
Interpretation of monazite ages obtained via in situ analysis

E.J. Catlos a,*, L.D. Gilley b, T. Mark Harrison c

aSchool of Geology, Oklahoma State University, Stillwater, OK, 74078, USA
bDepartment of Geology, University of Kansas, Lawrence, KS, 66045-7613, USA

cResearch School of Earth Sciences, The Australian National University Canberra, A.C.T. 0200, Australia

Received 19 November 2001; accepted 3 May 2002

Abstract

Monazite grains from Nepal and Vietnam were compositionally analyzed with an electron microprobe and dated (Th–Pb)

with an ion microprobe. Five sources of uncertainty explain age distributions from single samples that appear inconsistent with

a single population: (1) Pb loss due to diffusion, (2) dissolution/reprecipitation reactions along a retrograde path, (3) analytical

uncertainties, (4) analyses of overlapping age domains, and (5) episodic monazite growth. The influence of these factors is

sample-dependent, but can be evaluated: (1) using peak metamorphic conditions and X-ray element maps to assess potential

polymetamorphism or retrogression, (2) obtaining other geochronologic data including previous work or dating other minerals

in the sample, (3) evaluating any method-related uncertainty including counting statistics for electron microprobe analyses or

calibration reproducibility for ion microprobe analyses, and (4) ascertaining the potential growth mechanism of the monazite

grain including dissolution of detrital grains or production from rare earth element (REE) oxide or allanite. Chemical contents of

monazite grains analyzed in this study fail to reflect timing information or mineral growth mechanisms. Instead of relying on

monazite chemical composition, major (Mn, Fe, Mg, Ca) and minor (Y) element garnet-zoning patterns and peak P–T

conditions should be used to facilitate age interpretation. This thermobarometric data records the sample’s thermal history,

changes in garnet growth rate and mechanisms, and accessory mineral breakdown.
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1. Introduction

Monazite (Ce, La, Th)PO4 is frequently used to

date igneous and metamorphic rocks. The mineral

preferentially incorporates ThO2 (e.g., Overstreet,

1967), sustains little radiation damage (e.g., Meldrum

et al., 1998) and remains relatively impervious to Pb

loss at high crustal temperatures (e.g., Smith and

Giletti, 1997). Monazite appears in pelites near the

garnet isograd (e.g., Smith and Barreiro, 1990; Harri-

son et al., 1997) and inclusions in garnet are armored

against daughter product loss (e.g., Montel et al.,

2000). Garnet-bearing assemblages allow the determi-

nation of pressure– temperature (P–T) conditions

(e.g., Spear, 1993), and when combined with mon-

azite age data, suggest a powerful combination for

ascertaining the evolution of metamorphic terranes
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(DeWolf et al., 1993; Harrison et al., 1997, 1998;

Foster et al., 2000; Terry et al., 2000; Catlos et al.,

2001; Gilley, 2001).

Numerous studies date monazite using an electron

microprobe (e.g., Suzuki et al., 1994; Montel et al.,

1996; Bindu et al., 1998; Braun et al., 1998; Cocherie

et al., 1998; Finger et al., 1998; Crowley and Ghent,

1999; Williams et al., 1999; Martelat et al., 2000). The

electron microprobe’s detection limit for Pb hinders

the utility of chemical age results (e.g., Olsen and Livi,

1998). Montel et al. (1996) suggest the technique is

typically feasible for > 100 Ma monazite with F 30–

50 Ma precision and a total counting time of f 10

min.

An alternative approach is to date monazite in situ

using an ion microprobe. Like electron microprobe

analysis, the ion microprobe technique is nondes-

tructive of textural relationships, analysis of small

grains (f 10 Am) and zones within larger grains is

feasible, and results are available within a few

minutes (e.g., Harrison et al., 1995). Precision is

limited by the reproduction of a calibration curve,

and is typically F 2% for Th–Pb ages (Harrison et

al., 1995, 1999; Stern and Sanborn, 1998; Stern and

Berman, 2000).

Despite promising developments using in situ meth-

ods, a primary issue remains unresolved for monazite

geochronology: how to interpret the age data when

results are inconsistent with a single population. This

paper attempts to address this issue and provide a

framework for those seeking to obtain and understand

monazite ages from rocks using in situ techniques.

Monazite grains from several localities in Nepal (Cat-

los, 2000) and Vietnam (Gilley, 2001) were dated using

the ion microprobe. The 36 dated grains are found in 5

garnet + biotite +muscovite + plagioclaseF staurolite

F sillimanite-bearing metamorphic rocks. To examine

if monazite major element chemical variability, includ-

ing Y, La, Ce, Nd, Pr, Sm, and Gd, reflects timing (e.g.,

Ayers et al., 1999; Zhu and O’Nions, 1999a,b; Foster et

al., 2000), compositional analyses were obtained from

the dated grains using an electron microprobe. Exami-

nation of the textural relationships among minerals in

these samples suggests important monazite-producing

reactions can be speculated to occur. Additionally,

garnet-zoning patterns and the peak P–T conditions

are valuable pieces of information that facilitate age

interpretation.

2. Monazite paragenesis

2.1. Monazite composition

High concentrations of Th and U coupled with low

common Pb make monazite an ideal chronometer.

ThO2 contents vary from < 1 to 30 wt.% (Overstreet,

1967), although 4–12 wt.% is a more common range

(Deer et al., 1992; Stern and Sanborn, 1998). UO2wt.%

in monazite is typically lower than ThO2, and the

mineral preferentially incorporates lighter rare earth

elements (REE) over heavy REE (see compositions in

Overstreet, 1967; Rapp and Watson, 1986; Montel,

1993; Pan, 1997; Finger et al., 1998; Zhu and O’Nions,

1999a,b; Broska et al., 2000; and this paper). Th enters

the monazite structure through the coupled substitu-

tions Th4++Si4+!REE3++P5+, Th4++Ca2+!2REE3+,

and Th4++2Si4+!Ca2++2P5+ (e.g., Burt, 1989).

Monazite grains are typically zoned, and their

compositions are invoked to explain changing environ-

mental conditions during mineral growth (see Zhu and

O’Nions, 1999b). Cressey et al. (1999) indicate that

sector zoning in monazite is due to crystal chemical

effects, and that specific grain surfaces discriminate

against REE according to size. Monazite composition

has been related to metamorphic grade (Overstreet,

1967; Bea and Montero, 1999; Pyle et al., 2001), but

no correlation has been found as well (e.g., Kingsbury

et al., 1993). Zhu and O’Nions (1999b) suggest that the

bulk rock and source material from which the mineral

crystallized control monazite composition.

Monazite compositions are important for geochro-

nologists using ion microprobe analysis because the

technique is standard-based, and a fundamental

assumption is that the primary beam interacts simi-

larly with the monazite age standard and unknown.

Stern and Sanborn (1998) report that a high Th (>8

wt.%) monazite standard may lead to errors in meas-

uring ages of low Th ( < 1 wt.%) grains. Additionally,

an unidentified isobar complicates the determination

of 204Pb in monazite grains with moderate to high Th

contents. This matrix effect issue is resolved by using

standard grains with similar chemical compositions as

unknowns and observations that monazite typically

contains small amounts of common Pb (see Finger

and Helmy, 1998).

Monazite composition has also been invoked as an

important means for understanding the chemical evo-
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lution of rocks that experienced a complicated meta-

morphic history. For example, in a study of Hima-

layan gneisses, Foster et al. (2000) surmises that lower

Y concentrations in matrix monazites is clear evidence

that the matrix grains crystallized at a later time than

those included in the garnet. Finger and Helmy (1998)

speculate that monazite grains with higher Y contents

at the rims indicate crystal growth under prograde

temperature conditions. Zhu and O’Nions (1999b)

found significantly lower amounts of Y and heavy

REE in monazite grains in rocks containing garnet as

a major mineral compared to grains found in samples

without garnet and those speculated to form after

garnet breakdown. Pyle et al. (2001) found Y and

heavy REE contents in monazite that coexist with

xenotime to increase with rising temperature. These

observations imply that monazite chemical composi-

tion may be exploited to address mechanisms and

timing of monazite growth.

2.2. Monazite-forming reactions and stability

Table 1 lists several monazite-forming reactions.

The applicability of these reactions to specific rocks

has been speculated using textural observations and

stoichiometry. The diverse list of reactions in this

Table 1

Monazite-forming reactions

Reactanta Productb H, M, Ic Sourced

REE(CO3)F +H3PO4

(bastnäsite)

!REEPO4 +HF+H2O+CO2

(monazite)

H WS1975 G1996

Ca5(PO4)3F + 3REE(CO3)F +H2CO3

(fluorapatite)

! 3REEPO4 + 5CaCO3 + 4HF H SHP1999

Ca5(PO4)3F + 3REE(CO3)F + 6HF ! 3REEPO4 + 5CaF +

3H2O+ 3CO2

H SHP1999

Ca5� x(REEx)(P3� xSix)O12F+

(fluorapatite)

(x� y)Ca2 + + 2(x� y)P5 + + 6(x� y)O2�

! (Ca5� yREEy)(P3� ySiy)

O12F+(x� y)REEPO4+

(x� y)SiO2

H, M PFM1993a P1997

Ca1� x(REEx)(Ti, Al, Fe)

SiO4(O, OH, F)

(allanite) +(x� y)Ca2 + + 2(x� y)PO4
3�

!Ca1� y (REEy)(Ti, Al, Fe)

SiO4(O, OH, F)+(x� y)REEPO4

H, M PFM1993b P1997

Titanite+(CO3)
2� +(PO4)

3� + F� +OH� !REEPO4 +SiO2 + calcite +

rutile + epidote + bastnäsite + chlorite

H, M PFM1993b P1997

(Ca, REE)2(Al, Fe, Mg)Si3O12(OH)

(allanite)

!REEPO4 M SB1990 SPSW2000

3(M-HREE)2O3 +REE2O3+

(in hornblende or (in allanite) titanite)

2Ca5(PO4)3(F, OH) + 6SiO2

(apatite)

! 6REEPO4 + 6CaO 2Ca

(M-REE3SiO4)3(F, OH)

(lessingite in apatite)

M BDH1996

REEPO4 (old) !REEPO4 (new) M AMGM1999 ZO1999a

ThO2 +REE2O3 +Ce-poor

REEPO4

!REEPO4 M AGHR1993 KMWH1993

0.6chlorite +K + +CaPO4 +

1.2SiO2 + 3REE
3 + + 0.4H +

! biotite + 5Ca2
+ + 3

REEPO4 + 1.2H2O

M LH1996

(LREE)Al3 (PO4)2(OH)6
(florencite)

!REEPO4 +H2O I SBC1986

CaPO4 + Liq1
(apatite)

!REEPO4 +Liq2 I WL1995

a The minerals or substances participating in the monazite-forming reaction. Some mineral names are indicated in italics.
b Products, including monazite (bold REEPO4), formed as a result of the reaction. In some cases, reactions are balanced.
c ‘‘H,’’ hydrothermal, ‘‘M,’’ metamorphic, or ‘‘I,’’ igneous environments.
d References: AGHR1993, Akers et al. (1993); AMGM1999, Ayers et al. (1999); BDH1996, Bingen et al. (1996); G1996, Giere (1996);

KMWH1993, Kingsbury et al. (1993); LH1996, Lanzirotti and Hanson (1996); PFM1993a, Pan et al. (1993a); PFM1993b, Pan et al. (1993b);

P1997, Pan (1997); SBC1986, Sawka, et al. (1986); SPSW2000, Simpson et al. (2000); SHP1999, Smith et al. (1999); WS1975, Watson and

Snyman (1975); WL1995, Wolf and London (1995); ZO1999a, Zhu and O’Nions (1999a).
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table clearly indicates that monazite formation varies

as a function of bulk rock composition and P–T

conditions (see Wing et al., 1999). Precursor minerals

in prograde metamorphic rocks are allanite, apatite,

REE and Th oxides (e.g., Smith and Barreiro, 1990;

Kingsbury et al., 1993). Along the retrograde path,

monazite has been identified as a replacement after

allanite (Pan, 1997; Finger et al., 1998), as well as

after preexisting monazite (e.g., Ayers et al., 1999;

Townsend et al., 2000).

The reactions in Table 1 are empirical and are not

experimentally calibrated, but petrographic and ther-

mobarometric studies suggest that monazite appears

in metapelites during prograde metamorphism at

f 500–600 jC via allanite breakdown reactions

(e.g., Smith and Barreiro, 1990; Ayers et al., 1999;

Rubatto et al., 2001). These thermal conditions are

coincident with the appearance of garnet in metamor-

phic assemblages (e.g., Spear, 1993), indicating that

P–T paths can be constrained with timing information

(e.g., Tuccillo et al., 1992). Monazite inclusions in

garnet are also protected from Pb loss (DeWolf et al.,

1993; Zhu et al., 1997; Zhu and O’Nions, 1999a;

Foster et al., 2000; Montel et al., 2000; Stern and

Berman, 2000; Terry et al., 2000).

Fig. 1 is a schematic P–T diagram for allanite,

loosely based on the epidote stability field (e.g., Liou,

1973) and observations of the relationship of allanite

and monazite in metamorphic rocks (e.g., Overstreet,

1967). Because allanite has the potential to accept

more elements than epidote, we speculate that allanite

is able to exist in a wider range of pressures and

temperatures. Along the prograde P–T path in Fig. 1,

monazite appears via allanite breakdown, whereas

along the retrograde path, monazite is affected by

dissolution and reprecipitation reactions (e.g., Ayers et

al., 1999). Townsend et al. (2000) suggests that these

retrograde reactions can occur at temperatures as low

as 400 jC.

2.3. Monazite geochronology

Monazite has long been dated using the U–Pb

method (e.g., Köppel, 1974; Köppel and Grünen-

felder, 1975; Köppel et al., 1980; Schärer, 1984;

Copeland et al., 1988) and more recently with Th–

Pb systematics (Harrison et al., 1995; Edwards and

Harrison, 1997; Harrison et al., 1997; Grove and

Harrison, 1999; Murphy and Harrison, 1999; Town-

send et al., 2000). Based on >700 compositional

analyses, Overstreet (1967) reports that uranium

rarely present in monazite in amounts >0.5 wt.%.

Aliquots of monazite dated with the U–Pb system

have the potential to produce ages with large uncer-

tainties (see Nazarchuk, 1993; Hodges et al., 1996;

Coleman, 1998; Möller et al., 2000 for examples).

Problems could originate with the U–Pb method if the

grains contain: (1) a significant inherited component

(e.g., Copeland et al., 1988), (2) small amounts of U

and Pb thereby meeting instrument limitations, or (3)

excess 206Pb from enrichments in 230Th during crystal

growth (Schärer, 1984; Parrish, 1990). External influ-

ences can also lead to greater uncertainty of monazite

ages including: (1) Pb loss from prolonged experience

above the closure temperature, (2) Pb loss due to a

dissolution/reprecipitation process, or (3) incorpora-

tion of unsupported radiogenic 206Pb or 207Pb from

included minerals such as uraninite or xenotime (e.g.,

Hawkins and Bowring, 1997). The benefits of an in

situ method, including high spatial resolution and the

small amount of material required for analysis, help to

identify and overcome many of these issues, and

Fig. 1. Pressure – temperature ( P–T) diagram outlining the

speculated stability field of allanite, loosely based experiments with

epidote (e.g., Liou, 1973) and observations allanite and monazite

stability in metamorphic rocks (e.g., Overstreet, 1967). Monazite

may form along the prograde leg of the P–T path via allanite

breakdown reactions (Table 1). Along the dashed leg, monazite may

experience potential Pb loss due to elevated temperatures (e.g., Smith

and Giletti, 1997). Along the retrograde path, monazite may sustain

recrystallization or dissolution due to retrograde reactions (e.g.,

Townsend et al., 2000).
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disequilibrium problems with U–Pb dating is re-

solved by using the Th–Pb system.

Early estimates for the closure temperature of Pb in

monazite, dependent on grain size, diffusion coeffi-

cient, rate of cooling, were < 650 jC (e.g., Wagner et

al., 1977; Köppel et al., 1980; Black et al., 1984).

Recent evidence, based primarily on studies of igne-

ous and high-grade metamorphic rocks, suggests that

monazite has a closure temperature of f 700 to >800

jC (Copeland et al., 1988; Heaman and Parrish, 1991;

Suzuki et al., 1994; Braun et al., 1998; Kamber et al.,

1998). Smith and Giletti (1997) measured the tracer

diffusion of Pb in natural monazites using ion microp-

robe depth profiling and observed Arrhenius parame-

ters of E = 43F 11 kcal/mol and Do = 6.6� 10 � 15

m2/sec in the temperature range of 1200 to 1000

jC. In a Rutherford backscattering study of synthetic

monazite grains, Cherniak et al. (2000) reports

E = 149F 9 kcal/mol and Do = 0.94 m2/sec at 1150

to 1350 jC. These strongly contrasting results may

reflect intrinsic differences between natural and syn-

thetic end-member monazite structures. Because the

grains analyzed in this study are natural samples, we

choose to use the values calculated by Smith and

Giletti (1997) to evaluate their extent of diffusion.

Note that the Cherniak et al. (2000) results would

predict all the monazite grains to be more retentive for

Pb under the peak temperature conditions experienced

by the samples. Resolution of this issue may lie with

the ion microprobe depth-profiling technique, a

method to directly measure Pb loss within unpolished

monazite grains (Grove and Harrison, 1999). Using

this method, a continuous thermal history may be

recovered for monazite grains separated from high-

grade metamorphic rocks.

3. In situ ion microprobe sample preparation

Harrison et al. (1995, 1999) describe ion microp-

robe dating of monazite, whereas Zhu et al. (1997)

briefly outline methods of in situ Secondary Ion Mass

Spectrometry (SIMS) chronometry. Scherrer et al.

(2000) develop procedures for obtaining monazite ages

and compositions using an electron microprobe. We

provide here technical details of the approach used for

in situ ion microprobe monazite analysis. This method-

ology was specifically developed to obtain geochrono-

logic and thermobarometric information from garnet-

and monazite-bearing assemblages as the textural

context of the grain being dated is preserved.

3.1. Petrographic analysis

Initially, uncovered rock thin sections are examined

using an optical microscope. Petrographic analysis is

especially important to identify mineral assemblages,

garnet inclusion patterns, and extent of retrogression.

The garnets analyzed here typically contain monazite,

and we speculate that the mineral acts as a passive

inclusion due to its low solubility under prograde

conditions (e.g., Montel, 1986). During garnet growth,

necessary elements are transported by diffusion to the

surface of the porphyroblast. Minerals that do not

participate in the reaction (e.g., zircon, monazite) or

present in excess (e.g., biotite, plagioclase) are not

removed completely and are overgrown (see Passchier

and Trouw, 1996). Monazite inclusions may also result

from local saturation of light REE, Th, or P near the

margins of growing phenocrysts. The slow diffusion of

these components away from the advancing crystal

interface causes precipitation of monazite crystals,

which are likely occluded (Harrison and Watson,

1984).

Monazite found on immobile grain boundaries may

grow by Ostwald ripening, a process where large

crystals grow at the expense of smaller crystals (Spear,

1993). Ostwald ripening is driven by the overall

decrease in surface free energy resulting from con-

solidation of larger crystals, thereby reducing the total

surface to volume ratio. Through time, the threshold

size of dissolving grains increases, so that some

crystals may initially grow, but then later shrink when

the critical size is exceeded (Ayers et al., 1999).

Monazite growth by Ostwald ripening has been

observed by Kingsbury et al. (1993) in metapelites

from the Mojave Desert, where monazite mean crystal

size increases with increasing metamorphic grade.

3.2. Backscattered electron (BSE) imaging

For this study, the monazite grains found are

typically too small (f 30–50 Am) to be readily

identified using optical petrography. Scherrer et al.

(2000) suggest backscattered electron (BSE) imaging

is the most efficient means to detect monazite. Mon-
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azite grains are easily located due to their bright

appearances and are qualitatively identified using an

energy-dispersive X-ray detector. Fig. 2 shows BSE

images of the ion microprobe monazite age standards

(monazite 554; Harrison et al., 1999) obtained using a

scanning electron microscope operating with an accel-

erating potential of 15 kVand a probe current of f 30

nA. Some zones within the monazite grains appear

brighter, possibly correlating to higher ThO2 content

(f 4 vs. f 3 wt.%; see Table 2). A spot on the darker

area of the grain (#28) has the highest ThO2 concen-

tration, but the lowest Sm3O2 +Gd2O3 content, sug-

gesting that the brightness relates to a complex

interplay among heavy REE, Th and U (see also

Cressey et al., 1999).

Monazite grains chosen for ion microprobe analy-

sis are photographed at 50� magnification to record

their locations relative to major phases, and at 100�
or 200� to record shapes and zoning. Detailed

documentation is essential to ease relocating the

grain using the optical systematics of the ion microp-

robe.

Fig. 2. (Upper) Backscattered electron microprobe images of monazite 554 grains, used as the age standard (see Harrison et al., 1995, 1999).

Scale bars are 100 Am. (Lower) Map of the brightness zones of the left grain. Numbered black spots indicate areas where compositional analyses

were taken (Table 2). The bright edges and cracks are artifacts of the high contrast necessary to enhance the zoning.
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X-ray compositional maps of garnets in Mn, Ca,

Fe, and Mg are acquired using an electron microprobe

or scanning electron microscope to qualitatively eval-

uate garnet-zoning patterns. Garnets commonly show

zoning that reflects growth events or diffusional

modification (e.g., Spear, 1993; Spear and Kohn,

1996; Azor et al., 1997; Kohn et al., 1997), thus

provide information about the integrated thermal

history of the sample. The maps are also useful for

identifying areas where compositional data should be

obtained for thermobarometric calculations. Garnet X-

ray maps of Y are also useful for deciphering the

metamorphic history (Pyle and Spear, 1999).

3.3. Sample construction

The conductive coating is then removed from each

thin section by abrasion, and the portions containing

monazite, zircon, and minerals used for thermobar-

ometry are cut out using a high-precision saw. The

Table 2

Compositions of monazite 554a

Spot-brtb 21-L 25-L 26-L 27-L 22-D 23-D 30-D 28-D 24-VD

SiO2 0.74 0.65 0.67 0.68 0.60 0.59 0.63 0.69 0.53

Al2O3 0.02 0.04 0.01 0.05 0.04 0.06 0.02 0.03 0.01

MgO –c – – – 0.02 – – – 0.01

CaO 1.01 1.00 1.19 1.21 0.94 1.01 1.07 1.23 0.99

Y2O3 1.29 1.03 1.67 1.31 1.25 1.10 1.15 1.79 1.66

ThO2 4.15 3.80 3.91 4.26 3.00 2.93 3.87 4.31 2.90

La2O3 9.9 9.5 10.5 10.0 10.7 11.0 10.3 10.0 11.1

Ce2O3 24.6 25.7 24.7 24.4 24.4 25.4 24.9 24.1 25.6

Nd2O3 10.4 10.2 9.8 9.8 10.1 9.9 10.2 9.6 9.3

UO2 0.02 0.11 0.09 0.08 0.02 0.01 – 0.12 0.01

Pr2O3 2.33 2.94 3.01 2.67 2.78 3.19 3.15 2.68 2.52

Sm2O3 1.27 1.32 1.11 1.23 1.12 1.17 1.09 1.02 1.14

Gd2O3 4.03 3.97 3.94 3.85 4.05 4.06 3.97 3.95 3.94

P2O5 30.5 29.9 30.1 30.1 30.0 30.2 30.4 30.3 29.7

Totald 90.3 90.1 90.7 89.6 89.0 90.5 90.7 89.7 89.3

Si 0.12 0.11 0.11 0.11 0.10 0.10 0.10 0.11 0.09

Al < 0.01 0.01 < 0.01 0.01 0.01 0.01 < 0.01 0.01 < 0.01

Mg < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Ca 0.18 0.18 0.21 0.21 0.17 0.18 0.19 0.21 0.18

Y 0.11 0.09 0.15 0.11 0.11 0.10 0.10 0.16 0.15

Th 0.15 0.14 0.14 0.16 0.11 0.11 0.14 0.16 0.11

La 0.60 0.57 0.63 0.60 0.65 0.66 0.61 0.60 0.68

Ce 1.46 1.55 1.47 1.46 1.48 1.52 1.48 1.44 1.55

Nd 0.60 0.60 0.57 0.57 0.60 0.58 0.59 0.56 0.55

U < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Pr 0.14 0.18 0.18 0.16 0.17 0.19 0.19 0.16 0.15

Sm 0.07 0.07 0.06 0.07 0.06 0.07 0.06 0.06 0.06

Gd 0.22 0.22 0.21 0.21 0.22 0.22 0.21 0.21 0.22

P 4.19 4.16 4.15 4.18 4.19 4.16 4.18 4.18 4.16

Totald 7.8 7.9 7.9 7.9 7.9 7.9 7.9 7.9 7.9

a Monazite 554 is an ion microprobe age standard (see Harrison et al., 1999). Compositions normalized to 16 oxygens. Other elements not

detected are Mg, Mn, and Ti. For operating conditions, see Catlos et al. (2000).
b Nomenclature is spot (see Fig. 2 for locations) and degree of brightness; ‘‘L,’’ lighter, ‘‘D,’’ darker, ‘‘VD,’’ very dark areas.
c ‘‘ – ’’, analyzed but not detected.
d Low totals probably reflect incomplete analyses. Elements found in monazite 554 at levels>0.1 wt.%, but not analyzed here, include K2O,

ZrO2, Dy2O3, and Er2O3 (Ken Livi, personal communication). Note that these analyses were conducted using the same standardization as the

high quality allanite analyses reported by Catlos et al. (2000).
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fragments are cleaned with high-purity cleanser and

mounted with a prepolished block of age standards on

dual-sided tape. A 1-in. metallic ring is coated with

release agent and placed around the thin section chips

and age standards. Epoxy is then poured into the ring

to a depth of f 10 mm. After the epoxy has hard-

ened, the rings are broken away from the tape and the

epoxy plugs are removed. The back of the plug is then

cut to a desired thickness of f 5 mm. Fig. 3 is a

typical in situ ion microprobe mount.

A reflected light image mosaic of the mount is then

acquired using an optical microscope with a digital

camera to facilitate location of monazite grains during

ion microprobe analysis. The finished mount is then

ultrasonically cleaned and coated with gold.

3.4. Ion microprobe analysis

Analytical procedures of ion microprobe Th–Pb

dating of monazite (Harrison et al., 1995, 1999) are

briefly summarized below. A 15–25-Am-diameter

oxygen (O� ) primary beam with a primary intensity

of 2 to 13 nA sputters positive ions from the surface of

the sample. A mass resolving power of f 5000 is

sufficient to separate molecular interferences and

distinguish between Pb isotopes in the 204–208 mass

range (Harrison et al., 1999). Typically, a 50 eV

energy window with a 10 to 15 eV offset for 232Th+

is used. The magnet is stepped through six different

mass species: 204Pb+, 207Pb+, 208Pb+, 232Th+, ThO2
+,

and U+. This cycle was repeated 15 times to correct

for variations in beam stability, and average values

were used to calculate ages.

Determination of the Pb/Th sensitivity factor is

accomplished by dividing the measured 208Pb+/232Th+

of a standard monazite at a reference ThO2
+/Th+ value

by the standard’s known daughter to parent ratio. The

age of an unknown, measured under identical operat-

ing conditions, is determined by applying this sensi-

tivity factor to the measured 208Pb+/232Th+ value of

the unknown. A calibration curve of ThO2
+/Th+ vs.

208Pb+/Th+ measured from a monazite standard is

shown in Fig. 4. The reproducibility of the calibration

line is the limiting factor on the precision of ion

microprobe age determinations. All analyses in this

study utilize monazite standard 554 (Fig. 2), a per-

aluminous granodiorite from the Santa Catalina

Mountains in Arizona (Force, 1997). Th–Pb isotope

dilution analysis of 554 has produced radiogenic
208Pb yields >98% and resulted in an age of

45.3F 1.4 Ma (2r). This age is consistent with the

45F 1 Ma Th–Pb age determined by ion microprobe

analysis (Harrison et al., 1999).

Monazite grains dated in situ are typically analyzed

with one spot, limited by the size and irregular shape

of the grain (typically < 60-Am diameter) and primary

Fig. 3. (Upper) Photograph of a typical 1-in. diameter in situ ion

microprobe mount and (lower) map of its components. The lower

map outlines the block of monazite age standards and uncovered

rock thin section. Rock foliation is indicated and garnet positions

are shaded grey. Detailed reflected light photographs were taken of

this sample to aid the monazite grain relocation process.
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beam (typically f 25–30 Am), as well as the optical

capabilities of the reflected light microscope attached

to the ion microprobe. Two analyses are performed on

each spot to identify any variation in age as the ion

beam drilled deeper into the grain.

4. Interpretation of Th–Pb monazite age results

Garnet-bearing assemblages were collected from

Nepal (sample 85H20g, Hubbard, 1989; samples

ET26, ET33, MA33; Catlos et al., 2001, 2002) and

Vietnam (sample V5; Gilley, 2001). The monazite

grains in these rocks were dated using the in situ

ion microprobe method and compositionally analyzed

with an electron microprobe. Table 3 summarizes the

ion microprobe data and Y contents of the dated

monazite grains. Reported ages are corrected for com-

mon Pb using 204Pb and an assumed 208Pb/204Pb=38.6

(Stacey and Kramers, 1975) and the analyzed mon-

azite grains typically yield >90% radiogenic 208Pb.

The geologic significance of the numerical results,

specific sample locations, BSE images of some dated

monazite grains, and conditions and compositions

used for thermobarometric analysis are reported else-

where (Hubbard, 1989; Catlos, 2000; Catlos et al.,

2001, 2002; Gilley, 2001). The errors for all param-

eters in the following sections, including ages,

ThO2
+/Th+, and percent radiogenic 208Pb, are quoted

at the 1r level.

Overall, three distinct age patterns of are observed

in these samples: (1) monazite inclusions in garnet

and matrix grains yield similar ages, (2) monazite

inclusions in garnet are older than matrix grains, and

(3) matrix monazite grains are both younger and older

than inclusions in garnet. These three scenarios illus-

trate the protocol used for in situ monazite age

interpretation.

4.1. Case 1: matrix monazites and inclusions in

garnet yield similar ages (MSWDf1.0)

Sample MA33 contains two monazite inclusions

in the garnet rim that are similar in age to the matrix

grain (Fig. 5; Tables 3 and 4). The rock contains

garnet+biotite+chlorite+plagioclase+muscovite+alla-

nite+monazite+ilmenite+quartz. Garnets in this sample

are large (>2 mm) euhedral grains with allanite+quart-

z+ilmenite cores, but monazite+ilmenite are the only

minerals present within 100 Am of the rim. Chlorite is

only found adjacent to garnet. The matrix of this rock is

predominantly comprised of quartz+muscovite+bioti-

te+plagioclase that define a parallel, continuous folia-

tion. The maximum P–T conditions experienced by

this sample isf6.5 kbar andf560 jC, suggesting that
monazite in this rock grew during prograde metamor-

phism and were occluded by the growing garnet.

Samples with matrix monazites that retain most or all

of their Pb may have cooled rapidly from peak temper-

ature (e.g., Parrish, 1990) or experienced conditions

below their closure temperature, so that thermally

activated diffusive Pb loss does not have long to

operate.

Sample ET33 is similar to MA33 in that the age of

the garnet inclusion is within error of the ages of

matrix grains, but ET33 experienced peak P–T con-

ditions of f720 jC and f10 kbar. ET33 contains

garnet+biotite+muscovite+plagioclase+apatite+chlori-

te+ilmenite+monazite+zircon. Garnets in this sample

are rounded and contain inclusions of quartz+plagio-

clase+biotite+ilmenite+apatite+monazite+zircon and

are found in close association with chlorite. Large

Fig. 4. Example of an ion microprobe calibration. RSF, Relative

Sensitivity Factor. Ellipses represent isotopic data taken from spots

on monazite 554. The slope is 0.102F 0.003 (1r), intercept

0.836F 0.074, and correlation (r2) is 0.995. Regression lines

outline the 1r confidence.
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Table 3

Monazite ion microprobe age and isotopic data with electron microprobe Y contents

Sample

(grain-spot)a
Monazite

locationb
Age (Ma)

(F r)
Y content

(wt.%)c
ThO2

+/Th+

(F r)d
208Pb (%)

(F r)e
208Pb*/Th+

(F r) (� 10� 4)f

MA33

1-1 i 7.0 (0.4) 0.68, 0.24 4.720 (0.026) 86.8 (3.4) 3.444 (0.205)

3-1 i 6.3 (0.4) 0.30, 0.10 5.312 (0.025) 84.6 (4.8) 3.093 (0.190)

2-1 m 6.7 (0.1) 0.51, 0.19 4.222 (0.012) 90.5 (0.7) 3.337 (0.039)

MA33 Calibration: (0.094F 0.005)x+(1.292F 0.158); r2 = 0.998; ThO2
+ /Th + = 4.470F 0.249g

ET33

1-1 i 16.4 (2.2) 0.64, 0.78, 0.68 4.941 (0.224) 88.8 (2.4) 8.104 (1.089)

2-1 m 15.7 (0.7) 0.95 5.480 (0.033) 93.7 (0.8) 7.770 (0.332)

2-2 m 15.1 (0.3) 0.95, 0.90 5.820 (0.031) 94.2 (0.9) 7.483 (0.153)

2-3 m 15.6 (1.0) 0.97, 0.99 5.970 (0.219) 94.4 (1.0) 7.703 (0.497)

3b-1 m 14.7 (1.8) 0.92, 0.32 5.555 (0.360) 91.0 (1.4) 7.299 (0.914)

3b-2 m 15.3 (1.3) 0.92, 0.77 4.983 (0.035) 92.6 (1.0) 7.552 (0.627)

3a-1 m 14.4 (0.9) 1.49, 0.44, 0.74, 1.03 5.259 (0.042) 83.6 (1.6) 7.116 (0.430)

4-1 m 15.1 (0.7) 0.94 5.421 (0.065) 94.2 (0.8) 7.460 (0.358)

4-2 m 15.7 (1.2) 1.21 5.111 (0.083) 94.4 (1.0) 7.749 (0.577)

5-1 m 17.1 (3.1) 0.77, 0.80 5.225 (0.284) 88.0 (1.4) 8.441 (1.513)

ET33 Calibration: (0.077F 0.016)x+(2.245F 0.769); r2 = 0.999; ThO2
+ /Th + = 6.020F 0.242

85H20g

2-1 i 14.2 (1.1) 0.40, 0.41, .050 3.761 (0.061) 92.0 (6.7) 7.006 (0.554)

3-1 i 13.3 (1.7) 1.07, 1.40 3.100 (0.046) 87 (10) 6.602 (0.818)

1-1 m 10.6 (0.5) 1.80 1.695 (0.004) 85.2 (2.3) 5.264 (0.225)

1-2 m 10.0 (0.7) 1.45, 1.88 2.212 (0.009) 62.4 (3.8) 4.948 (0.329)

85H20g Calibration 1: (0.135F 0.004)x+(0.072F 0.101); r2 = 0.999; ThO2
+ /Th + = 3.327F 0.173

4-1 m 13.3 (0.6) 0.45 3.129 (0.016) 90.1 (2.8) 6.562 (0.283)

5-1 m 13.1 (1.1) < 0.01, 0.37 2.991 (0.025) 81.1 (5.8) 6.484 (0.537)

7-1 m 16.5 (1.8) < 0.01, 0.05, 1.46 2.628 (0.018) 90.5 (3.8) 8.180 (0.909)

85H20g Calibration 2: (0.065F 0.006)x+(1.861F 0.137); r2 = 0.994; ThO2
+ /Th + = 3.430F 0.171

V5

6-1 i 52.1 (3.2) 2.17, 1.67 4.815 (0.022) 98.8 (0.2) 25.79 (1.60)

7-1 i 169 (3) 0.59, 1.96 5.641 (0.026) 99.1 (0.1) 83.76 (1.59)

8-1 i 66.3 (2.4) 2.23, 1.53 6.605 (0.038) 95.5 (0.5) 32.83 (1.21)

11-1 i 64.3 (1.7) 1.47, 2.33 6.203 (0.030) 92.1 (0.7) 31.86 (0.84)

12-1 i 43.5 (0.9) – 5.590 (0.024) 96.4 (0.3) 21.55 (0.44)

13-1 i 48.9 (0.9) 0.23 5.791 (0.013) 96.5 (0.3) 24.22 (0.43)

14-1 i 75.3 (5.6) 1.30 8.019 (0.094) 93.2 (1.8) 37.32 (2.78)

1-1 m 29.4 (1.0) 0.42 6.543 (0.032) 96.4 (0.4) 14.54 (0.51)

2-1 m 25.1 (0.9) 0.92, 0.94 5.632 (0.074) 89.4 (2.5) 12.42 (0.44)

3-1 m 28.4 (2.0) 0.71 4.729 (0.027) 96.5 (0.4) 14.07 (0.97)

5-1 m 41.6 (1.3) 1.99, 1.47 5.322 (0.014) 96.3 (0.3) 20.58 (0.63)

9-1 m 23.0 (2.4) – 5.661 (0.063) 56.0 (5.7) 11.38 (1.19)

V5 Calibration: (0.097F 0.020)+(1.477F 0.872); r2 = 0.996; ThO2
+ /Th + = 8.504F 2.024

ET26

5-1 i 23.9 (0.4) 2.91, 0.79 8.263 (0.088) 98.1 (0.6) 11.83 (0.191)

10-1 i 436 (8) 1.20 8.730 (0.129) 99.2 (0.3) 217.9 (4.022)

7-1 i 45.8 (2.8) 3.00, 3.36 7.310 (0.117) 51.7 (2.6) 22.69 (1.397)

3-1 m 44.5 (0.9) 0.97 9.464 (0.096) 98.7 (0.6) 22.02 (0.440)

8-1 m 20.4 (0.6) 0.71, 1.28 8.030 (0.108) 93.4 (1.4) 10.12 (0.282)

2-1 m 18.2 (0.4) 0.77, 1.33 8.967 (0.056) 93.5 (1.5) 9.018 (0.187)

ET26 Calibration: (0.088F 0.004)x+(2.732F 0.266); r2 = 0.999; ThO2
+ /Th + = 8.988F 0.441
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(>1 mm long) apatite grains are adjacent to matrix

monazite. ET33 matrix grains experienced little Pb

loss probably due to larger size. The degree of Pb loss

decreases with larger grain sizes as the surface area to

volume ratio changes and diffusional losses lower

because of less opportunity for Pb exchange with the

surrounding environment. In many cases, multiple

f 25 Am ion microprobe spots were placed on each

ET33 grain (Table 3). Y contents of the monazite

inclusions within the garnets in both of these samples

are in the range of the compositions of the matrix

grains. For example, matrix monazite grains in MA33

contain 0.2–0.5 wt.% Y2O3, whereas the inclusion

has 0.1–0.7 wt.% (Tables 3 and 4). Matrix grains in

ET33 contain 0.3–1.5 wt.% Y2O3, and the inclusion

in garnet has 0.6–0.8 wt.% (Tables 3 and 5). The

REE patterns are also not useful for identifying any

unique chemical change between inclusions and

matrix monazite in these samples (Fig. 6).

Sample MA33 experienced a polymetamorphic

history, evidenced by element mapping and the older

ages of allanite (>250 Ma than the monazite) inclu-

sions within the core (Catlos et al., 2000). Fig. 7

shows a BSE image and Mn, Ca, Mg, Fe, and Y X-

ray maps of a garnet rim from sample MA33. Major

element zoning, especially the Mn, indicates the rock

has a polymetamorphic history. One Y increase (to

f 710 ppm) begins immediately after a Fe and Mg

increase and Ca decrease, and appears near the end

of the tapering Mn. A second Y band shows no

correlation with Mn, Ca, Mg, or Fe, but is within the

100 Am of the rim, the region where the monazite

grains are located (Fig. 5). Pyle and Spear (1999)

outline several possibilities that could result in the

formation of Y annuli, including open-system fluid

interaction, changes in garnet growth rate, and break-

down of Y-rich phases during growth, and prefer

garnet resorption and renewed growth as the mech-

anism in staurolite-grade schists. The second stage

garnet in MA33 could have formed via garnet break-

down elsewhere in the sample, leading to increased

Y and a band formation within the rim. Based on

textural observations of the proximity of the mon-

azite grains to the outer Y increase, we speculate that

the second outer band may have resulted due to

allanite breakdown. Allanite probably existed in the

matrix of this sample, but is now only preserved in

garnet cores. Y from allanite breakdown could have

been partitioned into the monazite and growing

garnet. Note that xenotime is not observed in this

sample.

4.2. Case 2: monazite inclusions in garnet are older

than matrix monazites (MSWDp 1.0)

Samples 85H20g and V5 have monazite inclusions

in garnet that are older than matrix grains (Table 3).

V5 is a mylonitic micaschist composed mainly of

quartz+biotite+K-feldspar+sillimanite with minor

amounts of apatite+ilmenite+monazite+zircon. V5

garnet porphyroblasts are large (>4 mm), elongated

parallel to the stretching lineation, and cores contain

inclusions of quartz+biotite+sillimanite+ilmenite+ru-

tile+monazite+zircon. Thick, nearly inclusion free

rims surround the inclusion-rich cores. Biotite shear

bands and asymmetric pressure shadows on garnets

show evidence of ductile deformation. Matrix quartz

shows no subgrain boundaries or undulose extinction

and appears to be statically annealed during incorpo-

ration into growing garnet. Brittle fractures in garnet

and sillimanite perpendicular to the foliation indicate

late stage stretching.

Notes to Table 3:
a Nomenclature indicates the grain and spot, respectively, of the analyzed monazite.
b Monazite inclusion in garnet is designated as ‘‘i’’, whereas ‘‘m’’ indicates a matrix grain.
c Y contents in weight percent of spots on the dated monazite grain. See Tables 4–8 for the complete electron microprobe analyses. ‘‘ – ’’,

not analyzed.
d Measured ratio in sample.
e Percent radiogenically derived 208Pb.
f Corrected sample ratio assuming 208Pb/204Pb = 39.5F 0.1 (Stacey and Kramers, 1975).
g Calibration information: Sample name, best fit of the calibration to the equation of a line (slope * x + intercept) with F 1r uncertainty,

correlation (r2), and range of ThO2
+ /Th+ (F 1r)measured usingmonazite 554. Ideally, the unknownThO2

+ /Th+ lies within the ThO2
+ /Th+ range

defined by the standard.
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Sample 85H20g is lower grade than V5, comprised

of sub- to euhedral garnets in contact with large (>2

mm long) staurolite grains. Garnets in the 85H20g

metapelite vary in diameter from 500 Am to>2 mm

Table 4

MA33 monazite compositions and ages

Graina 1b 2 3b

Age, Mac 7.0 (0.4) 6.7 (0.1) 6.3 (0.4)

SiO2 0.81 0.45 0.89 0.31 0.64 0.19

CaO 1.71 1.06 1.82 0.96 1.77 0.91

Y2O3 0.68 0.24 0.51 0.19 0.30 0.10

ThO2 10.5 5.9 11.4 5.1 10.9 4.5

La2O3 13.0 15.2 12.9 13.5 12.7 13.4

Ce2O3 25.8 29.3 25.3 28.6 24.0 28.4

Nd2O3 11.4 12.5 11.5 13.3 10.6 12.9

UO2 0.5 0.4 0.4 0.5 0.4 0.4

Pr2O3 3.07 3.18 3.25 3.76 2.90 3.32

Sm2O3 2.05 2.05 1.99 2.28 1.89 2.57

Gd2O3 1.80 1.34 1.61 1.22 1.53 1.50

P2O5 28.7 28.2 27.8 30.3 27.5 28.7

Totald 100 99.8 99.4 100 95.0 96.9

Si 0.13 0.07 0.14 0.05 0.11 0.03

Ca 0.29 0.18 0.31 0.16 0.32 0.16

Y 0.06 0.02 0.04 0.02 0.03 0.01

Th 0.38 0.22 0.42 0.18 0.41 0.17

La 0.76 0.90 0.77 0.78 0.78 0.80

Ce 1.50 1.73 1.50 1.63 1.47 1.69

Nd 0.65 0.72 0.66 0.74 0.63 0.75

U 0.02 0.01 0.02 0.02 0.02 0.01

Pr 0.18 0.19 0.19 0.21 0.18 0.20

Sm 0.11 0.11 0.11 0.12 0.11 0.14

Gd 0.09 0.07 0.09 0.06 0.08 0.08

P 3.86 3.84 3.80 4.00 3.88 3.96

Totald 8.0 8.1 8.1 8.0 8.0 8.0

a Number of the monazite grain analyzed by ion microprobe

and electron microprobe.
b Monazite inclusion in garnet. Electron microprobe spots are

indicated on the monazite grains in Fig. 5.
c Th–Pb ion microprobe age, Ma (F 1r) of the monazite grain.
d Compositions normalized to 16 oxygen anions. Some poor

totals may reflect incomplete analyses.

Fig. 5. BSE images of monazite grains dated and compositionally

analyzed from sample MA33. Nomenclature indicates the grain

number-ion microprobe spot. One ion microprobe spot could be

focused on each grain. The black dots indicate where compositional

data was taken using an electron microprobe. See Table 3 for

isotopic data and Table 4 for compositions. Grains 1 and 3 are found

as inclusions in garnet, whereas grain 2 is found in close association

with biotite. Images are labeled: ‘‘qtz’’, quartz; ‘‘gt’’, garnet; ‘‘bt’’,

biotite; ‘‘ilm’’, ilmenite. The scale bar, applicable to each image, is

100 Am.
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Table 5

ET33 monazite compositions and ages

Graina 1b 2 3A 3B 4 5

Age, Mac 16.4 (2.2) 15.7 (0.7) 15.1 (0.3) 15.6 (1.0) 14.4 (0.9) 14.7 (1.8) 15.3 (1.3) 15.1 (0.7) 15.7 (1.2) 17.1 (3.1)

SiO2 1.42 1.42 1.78 0.56 0.46 0.38 0.47 0.51 0.87 5.27 2.55 0.72 0.75 3.13 0.61 2.46 0.64 0.69 1.63 0.74

CaO 0.86 1.31 1.15 1.15 1.12 0.84 0.82 0.99 1.99 1.40 0.96 1.40 1.31 0.90 1.12 0.83 1.06 0.96 0.88 1.31

Y2O3 0.64 0.78 0.68 0.95 0.95 0.90 0.97 0.99 1.49 0.44 0.74 1.03 0.92 0.32 0.92 0.77 0.94 1.21 0.77 0.80

ThO2 8.6 10.2 11.6 6.0 5.9 4.2 4.5 4.8 9.8 7.0 5.1 7.5 6.7 4.0 6.3 4.7 5.9 5.1 4.8 7.5

La2O3 14.8 14.7 13.6 14.5 14.3 15.4 14.5 14.8 12.8 12.4 13.6 13.4 14.2 11.8 15.0 11.9 14.0 13.4 14.6 13.9

Ce2O3 27.7 26.6 26.9 27.8 28.3 29.4 30.2 29.8 24.9 26.1 27.7 26.6 28.7 23.6 28.8 24.4 27.5 26.1 28.4 26.5

Nd2O3 12.1 11.5 11.1 12.7 12.1 12.3 13.1 12.1 11.2 10.8 12.5 11.8 11.7 10.6 11.9 11.6 11.9 12.0 12.5 11.8

UO2 0.3 0.5 0.6 0.9 0.8 0.6 0.6 0.8 2.0 0.9 0.9 1.1 1.0 0.6 0.9 0.8 0.9 0.8 0.7 1.3

Pr2O3 2.95 2.95 2.88 3.35 3.49 3.17 3.13 3.03 2.63 2.65 3.58 3.10 3.00 2.76 3.23 3.09 2.73 3.23 3.58 3.07

Sm2O3 1.60 1.65 2.03 2.38 2.03 1.94 2.36 1.75 2.23 1.77 2.16 2.24 2.13 2.01 2.18 1.82 1.97 2.22 2.03 2.31

Gd2O3 1.25 1.37 0.75 1.96 1.82 0.98 1.59 1.66 1.51 0.90 1.33 1.49 1.39 0.64 1.14 1.40 1.47 1.31 1.41 1.96

P2O5 25.5 26.3 26.3 28.0 29.2 29.2 28.6 29.1 28.0 32.4 30.1 27.6 28.6 18.2 28.4 27.9 28.3 24.2 30.2 27.0

Totald 97.8 99.4 99.4 100 100 99.4 101 100 99.4 102 101 98.0 100 78.6 101 91.6 97.4 91.1 101 98.1

Si 0.24 0.23 0.29 0.09 0.07 0.06 0.07 0.08 0.14 0.74 0.38 0.12 0.12 0.66 0.10 0.40 0.10 0.12 0.25 0.12

Ca 0.15 0.23 0.20 0.20 0.19 0.14 0.14 0.17 0.34 0.21 0.15 0.25 0.22 0.20 0.19 0.15 0.19 0.19 0.14 0.23

Y 0.06 0.07 0.06 0.08 0.08 0.08 0.08 0.08 0.13 0.03 0.06 0.09 0.08 0.04 0.08 0.07 0.08 0.12 0.06 0.07

Th 0.33 0.38 0.43 0.22 0.21 0.15 0.16 0.17 0.36 0.22 0.18 0.28 0.24 0.19 0.23 0.18 0.22 0.21 0.17 0.28

La 0.92 0.89 0.82 0.86 0.83 0.90 0.85 0.86 0.76 0.64 0.76 0.81 0.83 0.92 0.88 0.72 0.84 0.89 0.82 0.85

Ce 1.70 1.60 1.61 1.64 1.64 1.71 1.75 1.72 1.46 1.34 1.53 1.59 1.67 1.81 1.68 1.47 1.63 1.72 1.58 1.60

Nd 0.72 0.67 0.65 0.73 0.68 0.70 0.74 0.68 0.64 0.54 0.67 0.69 0.66 0.80 0.67 0.68 0.69 0.77 0.68 0.69

U 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.03 0.07 0.03 0.03 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.02 0.05

Pr 0.18 0.18 0.17 0.20 0.20 0.18 0.18 0.17 0.15 0.14 0.20 0.18 0.17 0.21 0.19 0.19 0.16 0.21 0.20 0.18

Sm 0.09 0.09 0.11 0.13 0.11 0.11 0.13 0.09 0.12 0.09 0.11 0.13 0.12 0.15 0.12 0.10 0.11 0.14 0.11 0.13

Gd 0.07 0.07 0.04 0.10 0.09 0.05 0.08 0.09 0.08 0.04 0.07 0.08 0.07 0.04 0.06 0.08 0.08 0.08 0.07 0.11

P 3.63 3.66 3.64 3.80 3.89 3.92 3.84 3.89 3.80 3.83 3.83 3.82 3.84 3.24 3.83 3.88 3.89 3.68 3.88 3.77

Totald 8.1 8.1 8.1 8.1 8.03 8.0 8.1 8.0 8.1 7.9 8.0 8.1 8.1 8.3 8.1 8.0 8.0 8.2 8.0 8.1

a Number of the monazite grain analyzed by ion microprobe and electron microprobe.
b Monazite inclusion in garnet.
c Th–Pb ion microprobe age, Ma (F 1r) of the monazite grain. In some cases (grains 2, 3B, and 4), more than one ion microprobe spot could be placed on the monazite grain.
d Compositions normalized to 16 oxygen anions. Some poor totals may reflect incomplete analyses.
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and have few scattered inclusions of ilmenite, quartz

and monazite. Smaller garnet grains appear to over-

print the foliation, whereas the larger grains are edged

by symmetrical strain shadows of quartz, staurolite

and mica. Chlorite mantles the edges of some garnet

grains. The matrix of the rock contains staurolite+un-

dulatory extinct quartz+biotite+muscovite+ilmenite+-

monazite+zircon.

Several workers document the armoring properties

of garnet, which shields monazite inclusions from

reactions with other phases, diffusive Pb loss, recrys-

tallization, or overgrowth (e.g., DeWolf et al., 1993;

Poitrasson et al., 1996; Zhu and O’Nions, 1999a;

Foster et al., 2000). Montel et al. (2000) suggests that

minerals without prominent cleavage, such as garnet

and quartz, act as the most efficient shields. These

inclusions can time garnet growth or are detrital grains

from a sedimentary or igneous protolith, or previous

metamorphic cycle.

In rocks that experienced peak temperatures < 650

jC, younger matrix monazite ages may reflect minor

Pb loss or later growth. Experimental results reported

by Smith and Giletti (1997) show that a 100-Am-

diameter monazite held at 600 jC for 1 Ma retains

90% of its Pb. Sample 85H20g experienced maxi-

mum temperature of f 530 jC (Hubbard, 1989),

coincident with the thermal conditions speculated

necessary for monazite to appear in pelitic assemb-

lages (Smith and Barreiro, 1990). The f 14 Ma

grains within the garnet in this rock time their

inclusion, whereas the f 10 Ma matrix monazite

could represent continued mineral growth within the

matrix. Diffusive Pb loss is excluded as a possibility

because of thermal conditions experienced by this

sample is insufficient to cause a f 14 Ma monazite

grain to lose 29% of radiogenic 208Pb, thereby yield-

ing a f 10 Ma age. The precision of the younger

ages (10.6F 0.5 and 10.0F 0.7 Ma) do not reflect a

Fig. 6. Y +REE patterns from (upper) ET33 and (lower) MA33

monazite grains. Inclusions in garnet shown as grey and heavier

line, whereas matrix grains are black. Compositions normalized

using Anders and Grevesse (1989).

Fig. 7. BSE image and X-ray element maps of the garnet rim in

sample MA33. The elements, Fe, Mn, Ca, Mg, and Y, respectively,

and 100 Am scale bar are labeled at the bottom of the maps. The

brightness scale ranges from a blue-black low to the magenta-pink

high, and approximate locations of the two higher-Y bands overlay

the BSE image element maps. The bright inclusion in the BSE

image is ilmenite. These images were taken with the JEOL

Superprobe at the University of Calgary.
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method uncertainty, despite their ThO2
+ /Th + being

out of the range defined by the calibration line (see

Table 3). These mineral grains are less radiogenic

(85F 2% and 63F 4%), so the younger ages may

reflect variable amounts of common Pb contamina-

tion. Alternatively, younger matrix monazites could

have grown via dissolution of preexisting monazite

during later retrograde metamorphism that failed to

affect other matrix grains due to their larger size or

location. Retrograde fluid interaction is speculated to

affect monazite grains at temperatures f 400 jC
(Townsend et al., 2000).

If this pattern of ages is observed in samples that

experienced high-temperature metamorphism (e.g.,

>650 jC), younger matrix monazite ages may be

attributed to Pb loss. Smith and Giletti (1997) estimate

that a 100-Am-diameter monazite heated to 650 jC for

1 Ma can sustainf20% Pb loss, whereas if heated for

10 Ma, can experience f50% Pb loss. Sample V5

experienced peak P–T conditions off800 jC andf8

kbar (Gilley, 2001), indicating that the f100�f20

Am-matrix monazite grains could be significantly

affected by diffusive Pb loss. Note that the Cherniak

et al. (2000) synthetic monazite diffusion study predicts

onlyf2% Pb loss for 20 Ammonazite grains heated at

800 jC for 10 Ma, and negligible Pb loss at 600–650

jC, even for times extending to the age of the Earth.

Resolution of these results may lie in ion microprobe

Table 6

V5 monazite compositions and ages

Graina 1 2 3 5b 6b 7b 8b 11b 13b 14b

Age, Mac 29.4

(1.0)

25.1

(0.09)

28.4

(2.0)

41.6

(1.3)

52.1

(3.2)

169

(3)

66.3

(2.4)

64.3

(1.7)

48.9

(0.9)

75.3

(5.6)

SiO2 0.18 0.11 0.28 0.23 0.09 0.18 0.20 0.86 0.40 0.19 0.11 0.27 0.16 0.24 0.23 1.03

CaO 1.02 0.69 0.84 0.97 0.37 1.04 0.91 0.89 1.07 1.01 0.75 0.98 0.76 0.97 1.08 0.51

Y2O3 0.42 0.92 0.94 0.71 1.99 1.47 2.17 1.67 0.59 1.96 2.23 1.53 1.47 2.33 0.23 1.30

ThO2 4.6 1.9 2.6 4.7 0.9 4.6 4.4 4.2 5.1 4.2 3.0 4.5 4.3 4.7 5.3 1.5

La2O3 14.3 13.1 13.4 14.4 15.8 13.7 14.1 14.4 14.3 13.9 14.4 14.7 12.8 13.5 14.8 14.7

Ce2O3 29.4 29.5 29.1 28.9 31.0 29.0 28.5 29.0 29.1 28.7 29.0 29.0 26.2 27.7 30.1 28.2

Nd2O3 12.5 14.9 13.1 12.8 12.8 12.2 12.2 12.8 12.6 11.9 12.7 11.6 10.8 12.7 12.2 10.8

UO2 0.5 0.6 0.5 0.4 0.3 0.8 0.5 0.5 0.5 0.8 0.7 0.3 0.3 0.5 0.6 0.2

Pr2O3 3.46 3.89 3.50 3.69 3.75 3.05 3.12 3.64 3.67 3.46 3.18 3.14 2.97 3.19 3.28 3.21

Sm2O3 2.23 2.71 2.20 2.50 2.40 1.97 2.20 1.81 2.12 2.04 1.94 1.86 1.90 2.45 1.87 1.51

Gd2O3 1.46 1.79 1.69 1.45 1.46 1.88 1.86 2.06 1.29 1.45 1.64 1.09 1.25 1.77 1.40 0.99

P2O5 29.5 30.1 24.1 29.8 29.5 28.5 29.0 31.1 30.0 25.2 29.2 28.1 26.9 28.6 29.9 21.1

Totald 99.6 100 92.3 101 100 98.3 99.1 103 101 94.8 98.9 97.1 89.9 98.6 101 84.9

Si 0.03 0.02 0.05 0.04 0.01 0.03 0.03 0.13 0.06 0.03 0.02 0.04 0.03 0.04 0.04 0.20

Ca 0.17 0.12 0.16 0.16 0.06 0.18 0.15 0.14 0.18 0.19 0.13 0.17 0.14 0.17 0.18 0.11

Y 0.04 0.08 0.09 0.06 0.17 0.13 0.18 0.13 0.05 0.18 0.19 0.13 0.14 0.20 0.02 0.14

Th 0.17 0.07 0.11 0.17 0.03 0.17 0.16 0.14 0.18 0.17 0.11 0.17 0.17 0.17 0.19 0.07

La 0.84 0.75 0.89 0.83 0.92 0.82 0.83 0.80 0.82 0.89 0.84 0.88 0.82 0.80 0.85 1.06

Ce 1.71 1.69 1.92 1.66 1.79 1.71 1.66 1.59 1.66 1.83 1.69 1.74 1.67 1.63 1.72 2.02

Nd 0.71 0.83 0.84 0.72 0.72 0.70 0.69 0.68 0.70 0.74 0.72 0.68 0.67 0.73 0.68 0.76

U 0.02 0.02 0.02 0.01 0.01 0.03 0.02 0.02 0.02 0.03 0.02 0.01 0.01 0.02 0.02 0.01

Pr 0.20 0.22 0.23 0.21 0.21 0.18 0.18 0.20 0.21 0.22 0.18 0.19 0.19 0.19 0.19 0.23

Sm 0.12 0.15 0.14 0.13 0.13 0.11 0.12 0.09 0.11 0.12 0.11 0.10 0.11 0.14 0.10 0.10

Gd 0.08 0.09 0.10 0.07 0.08 0.10 0.10 0.10 0.07 0.08 0.09 0.06 0.07 0.09 0.07 0.06

P 3.95 3.98 3.67 3.95 3.92 3.90 3.91 3.95 3.95 3.70 3.94 3.89 3.97 3.89 3.96 3.51

Totald 8.0 8.0 8.2 8.0 8.1 8.1 8.0 8.0 8.0 8.2 8.0 8.1 8.0 8.1 8.0 8.3

a Number of the monazite grain analyzed by ion microprobe and electron microprobe.
b Monazite inclusion in garnet.
c Th–Pb ion microprobe age, Ma (F 1r) of the monazite grain.
d Compositions normalized to 16 oxygen anions. Some poor totals may reflect incomplete analyses.
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depth-profiling studies of unpolished monazite grains

separated from sample V5 (e.g., Grove and Harrison,

1999).

Monazite inclusions in garnet in sample V5 also

show considerable age range from 44F 1 to 169F 3

Ma (Table 3; see Gilley, 2001). To investigate whether

the older ages represent a detrital signature, zircon

inclusions in garnet and in the matrix were dated in

situ in this same thin section. One zircon inclusion

yields a concordant age of f 360 Ma, whereas the

others were discordant and range from 550 to 750 Ma

(Gilley, 2001). The metamorphic monazite in this rock

may have formed from the dissolution of preexisting

grains and some ages may represent overlapping

analyses of detrital and metamorphic sections. In

addition, only two of the monazite inclusions in garnet

were not in contact with quartz in 2-D thin section

view, leading to the hypothesis that quartz inclusions

fail to armor these monazite grains from Pb loss under

high-grade conditions. The 2-D thin section hinders

the 3-D view of all the grains and unfortunately, the

prograde garnet-zoning pattern in this sample has

been completely eradicated via diffusion.

In previous studies (e.g., Foster et al., 2000),

monazite Y content and REE patterns are used to

distinguish between multiple episodes of monazite

growth. However, electron microprobe analysis of

monazites from samples V5 and 85H20g failed to

Table 7

85H20g monazite compositions and ages

Graina 1 2b 3b 4 5 7

Age, Mac 10.6 (0.5) 10.0 (0.7) 14.2 (1.1) 13.3 (1.7) 13.3 (0.6) 13.1 (1.1) 16.5 (1.8)

SiO2 2.49 1.70 1.81 2.18 2.21 2.14 2.52 3.53 1.69 0.59 0.59 0.91 2.30 1.02

CaO 2.19 2.40 2.19 2.02 2.06 1.86 2.42 2.44 2.22 0.77 1.50 1.92 2.33 2.02

Y2O3 1.80 1.88 1.45 0.40 0.50 0.41 1.07 1.40 0.45 0.37 < 0.01 < 0.01 1.46 0.05

ThO2 14.7 16.6 14.8 14.2 12.3 11.2 18.4 18.2 14.7 3.6 8.4 11.1 17.4 11.3

La2O3 10.2 10.7 11.7 12.0 12.4 12.5 11.0 10.6 12.7 16.0 15.6 13.8 11.6 13.6

Ce2O3 19.2 21.9 21.8 23.3 23.7 24.4 21.9 21.3 23.2 26.9 27.7 26.1 21.3 25.1

Nd2O3 9.3 9.0 9.3 9.9 10.2 9.8 9.0 8.6 9.4 11.4 11.2 10.7 8.1 10.6

UO2 0.5 0.5 0.4 0.6 0.6 0.6 0.4 0.5 0.6 0.9 0.5 0.6 0.5 0.7

Pr2O3 2.52 2.29 2.43 2.62 2.37 2.42 2.63 2.67 2.75 2.90 3.08 3.10 2.11 2.96

Sm2O3 1.96 1.81 1.67 1.94 1.96 1.58 1.78 1.62 1.95 2.50 1.90 1.73 1.67 1.99

Gd2O3 2.28 2.06 2.24 1.79 1.52 1.78 2.38 1.97 1.54 1.13 0.77 1.05 2.65 1.20

P2O5 25.3 24.0 25.3 24.0 20.5 20.2 24.7 23.7 24.3 30.2 28.7 29.2 24.2 27.6

Totald 92.5 94.9 95.1 94.9 90.5 88.8 98.2 96.6 95.5 97.2 100 100 95.6 98.1

Si 0.42 0.30 0.31 0.38 0.42 0.41 0.42 0.59 0.29 0.09 0.09 0.14 0.39 0.17

Ca 0.40 0.45 0.40 0.37 0.42 0.38 0.43 0.44 0.41 0.13 0.26 0.32 0.43 0.35

Y 0.16 0.17 0.13 0.04 0.05 0.04 0.09 0.13 0.04 0.03 < 0.01 < 0.01 0.13 < 0.01

Th 0.57 0.66 0.57 0.56 0.53 0.49 0.70 0.70 0.58 0.13 0.30 0.40 0.68 0.42

La 0.64 0.68 0.73 0.76 0.86 0.88 0.68 0.66 0.81 0.93 0.91 0.80 0.73 0.82

Ce 1.20 1.39 1.36 1.48 1.64 1.72 1.34 1.32 1.46 1.55 1.62 1.50 1.33 1.50

Nd 0.56 0.56 0.56 0.61 0.69 0.67 0.53 0.52 0.58 0.64 0.64 0.60 0.49 0.61

U 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.03

Pr 0.16 0.14 0.15 0.16 0.16 0.17 0.16 0.16 0.17 0.17 0.18 0.18 0.13 0.18

Sm 0.12 0.11 0.10 0.12 0.13 0.10 0.10 0.09 0.12 0.14 0.10 0.09 0.10 0.11

Gd 0.13 0.12 0.13 0.10 0.10 0.11 0.13 0.11 0.09 0.06 0.04 0.05 0.15 0.06

P 3.65 3.54 3.63 3.52 3.28 3.28 3.50 3.38 3.56 4.03 3.87 3.88 3.51 3.80

Totald 8.0 8.1 8.1 8.1 8.3 8.3 8.1 8.1 8.1 7.9 8.0 8.0 8.1 8.1

a Number of the monazite grain analyzed by ion microprobe and electron microprobe.
b Monazite inclusion in garnet.
c Th–Pb ion microprobe age, Ma (F 1r) of the monazite grain. More than one ion microprobe spot could be placed on the monazite grain 1.
d Compositions normalized to 16 oxygen anions. Some poor totals may reflect incomplete analyses.
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reveal any clear systematic trends in REE or Y

compositions among matrix and inclusions, or among

different age inclusions (Tables 6 and 7; Fig. 8). V5

matrix grains contain 0.4–0.9 wt.% Y2O3, whereas

the inclusions have 0.2–2.3 wt.%. The oldest mon-

azite inclusion contains 0.6–2.0 wt.% Y2O3, whereas

the youngest garnet inclusion has 1.5–2.0 wt.%. In

sample 85H20g, the youngest matrix grains contain

0.05–1.48 wt.% more Y2O3 than the inclusions.

Although the f 10 Ma monazite grains could have

grown after garnet, they contain higher Y contents.

The observation is opposite that speculated by Foster

et al. (2000), that significant depletions in Y in

younger matrix monazites represent evidence that

they crystallized after garnet inclusions. Y and REE

content of monazites in these samples may just

Fig. 8. Y +REE patterns from (upper) V5 and (lower) 85H20G

monazite grains. Inclusions in garnet shown as grey and heavier

line, whereas matrix grains are black. Compositions normalized

using Anders and Grevesse (1989).

Fig. 9. X-ray element maps of a garnet in sample ET26. The

elements, Mn, Ca, Fe, and Mg are labeled, and the scale bar is 200

Am. Th–Pb ages (F 1r) are indicated on the Ca element map. See

Table 3 for details of the geochronologic results and Table 8 for

compositions of the dated grains. Images are labeled: ‘‘mon’’,

monazite; ‘‘qz’’, quartz; ‘‘ap’’, apatite; ‘‘gt’’, garnet; ‘‘bt’’, biotite;

‘‘chl’’, chlorite.
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reflect their crystallographic orientation (Cressey et

al., 1999) and the grains dated by Foster et al. (2000)

experienced high-grade metamorphism and most

likely yield younger ages due to thermally activated

Pb diffusion.

4.3. Case 3: matrix and included monazites yield

range of ages (MSWDp 1.0)

A more complex case, where matrix and included

monazite grains yield widely varying ages with no

systematic age distribution pattern is observed in

eastern Nepal sample ET26. This Himalayan rock

contains garnet+chlorite+quartz+biotite+apatite+mus-

covite+ilmenite+monazite+zircon. Garnets in this

rock are fragmented, in close association with chlorite,

and some contain inclusions of biotite+rounded

quartz+monazite+zircon. The matrix is predominantly

comprised of undulatory extinct quartz and f500-

Am-long grains of thick biotite that define a spaced,

rough foliation. Garnet zoning in this sample have

been affected by significant diffusional relaxation,

suggesting this rock as experienced high-temperature

metamorphism (Fig. 9). The age range of monazite

inclusions in ET26 may result from multiple episodes

of garnet growth, but no clear core–rim relationships

are deciphered from this fragmented garnet, using

either petrological observations or X-ray element

Table 8

ET26 monazite compositions and ages

Graina 2 3 5b 7b 8 10

Age, Mac 18.2 (0.4) 44.5 (0.9) 23.9 (0.4) 45.8 (2.8) 20.4 (0.6) 436 (8)

SiO2 0.37 0.37 2.00 0.24 0.22 0.22 0.29 0.23 0.24 0.58

CaO 1.47 1.37 1.31 1.45 1.53 1.39 1.31 1.52 1.46 1.21

Y2O3 0.77 1.33 0.97 2.91 0.79 3.00 3.36 0.71 1.28 1.20

ThO2 6.6 6.6 5.9 6.1 6.8 6.3 5.9 7.1 6.5 6.1

La2O3 14.3 14.2 12.6 12.4 14.2 12.9 13.2 13.6 13.4 13.6

Ce2O3 28.2 27.4 25.9 25.1 28.5 26.5 25.9 27.3 27.3 27.1

Nd2O3 12.1 12.1 11.5 11.8 12.0 11.7 11.6 12.1 11.9 12.7

UO2 0.8 0.8 0.9 1.1 0.9 0.9 1.0 0.9 0.8 0.4

Pr2O3 3.47 3.22 3.19 3.03 3.37 3.14 2.96 3.35 3.07 3.28

Sm2O3 2.16 1.85 2.04 2.18 1.87 2.11 1.81 2.10 2.20 2.38

Gd2O3 1.40 1.12 1.20 1.73 1.65 1.78 1.74 1.03 1.40 1.35

P2O5 29.2 28.8 28.9 31.7 27.8 29.5 28.5 30.2 29.6 29.2

Totald 101 99.2 96.6 99.8 99.5 99.5 97.6 100 99.2 99.1

Si 0.06 0.06 0.32 0.04 0.04 0.03 0.05 0.04 0.04 0.09

Ca 0.25 0.23 0.22 0.24 0.27 0.23 0.23 0.25 0.25 0.20

Y 0.06 0.11 0.08 0.24 0.07 0.25 0.29 0.06 0.11 0.10

Th 0.24 0.24 0.21 0.21 0.25 0.23 0.21 0.25 0.24 0.22

La 0.83 0.83 0.74 0.69 0.85 0.75 0.79 0.78 0.78 0.79

Ce 1.63 1.60 1.50 1.40 1.69 1.52 1.53 1.56 1.58 1.57

Nd 0.68 0.69 0.65 0.64 0.70 0.65 0.67 0.67 0.67 0.72

U 0.03 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.01

Pr 0.20 0.19 0.18 0.17 0.20 0.18 0.17 0.19 0.18 0.19

Sm 0.12 0.10 0.11 0.11 0.10 0.11 0.10 0.11 0.12 0.13

Gd 0.07 0.06 0.06 0.09 0.09 0.09 0.09 0.05 0.07 0.07

P 3.89 3.89 3.87 4.08 3.82 3.93 3.89 3.99 3.96 3.92

Totald 8.1 8.0 8.0 7.9 8.1 8.0 8.1 8.0 8.0 8.0

a Number of the monazite grain analyzed by ion microprobe and electron microprobe.
b Monazite inclusion in garnet.
c Th–Pb ion microprobe age, Ma (F 1r) of the monazite grain.
d Compositions normalized to 16 oxygen anions. Some poor totals may reflect incomplete analyses.
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mapping. As seen in samples describe in other case

scenarios, no correlation between the age of these

monazite inclusions and chemical contents are

observed (Tables 3 and 8).

If garnet growth occurred in a single stage, two

principal explanations produce the observed pattern:

(1) the garnet incorporated monazites of varying age,

perhaps grains from a sedimentary or igneous proto-

lith and/or a preexisting metamorphic assemblage, or

(2) monazites were the same age when they were

incorporated by garnet, and have subsequently been

reset. The armoring effect of garnet has been docu-

mented in numerous studies (e.g., Zhu and O’Nions,

1999a), arguing against partial resetting of monazite

inclusions. If these inclusions were subjected to Pb

loss, different parts of the garnet must have experi-

enced different thermal histories, since the degree of

resetting depends primarily on temperature and grain

size. Fortunately, the ages of three monazite inclu-

sions (436F 8, 45.8F 2.8, and 23.9F 0.4 Ma) in

sample ET26 are documented in the Himalaya, and

are linked to specific tectonic and metamorphic events

(see Catlos et al., 2002). In view of these arguments,

we accept the first scenario as a more plausible

explanation for the wide age range observed in

high-grade metamorphic rocks.

Gilley (2001) also observed the occurrence of

similar sized monazite grains of Triassic to Oligocene

age within a single garnet, but suggested that the age

progression reflects overlapping analyses of two or

more age domains. Unfortunately, optical limitations

of the ion microprobe sometimes preclude precise

positioning of the ion beam on specific domains

within small ( < 30 Am) monazite grains during in situ

analysis. BSE imaging or X-ray element mapping of

larger monazite grains subsequent to ion microprobe

analysis could resolve whether the ion beam spot

overlapped age domains, if a chemical distinction

relates to a different growth event.

5. Discussion and conclusions

Based on the geochronologic and compositional

data set presented in this paper, we speculate that five

mechanisms complicate the interpretation of monazite

in situ analyses: (1) Pb loss due to prolonged experi-

enced above the closure temperature (e.g., Smith and

Giletti, 1997), (2) dissolution/reprecipitation along the

retrograde path (e.g., Ayers et al., 1999), (3) analytical

uncertainties, (4) analyses of overlapping age

domains, and (5) episodic monazite growth.

The role that any of these factors in affecting the

geochronologic results is sample-dependent, but can

be evaluated. Peak metamorphic conditions and X-ray

element maps are useful for assessing potential poly-

metamorphism or retrogression. Other geochronologic

data, including previous work or dating other minerals

(e.g., zircon) in the sample, can be used to evaluate

the numerical results. Any method-related uncertainty

should be explored including counting statistics for

electron microprobe analyses or calibration reprodu-

cibility for ion microprobe analyses. The potential

source of the monazite grain, including the dissolution

of detrital grains or production from REE oxide or

allanite, can be evaluated by detailed petrographic

analysis of the sample or determining the protolith of

the metamorphosed rock. Many monazite-producing

reactions are invoked using only petrographic analy-

ses and stoichiometry (Table 1; e.g., Simpson et al.,

2000).

In this study, peak metamorphic conditions have

been used to evaluate the extent of Pb loss possibly

suffered by monazite that experienced high crustal

thermal conditions using the parameters calculated for

natural grains by Smith and Giletti (1997). However,

the Cherniak et al. (2000) synthetic monazite diffusion

study would predict that none of the monazite grains

dated in this study would be significantly affected by

Pb loss. To resolve this issue, monazite grains can be

separated from the rock sample, mounted in epoxy as

unpolished grains, and continuously analyzed using

the ion microprobe depth-profiling technique. Using

this method, Pb is directly measured within the

sample; thus, a continuous thermal history for high-

grade rocks can be recovered and evaluated (see

Grove and Harrison, 1999).

Unfortunately, the chemical contents of the dated

grains suggest that their temporal evolution is only

conclusively determined through understanding their

isotopic information. For example, the ion microprobe

calibration standard, monazite 554, has a Th–Pb age

of 45F 1 Ma (Harrison et al., 1999), but is chemically

zoned (Fig. 2), cautioning that mineral zoning can be

produced in shorter timescales than those resolvable

using the ion microprobe. Furthermore, the REE
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patterns and Y contents of many dated monazite

grains in rocks that experienced different thermal

histories are not useful to identify any specific growth

mechanism. The temporal evolution of monazite

growth and dissolution is only determined through

geochronologic analysis.

Monazite REE-zoning patterns are applied as a

means to better understand the mineral’s reactions.

Mohr (1984) describes zoning profiles of metamor-

phic monazites from North Carolina shales that show

enrichment in Gd, Ce, Nd, and Sm and depletion in La

and Y in monazite cores. Conversely, Finger et al.

(1998) reports La content that decreases toward the

rim in relict monazites that had experienced apatite

replacement. Monazite composition may reflect crys-

tal orientation, transfer of elements from the break-

down of REE phases under changing P–T conditions,

competitive crystallization among other REE phases,

or replacement or recrystallization of an original grain

during metamorphism (e.g., Cressey et al., 1999; Zhu

and O’Nions, 1999b; Townsend et al, 2000; Pyle et

al., 2001).

Instead of relying upon monazite chemical compo-

sition, garnet-zoning patterns and peak P–T condi-

tions can be used to facilitate age interpretation. The

common occurrence of monazite as inclusions in

garnet and observations that the garnet and monazite

appear at conditions nearly coincident in temperature

(i.e., f 500 jC; Smith and Barreiro, 1990), provides

a unique opportunity to directly date prograde meta-

morphism. Thermobarometric data, including X-ray

element maps, can assess the sample’s potential poly-

metamorphism, retrogression, and in conjunction with

diffusion studies (e.g., Smith and Giletti, 1997; Cher-

niak et al., 2000), maximum extent of monazite Pb

loss. The garnet from sample MA33 indicates that X-

ray maps of major and minor elements can be

exploited to reveal a rock’s polymetamorphic history

and as a record accessory mineral breakdown (Fig. 7).

Garnet can also protect monazite inclusions from

subsequent Pb loss via diffusion or reactions with

other phases. For example, Montel et al. (2000)

propose that monazite inclusions in garnet are entirely

disconnected from the rock matrix and can survive

granulite facies conditions without being reset. Garnet

inclusion patterns are also helpful for providing clues

about changing metamorphic conditions during defor-

mation (e.g., Passchier and Trouw, 1996).

The monazite grains analyzed in this study were

found in rocks that experienced differing tectonic and

thermal histories. Samples 85H20g and MA33 contain

garnets that preserve growth zoning, but 85H20g

contains younger grains in the matrix, suggesting

retrograde reactions should be considered as a poten-

tial monazite growth mechanisms (e.g., Ayers et al.,

1999). Samples ET33, ET26, and V5 contain garnets

with zoning patterns characterized by diffusion, but

monazites scattered throughout sample ET33 are of a

single age population, consistent with grain size

exerting an important control on Pb loss. In sample

ET26, monazite inclusions of widely different age

appear in a fragmented garnet and P–T conditions are

unrecoverable. However, in this scenario, the ages

could be linked to specific tectonic and magmatic

events reported for the Himalayan range.

With the advent of studies involving monazite

diffusive Pb loss (e.g., Smith and Giletti, 1997;

Cherniak et al., 2000), monazite mineral chemistry

(e.g., Cressey et al., 1999), porphyroblast petrographic

observations (e.g., Passchier and Trouw, 1996), ther-

mobarometric calculations (e.g., Spear and Peacock,

1989), the potential exists for in situ dating to have

widespread application. Combining monazite ages

and thermobarometric constraints is a powerful

method of obtaining a tectonic history. A rock is

temporally constrained at depth within the Earth,

and its exhumation rate can be calculated. A garnet

rim P–T data allows an evaluation of the amount of

Pb diffusion possibly suffered by the monazite grain,

whereas the age of an inclusion can be placed along

an estimated P–T path. In situ monazite ages are

unaffected by problems plaguing studies that rely on

mineral separation. The spatial resolution of the ion

microprobe or electron microprobe instrumentation

allows radiogenic-bearing minerals near or in contact

with the monazite grain to be avoided, and the

metamorphic and/or magmatic history of rocks can

be obtained.
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Köppel, V., Günthert, A., Grünenfelder, M., 1980. Patterns of U–Pb

zircon and monazite ages in polymetamorphic units of the Swiss

Central Alps. Schweiz. Mineral. Petrogr. Mitt. 61, 97–119.

Lanzirotti, A., Hanson, G.N., 1996. Geochronology and geochem-

istry of multiple generations of monazite from the Wepawaug

Schist, Connecticut, U.S.A.: implications for monazite stability

in metamorphic rocks. Contrib. Mineral. Petrol. 125, 332–340.

Liou, J.G., 1973. Synthesis and stability relations of epidote,

Ca2Al2FeSi3O12(OH). J. Petrol. 14, 381–413.

Martelat, J.-E., Lardeaux, J.-M., Nicollet, C., Rakotondrazafy, R.,

2000. Strain pattern and late Precambrian deformation history in

southern Madagascar. Precambrian Res. 102, 1–20.

Meldrum, A., Boatner, L.A., Weber, W.J., Ewing, R.C., 1998. Ra-

diation damage in zircon and monazite. Geochim. Cosmochim.

Acta 62, 2509–2520.

Mohr, D.W., 1984. Zoned porphyroblasts of metamorphic monazite

in the Anakeesta Formation, Great Smoky Mountains, North

Carolina. Am. Mineral. 69, 98–103.
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