation (426 Ma) by using Pb
Mb and correcting for interferences on U Mb.

Recommended settings for the quantification
of monazite by electron microprobe are listed in
table 8.These contain the full information on best
lines, background positions, and integration times

- optimized for a monazite composition as given
in table 5. For compositions deviating considerably

from the given example, adjustments may
become necessary, as, for example, a simulation on
VIRTUAL WDS would elucidate. Note that the

Tab. 7 Simulation of the Th Mgovcrlapon U Mb using
the program VIRTUAL WDS for varying Th amounts in
monazite for the determination of a correction factor
based onTh Ma. The correction should be applied as

follows:

U Wt%corrcclcd U Wt % measured " (0.0052 * Th Wt%measured).

Th I Th Mg at U Mb I Til Ma pk ITh shoulder/
wt% cps cps I Th Ma pk

5 1 17 22411 0.005221
10 235 44821 0.005243
11 258 49304 0.005233
25 587 112054 0.005239
30 704 134464 0.005236

direction factor 0.00523

integration times and background positions are
different for calibration on standards and
measurement on monazite. All lines and background
positions have been checked for interferences by
means of wavelength dispersive scans and by
applying the program VIRTUAL WDS. using the

compositions of the natural monazite listed on
table 5 and respective standard materials.
Employing the settings outlined, correction procedures

as introduced by Âmli and Griffin (1975)
are only applicable to the interference of Th Mg
on U Mb (Tab. 7). All other elements listed using
the respective lines and background positions
have minimal overlaps or none for monazite similar

to the reference sample. The elements Fe and

Al are measured to have a control on the influence

of adjacent minerals, and for good monazite
analyses should fall below the detection limit of
the EMP. With the recommended settings, 95% of
1000 analyses achieved totals of 98.00 to 101.00%.
and 75% had cation sums within 7.99 and 8.02,

normalizing to 16 oxygens.

BSE imaging and X-ray mapping

Monazite may show complex zonation patterns
with domains of distinctive origin (Cocherie et
al., 1998; Hawkins and Bowring, 1997). Heterogeneity

in the Th/Pb ratio is crucial to Th-U-Pb
age interpretation and may reveal multi-stage
growth, possible Pb diffusion, or partial recrystal-
lization of a monazite grain. Thus, if monazite is to
provide geochronological information, they ought
to be tested for their growth topology. This is easily

accomplished through BSE imaging of each

grain prior or after quantitative analysis. The
video settings for best imaging quality of zonation
patterns vary from microprobe to microprobe and
from grain to grain within one thin section.
Recommended electron beam settings for BSE_Z

Monazite: Xenotime:

Elem. Ions wt % Elem. Ions wt%

1' 3.774 12.373 P 4.024 15.521

SI 0.278 0.825 Si 0.007 (1.025

Ca 0.289 1.225 Ca 0.003 0.016
Y 0.222 2.076 Y 3.207 35.324

La 0.667 9.757 La 0.001 (1.01

Ce 1.379 20.352 Ce 0.002 11.(131

Pr 0.145 2.155 Pr - -
Nd 0.448 6.806 Nd 0.004 0.075

Sm 0.122 1.927 Sm 0.004 0.078

Gd 0.082 1.351 Gd 0.076 1.471

Th 0.011 0.178 Tb 0.04 0.79

Dv 0.041 0.709 Dv 0.336 6.76

Ho 0.002 0.038 Ho 0.064 1.317

Er 0.007 0.132 Er 0.155 3.215

Yb 0.002 0.028 Yb 0.076 1.627

Lu 0.001 0.016 Lu - -
Pb 0.012 0.269 Pb - -
Th 0.499 12.251 Th - -
U 0.022 0.555 U 0.002 0.06
O 16 27.098 O 16 32.019

Sum 8.003 100.121 Sum 8.001 98.339
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Tab. 8 Recommended settings for the quantitative analysis of monazite by EMR Note that background positions
and integration times are different for standardization and measurement. Ideally, standard materials for elements Y
to Yb should be REE-phosphates (e.g. Jarosewich and Boatner, 1991). U Mb and Th Mg are overlapping and
adjustments should be made according to table 7.

Electron Microprobe: MPI Bern, Cameca SX 50
Accelerating Voltage: 25 kV; Beam Current: 50 nA
Monazite analysis: Measurement settings C alteration settings

Element Val. Line X-tal + Bkg -Bkg Pk time Bkg total + Bkg -Bkg Pk time Bkg total #Standard
P 5+ Ka PET 1150 -1150 30 30 1150 -1150 30 30 CeP04
At 31 Ka TAP 500 -500 30 30 500 -500 30 30 anorthite
Si 4+ Ka TAP 500 -500 30 30 500 -500 30 30 almandine
Ca 2+ Ka PET 500 -500 30 30 500 -500 30 30 anorthite
Y .5+ La PET 500 -500 60 60 500 -500 60 60 Y203
La 3+ La LiF2 700 -500 100 KM) 700 -500 100 100 La0.95Nd0.05

TÎ03
Ce 3+ La LiF2 650 -550 100 100 650 -550 100 100 CeP04
Pr 3+ Lb LiF 8659 -441 50 50 500 -500 80 80 PrA103
Nd 3+ Lb LiF2 1841 -2104 100 100 300 -350 80 80 tREE2
Sm 3+ Lb LiF 2082 —4223 50 50 500 -500 80 80 IREE2
Gd» 3+ Lb LiF 5841 —464 50 50 350 -300 80 80 tREEl
Tb* 3+ Lb LiF 1272 -5628 50 50 400 -300 80 80 tREEl
Dv 3+ Lb LiF 2919 -1145 50 50 450 -300 80 80 IREE4
Ho 3+ Lb LiF 4483 -2417 50 50 500 -300 80 80 tREE4
Er 3+ La LiF 1086 2980 50 50 500 -500 80 80 tREE4
Yb 3+ La LiF none -200 50 50 450 -300 80 80 +REE2
Lu no ideal line
Pb 2 + Mb PET 4490 -7130 300 300 500 -500 50 50 crocoite
Th 4+ Ma PET 400 -500 100 100 400 -500 50 50 ThP207
U 4+ Mb PET 3390 -1505 150 150 500 -500 50 50 U02
Fe 2+ Ka LiF2 500 500 30 30 500 -500 50 50 almandine

A* Xenotime analysis:

Gd 3-1 La LiF 869 -5431 50 50 500 -500 50 50 tREEl
Tb 3+ La LiF 2615 -3685 50 50 450 -300 80 80 tREEl
t standards by Drake and Weill (1972)
# Note that ideal standards for the elements Y to Yb are REE P04, eg. by Jarosewich and Boatner (1991)

imaging are 15 kV and 20 nA. whereas for X-ray
mapping of heavy elements, higher voltages and
currents are preferable (e.g. 25 kV and 100 nA).
While X-ray mapping can provide element specific

maps within hours rather than seconds. BSE_Z
images show the variation of the mean atomic
number across the grain within a few seconds.
Experience shows that patterns visible in BSE_Z
images closely match X-ray maps of the element Tit.
Very little contrast is visible in X-ray maps of the
elements Ce, La. Nd. Sm or Gd. mainly because
the variation in Th is being compensated by several

LREE (light rare earth elements). Monazite
grains with no visible zonation in BSE_Z mode
may thus be assumed as being homogeneous in
chemistry and age within geologic times. Heterogeneity

may potentially hint at multi-stage
growth, even though this must not always be the
case, an example being shown in figure 5.

Conclusions

Several conclusions regarding technical aspects of
monazite analysis can be drawn from this
research:

Lead-free thin sections required forTh-U-Pb
analysis can be prepared using specially treated
polyethylene disks for polishing - at no compromise

in quality or efficiency.
Monazite is most easily analyzed by means of

an electron microprobe which offers the combination

of efficient searching, zonation imaging,
quantification, and Th-U-Pb chemical dating
capabilities. Neither optical microscopy, optical
spectroscopy, alpha sputtering, cathode luminescence,

UV luminescence or scanning electron
microscope techniques can match the efficiency and
the combination of tasks available on an electron
microprobe.

Age information on monazite should only be
interpreted upon tests on homogeneity using
BSE_Z imaging facilities.
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Quantitative EMPA
Cameca SX 50
Detector: WDS
Voltage: 25 kV
Current: 50 nA
Line: Th Ma
X-tal: PET
Peak t: 100 s
Bkgd t: 100 s "rça

X-ray mapping
Cameca SX 50

Voltage: 15 kV
Current: 20 nA
Line: Th Ma
X-tal: PET
Peak t: 180 min
Bkgd t: 180 min
Frame t: 30 s

13.50 light
7.00 medium
6.75 dark

BSE_Z image:
Cameca SX 50
Voltage: 15 kV
Current: 20 nA
Frame t: 8 s

Fig. 5 Comparison of visualization methods to demonstrate variable Th contents within a zoned monazite grain.
The grain (supplied by V. Koppel) has been dated by XRF-microprobe to 26 ± 2.5 Ma.

Quantification of monazite using wavelength
dispersive spectrometry is time consuming and
requires careful selection of analytical settings. Several

misconceptions from the literature have been
outlined and discussed, and for the first time a

complete analytical strategy has been presented.
Of particular interest toTh-U-Pb dating should be
the common neglect of interferences on Pb Ma
and U Mb.
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Appendix

FINDING MONAZITE WITH THE CAMECA SX50
ELECTRON MICROPROBE

The following procedure, based on the setup of
the SX50 microprobe laboratory at MP! Bern
(SP1: (hP) LiF/PET; SP2: (IP) LiF/TAP; SP3: (hP)
I.iF/PET; SP4: (IP)TAP/PCI ; SP5: EDS), has
crystallized to be very efficient and effective:

Generate a focused beam with a voltage of
25 kV and a beam current of50 nA.

Change the detectors to BSE Z mode.
SX>ml vsl
SX>vsl bse 7.

Adjust the magnification to mag 400. This sets
the field of view on Ml in BSE mode equal to the

field of view of the optical image.
SX>mag 400
Set the beam to scanning mode TV.

SX>mode tv
Ensure the orientation of the optical image is

equivalent to the one of the BSE image. If not.
rotate it such that the two images are identical.

SX>rota
Move the spectrometers to the following lines:
SX>mov spl ce la
SX>mov sp2 fe ka
SX>mov sp3 p ka
SX>mov sp4 y la

Adjust the contrast/brightness settings ofMl:
SX>vsl manu
Use the following settings:
Offset: 270
Dark level: 50
Contrast Difference: 1

Gain: 60
Turn the reflected light source back on.
SX>light samp 5

The transmitted light source should be offat all
times while running in BSE mode. When the beam

is infixed spot size mode (SX>mode fix), the
transmitted light source may he quickly turned on to
check the context of the grain of interest. Turn it off
before you switch back to scanning mode
(SX>mode tv).

Now systematically scan the thin section using
the x-y-z-stage control. Thanks to the high sensitivity

of the BSE detector and screen, the stage can be

moved at full speed without missing out on any
potential candidates. Scanning of a round I " thin
section takes about 15 minutes, including the
programming of the positions of the monazite and
xenotime grains of interest.

SX>move stage [a-z] save
The above settings filter out any other phases

(black) and show monazite as bright spots or
areas, with the complete outline of the grain
luminescing. Xenotime (YP04) is just detectable on
the screen with the above settings, is however not
quite as bright as monazite. Pyrite (FeS2) shows
equivalent brightness to monazite but is immediately

identified in reflected light (slightly golden
reflectance). Zircon (ZrSi04) may luminesce
similarly to monazite in some samples (you may lower

the offset to 260). however, it can be easily
distinguished from monazite: (1) from its typical
morphology showing elongate idiomorphic
shapes: (2) luminescence on the screen may show
only part of the grain; (3) in reflected light, zircon
is brighter than monazite (monazite is similar to
garnet in reflected light); (4) by quickly changing
the beam to fixed spot size.

SX>mode fix
If the beam spot is luminescing on the grain, it

is either a xenotime or a zircon. High counts on P

and Y indicate a xenotime, low counts on any of
the spectrometers set as above indicate a zircon.
Note that the fixed beam spot is slightly offset to
the top right of the cross.
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