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Abstract

Chemical mapping and in situ U–Th–Pb analyses reveal a link between age domains and zones of relative yttrium (Y)

depletion or enrichment within monazite crystals and are correlated with metamorphic reactions involving garnet. Conventional,

small-fraction isotope dilution thermal ionization mass spectrometry (ID-TIMS) and sensitive high-resolution ion microprobe

(SHRIMP) techniques were utilized to measure U–Th–Pb isotopic compositions in metamorphic monazite from pelitic rocks of

the southern Canadian Cordillera. Monazite ID-TIMS data from individual samples commonly demonstrate a 2 to 25 Ma range

in U–Pb ages. This is difficult to reconcile using conventional regression techniques due to complexities such as excess 206Pb or

bulk mixing of discrete age domains. Backscattered electron (BSE) imaging and X-ray elemental mapping for Y, Th, and U

revealed complex internal zonation within many of the monazite crystals and served as a guide for detailed, in situ (~30 Am)

isotopic analysis using the SHRIMP. The Y maps generally provided the clearest indication of growth or recrystallization

domains and were critical for targeting SHRIMP analysis because these relationships were not always clear in BSE, U, and Th

images. Moreover, the Y domains consistently correlated with distinct age domains, with up to three or more in some crystals.

These data clearly illustrate the cause of age dispersion within the analyzed monazite grains and demonstrate the significance of

multiple age domains in metamorphic monazite that may be irreconcilable or misinterpreted when using conventional dating

techniques such as ID-TIMS.
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Recent studies have investigated the interaction between accessory minerals such as monazite and major pelitic phases

throughout a metamorphic event. Researchers have begun to focus on the partitioning of Y between monazite and garnet

because it is highly compatible in both phases. Due to its greater volume, garnet exerts considerable control over the Y budget

available during metamorphism in pelitic rocks. Consequently, this is reflected in the production and consumption of monazite,

as it is sensitive to the availability of Y, and is preserved as internal zones of relative Y enrichment or depletion. Thus, precise

ages of contrasting Y domains within monazite provided by in situ ion probe analysis may be correlated with metamorphic

reactions involving garnet and assigned to points along the P–T path.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Previous studies have demonstrated that monazite

(Ce, La, Th, PO4) is perhaps the most useful radio-

genic mineral for providing metamorphic age con-

straints in amphibolite- to granulite-facies terranes

(e.g., Parrish, 1990; Spear and Parrish, 1996; Hawkins

and Bowring, 1999; Foster et al., 2002; Kohn and

Malloy, 2003; Pyle and Spear, 2003). This is due to

monazite’s common occurrence, especially in meta-

pelites, (Overstreet, 1967), high concentrations of

radiogenic Pb vs. low common Pb (Heaman and

Parrish, 1991), and resistance to thermally induced

volume Pb diffusion (e.g., DeWolf et al., 1993; Smith

and Giletti, 1997; Zhu et al., 1997; Braun et al., 1998;

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

and O’Nions, 1999b; Cherniak et al., 2002). However,

the interpretation of U–Th–Pb ages is often made

difficult by a number of complexities that affect the

isotopic systematics of monazite. For instance,

unsupported 206Pb in young monazite (Sch7rer,
1984), samples with significant age dispersion (Foster

et al., 2002, and references therein), and hydrothermal

alteration (Poitrasson et al., 1996, 2000) can render

conventional isotope dilution thermal ionization mass

spectrometry (ID-TIMS) U–Pb data sets meaningless

or result in erroneous conclusions. Even when

innovative in situ dating techniques were utilized

(e.g., DeWolf et al., 1993; Harrison et al., 1995; Zhu

et al., 1997; Cocherie et al., 1998), ambiguities

persisted because the assignment of monazite ages

to specific points along the P–T path of a metamor-

phic assemblage remained equivocal. Moreover, there

continued to be uncertainty as to what part of the

metamorphic cycle was actually dated such as

prograde vs. retrograde, heating vs. cooling, or a
hydrothermal event. Clearly, determination of the

involvement of monazite production and/or consump-

tion in metamorphic reactions is of paramount

importance.

Fortunately, a number of investigations have

improved our understanding of monazite. These

include systematic studies of monazite occurrence in

pelitic assemblages over a broad range of metamor-

phic grade (e.g., Smith and Barreiro, 1990; Kingsbury

et al., 1993; Ferry, 2000; Rubatto et al., 2001; Wing et

al., 2003), and insights into metamorphic reactions

involving monazite based on textural observations,

accessory assemblages, and thermodynamic consid-

erations (e.g., Bingen et al., 1996; Pan, 1997; Ferry,

2000; Foster et al., 2000, 2002; Pyle and Spear,

2000a, 2003; Kohn and Malloy, 2003; Wing et al.,

2003). These studies have elucidated the interaction

between accessory monazite and major phases

throughout a metamorphic event, and more specifi-

cally the partitioning of Y between these phases (e.g.,

Bea and Montero, 1999; Foster et al., 2000, 2002;

Pyle et al., 2001; Pyle and Spear, 2003). They have

established that garnet exerts considerable control

over the Y budget available during metamorphism in

pelitic rocks. Moreover, production and consumption

of monazite is sensitive to the availability of Y, and is

reflected internally in preserved Y zones. Constrain-

ing the ages of these Y zones should provide detailed

chronologic information that can be applied to the P–

T evolution of a metamorphic assemblage. This

concept was investigated by Foster et al. (2002) using

laser ablation multicollector inductively coupled

plasma mass spectrometry (LA-MC-ICPMS) and

electron microprobe (EMP) chemical analysis. How-

ever, for Mesozoic and younger monazite the sensi-

tivity of the LA-MC-ICPMS required rastering of the
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beam over a substantial area and depth (x–y–z=

~60�50�15 Am) of the analyzed crystal, usually

across Y zone boundaries. Nevertheless, Foster et al.

were able to demonstrate the link between Y zones

and age domains and propose correlations with

metamorphic reactions involving garnet.

This study builds upon these innovative contribu-

tions by integrating Y, Th, and U chemical mapping of

monazite with high precision in situ sensitive high-

resolution ion microprobe (SHRIMP) U–Th–Pb anal-

ysis. Two important distinctions regarding this study

are worth noting: (1) To help guide ion beam

placement, chemical maps were generated prior to

the SHRIMP analysis, not after as was the case for

most other similar studies. (2) The SHRIMP spots

were limited to ~30-Am diameter and ~2-Am depth.

This method afforded the best chance to date specific

Y zones without inadvertent overlap with adjacent

domains. The results below indicate that distinct zones

of relative Y depletion or enrichment in metamorphic

monazite correspond with discrete age domains. The

dated Y domains are correlated with metamorphic

reactions involving major pelitic phases and monazite

based mainly on the work of Foster et al. (2000,

2002), Pyle et al. (2001) and Pyle and Spear (2003).
2. Geologic setting

The study area is composed of late Proterozoic to

Paleozoic metasedimentary and metavolcanic rocks of

the northern Selkirk Mountains, situated in the

southern Omineca belt of the Canadian Cordillera

(Fig. 1a and b). These rocks were initially deposited

along the western paleo-margin of the North Amer-

ican craton (Monger et al., 1982). During Middle

Jurassic to Paleocene contraction they were displaced

northeastward ~250–300 km (e.g., Price and Mount-

joy, 1970; Brown et al., 1993; Parrish, 1995) as part of

the Selkirk allochthon (Read and Brown, 1981).

During this time the allochthon is interpreted to have

experienced protracted and diachronous internal

deformation and metamorphism (Parrish, 1995). Sub-

sequent Tertiary normal faulting along the Columbia

River and Okanagan Valley fault systems has dis-

sected and exposed all levels of the allochthon.

The complexly deformed rocks within the north-

ern Selkirk Mountains comprise at least three
generations of superposed folding that have been

metamorphosed at low to high grade (Brown and

Tippett, 1978; Simony et al., 1980; Perkins, 1983;

Leatherbarrow, 1981). Bounding the eastern flank of

this region is the southern Rocky Mountain trench

(SRMT, Fig. 1b), which is part of an orogen-scale

tectonic lineament that trends northeast–southwest

for more than 2300 km along the strike of the

Canadian Cordillera. A zone of structural diver-

gence from east to west across the northern Selkirk

Mountains defines a regional-scale structure (Fig.

1c), termed the Selkirk fan (Wheeler, 1963, 1965;

Price and Mountjoy, 1970; Brown and Tippett,

1978). The structural style of the eastern flank of

the northern Selkirk Mountains consists of moder-

ate, southwest dipping faults, fold axial planes, and

transposition foliation. Shallow, northeast dipping

structures characterize the western flank of the

region, which is partly situated in the immediate

hanging wall of the Columbia River fault (Fig. 1c),

a northwest-striking, crustal-scale, Eocene normal-

sense shear zone (Parrish et al., 1988). This fault

separates upper amphibolite facies footwall rocks of

the Monashee complex that includes autochthonous

North American basement (see Armstrong et al.,

1991; Parkinson, 1991; Crowley, 1999) from

greenschist-facies rocks of the Selkirk allochthon

within the Selkirk Mountains.

Sillimanite- and sillimanite-K-feldspar-grade rocks

core the central part of the study area, and are flanked

on either side by progressively lower-grade assemb-

lages (Fig. 1b). A set of northwest trending regional

isograds (Fig. 1b), parallel to the structural grain of

the region have been established based on the

appearance or disappearance of the index minerals

chlorite, biotite, garnet, staurolite, kyanite, and silli-

manite in pelites (Leatherbarrow and Brown, 1978;

Leatherbarrow, 1981; Simony et al., 1980). The

lowest grade, chlorite-in assemblage is located in the

west flank of the study area, in the immediate hanging

wall of the Columbia River fault (Fig. 1b). North-

eastward, the metamorphic grade steadily increases to

sillimanite-K-feldspar-melt near the fan axis, and then

decreases to kyanite–staurolite-grade adjacent to the

SRMT.

Metamorphic pressures and temperatures across

the region vary from west to east. On the basis of

geothermobarometry, Leatherbarrow (1981) docu-



Fig. 1. (a) Morphogeologic belts of the Canadian Cordillera (modified after Wheeler and McFeely, 1991). A–B represents line of section for (c).

(b) Generalized geologic map of the northern Selkirk Mountains illustrating lithostratigraphy, regional metamorphic isograds, major structures

and location for sample DG38a. Compiled from Brown and Tippett (1978), Colpron et al. (1995), Leatherbarrow (1981), Perkins (1983),

Poulton and Simony (1980), Raeside and Simony (1983), Simony et al. (1980), and Wheeler (1965). Abbreviations: ADP=Adamant pluton;

BMP=Bigmouth pluton; FG=French Glacier; SRMT=southern Rocky Mountain trench; Mineral abbreviations for metamorphic zones after

Kretz (1983). (c) Regional cross-section illustrating the geometry of the Selkirk fan in the northern Selkirk Mountains (modified after Brown et

al., 1993). CRF=Columbia River fault; MD=Monashee décollement.
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mented that in the southwest flank of the fan, in the

vicinity of French Glacier (Fig. 1b), pressures and

temperatures were 5 kbar and 500–550 8C (kyanite–

staurolite zone). To the northeast within the silliman-

ite-K-feldspar zone, pressures were estimated to have

reached at least 7 kbar and temperatures of 650 8C.
Geothermobarometric studies to the north in the Mica
Creek area agree well with Leatherbarrow. Ghent et al.

(1979, 1982, 1983) estimated peak conditions of 540

to 700 8C and 5.6 to 7.2 kbar (lower P–T estimates for

kyanite–staurolite zone, higher for sillimanite-K-feld-

spar zone).

Prior to this study, zircon U–Pb, and hornblende,

muscovite and biotite 40Ar/39Ar age constraints for
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deformation and metamorphism within the west

flank of the fan were provided by Middle to Late

Jurassic plutons (e.g., Shaw, 1980; Brown et al.,

1992; Colpron et al., 1996). However, to the

northeast of the fan axis, in the northernmost Selkirk

and Monashee Mountains (Fig. 1c), zircon and

monazite U–Pb and hornblende, muscovite and

biotite 40Ar/39Ar and K/Ar data indicate that a

significant episode of deformation and metamor-

phism (~5.5–8 kbar, 600–850 8C) also occurred in

the Early Cretaceous to Tertiary (ca. 140–62 Ma)

(Sevigny et al., 1989, 1990; Scammell, 1993; Digel

et al., 1998; Crowley et al., 2000). Data from this

contribution, as well as Gibson (2003) and Gibson

et al. (in press), significantly refine the timing

constraints for metamorphism and deformation

across the Selkirk fan, and are used to reevaluate

and revise thermotectonic models for the region

(Gibson, 2003; Gibson et al., 2003, 2004, in

preparation).
3. Analytical methods

Geochronologic methods included U–Pb ID-TIMS

and U–Th–Pb SHRIMP analyses accompanied by

backscattered electron (BSE) imaging and high-

resolution Y–Th–U X-ray maps of metamorphic

monazite from eight pelitic schist samples. Monazite

crystals from all samples appear to have been variably

affected by the complexities outlined in the introduc-

tion. However, for the sake of brevity, a detailed study

of the sample that provided the greatest variety of

chemical and age domains, DG38a, is presented in

this contribution.

U–Pb ID-TIMS geochronology at Carleton Uni-

versity followed procedures outlined by Parrish et al.

(1987). Monazite mineral separates were obtained by

standard crushing, grinding, Rogers Goldk table,

heavy liquid, and Frantzk magnetic separation

techniques. When possible, the clearest, crack- and

inclusion-free crystals were selected for analysis.

TeflonR microcapsules (Parrish, 1987) were used

for mineral dissolution and spiked with a mixed
233U–235U–205Pb tracer (Parrish and Krogh, 1987).

U–Pb isotopes were analyzed using a Finnigan MAT

261 multicollector mass spectrometer (as described by

Roddick et al., 1987), and estimation of errors was
based on numerical error propagation (Roddick,

1987). Decay constants used are those recommended

by Steiger and Jäger (1977). Discordia lines through

the analyses were calculated using a York (1969)

regression. Typically, procedural U blanks were less

than 5 pg and Pb blanks less than 10 pg. Common Pb

corrections were made assuming model Pb composi-

tions derived from the growth curves of Stacey and

Kramers (1975).

For in situ analysis, monazite crystals were set in

an epoxy grain mount together with Geological

Survey of Canada (GSC) natural monazite standards.

The mount was polished to reveal grain centers and

coated with 5.8–6.0 nm of Au (99.9999%). BSE

images for monazite crystals were obtained at the

GSC using a Cambridge Instruments S360 scanning

electron microscope operating at 20 kV accelerating

potential and using an electron beam current of 2–5

nA. In addition, kyanite and garnet mineral separates

from DG38a were mounted, polished, and imaged

using BSE. This approach provided rapid access to a

greater number of porphyroblasts that might contain

monazite inclusions relative to analysis of grains

within individual thin sections. Despite lacking the

textural information provided by analysis of a

polished thin section, textural evidence for crystals

concentrated in the grain mount could be indirectly

furnished from thin section observations using a

polarizing microscope.

Chemical maps of Y, Th, and U in selected

monazite crystals from both grain mounts were made

using a Cameca SX50 electron microprobe at the

University of Massachusetts according to procedures

outlined by Williams et al. (1999). High-resolution X-

ray maps of Y, Th, and U were produced using a high

current (240 nA), small step sizes (~0.5 Am), and

rastering of the electron beam. Obtaining chemical

maps of monazite prior to SHRIMP II analysis is

unique to this study and proved to be very effective

for elucidating age domains within the analyzed

monazite.

Ion microprobe analysis of monazite grains was

carried out using the SHRIMP II facility at the GSC

in Ottawa, according to the methods outlined by

Stern (1997), Stern and Sanborn (1998), and Stern

and Berman (2000). Target locations for U–Th–Pb

SHRIMP analysis on selected monazite grains were

chosen using the images acquired from the techni-



H.D. Gibson et al. / Chemical Geology 211 (2004) 237–260242
ques described above. Targeted areas were sputtered

using a mass-filtered O2
� primary beam operating in

Kohler illumination mode to effect even sputtering.

All samples were analyzed using a single primary

beam aperture setting, which yielded an approx-

imate spot diameter of 22�31 Am. For monazite,

the primary beam current was ~2–2.3 nA for both

standards and unknowns. The operational mass

resolution (1% peak height) over the course of the

analysis was 5550–5700. Instrumental bias in the

measured Pb/U and Pb/Th ratios was corrected by

an empirically derived calibration of the linear

relationships between 206Pb+/UO+ vs. UO2
+/UO+
Fig. 2. (a) Photomicrograph of DG38a thin section, a muscovite–garnet–

center of the photo align within the foliation of DG38a. Presumably, da

formation of the foliation in DG38a. Aside from the structural oversimpl

multiple age domains within single crystals. (c) Closeup of upper left port

garnet, as well as the garnet inclusions within kyanite. Note that the garne

core surrounded by an inclusion-free rim that appears to obtrude into the n

the thin section shown in (a), displaying an inclusion-rich core surrounde
and 208Pb+/ThO+ vs. UO2
+/UO+, respectively, deter-

mined on natural intermediate Th GSC monazite

standard #3345 (mean Th wt.% = 7.3). Monazite

standard #3345 is known from repeated BSE

imaging to be relatively weakly zoned and from

numerous ID-TIMS and SHRIMP analyses to be

dominated by domains uniform in U and Th

concentration. Nonetheless, uncertainties in the

calculated U and Th abundances measured using

the ion probe are likely no better than F20% (see

Stern and Berman, 2000). Isotopic ratios were

corrected for common Pb using 204Pb. However,

for SHRIMP data, the 204Pb correction can impart
kyanite–biotite+melt pelitic schist. (b) Two monazite grains in the

ting these monazite grains should provide upper age limits for the

ification, this interpretation is complicated due to the likelihood of

ion of thin section in (a), showing resorption features of kyanite and

t in the mid-right portion of the photo has inclusion trails within the

earby kyanite. (d) Closeup of garnet from the upper right portion of

d by a relatively inclusion-free rim.



Table 1

U–Pb ID-TIMS analytical data for DG38a

Fractiona Wt.b

(Ag)
U

(ppm)

Pb*c

(ppm)

206Pb/204Pbd Pbe

(pg)

208Pbf

(%)

206Pb/238Ug

(%)

207Pb/235Ug

(%)

206Pb/238Uh

(Ma)

207Pb/235Uh

(Ma)

Rho 207Pb/206Pbg

(%)

207Pb/206Pbh

(Ma)

Disc.i

(%)

DG38a muscovite–garnet–kyanite–biotite pelitic schist

M2N202 28 4280 194 2568 48 67.5 0.016239F0.56 0.10758F0.57 103.8F1.2 103.7F1.1 0.98 0.04805F0.10 101.6F4.9 �2.2

M3N202 25 4954 238 5874 26 63.5 0.019337F0.18 0.12956F0.19 123.5F0.4 123.7F1.1 0.95 0.04859F0.06 128.2F2.9 3.7

M4N202 20 5801 231 3913 30 63.4 0.016062F0.39 0.10627F0.40 102.7F0.8 102.5F0.8 0.98 0.04799F0.08 98.7F4.0 �4.1

M5N202 17 6710 288 5209 24 64.1 0.017032F0.29 0.11332F0.30 108.9F0.6 109.0F0.6 0.94 0.04826F0.10 111.8F4.8 2.6

a M2–M5 fraction code for single-grain monazite analysis; N202=grain diameter greater than 200 Am.
b Wt.=Weights, estimated from grain-size measurements; uncertainty is 2 Ag.
c Radiogenic Pb.
d Measured ratio, corrected for spike and Pb fractionation of 0.09F0.03%/a.m.u.
e Total common Pb in analysis, corrected for spike and fractionation.
f Radiogenic 208Pb, expressed as percentage of total radiogenic Pb.
g Corrected for Pb and U laboratory blank where 208/204:207/204:206/204=19.01:15.64:38.23:1, and common Pb (Stacey–Kramers model Pb composition equal to interpreted

age of analysis); errors are one standard error of the mean in percent.
h Corrected for common Pb and laboratory blank; errors are two standard errors of the mean (2r) in Ma.
i Disc.=Discordance in percent relative to the 207Pb/206Pb age=100�[1�(206Pb/238U age)/(207Pb/206Pb age)].
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significant error on the calculated age due to

extremely low 204Pb counts (see Stern, 1997). The

propagation of the statistical error associated with

this has a large impact on the 207Pb/235U age

because of low 207Pb counts in Mesozoic or

younger minerals. Furthermore, the lack of precision

in some 207Pb analyses may cause artificial dis-

agreement between the calculated 207Pb/235U age

and those based on other decay schemes. Thus, for

monazite, the 208Pb/232Th chronometer is considered

most accurate because it includes the highest Pb

counts and is apparently unaffected by isotopic

disequilibrium (i.e., unsupported 206Pb). For this

reason, in the following sections and figures, quoted

ages rely on the 208Pb/232Th chronometer even

though in some cases it is apparently less precise

than the Pb/U chronometers. Errors assigned to

SHRIMP U–Th–Pb ages were determined using

numerical propagation of all known sources of error
Fig. 3. (a) U–Pb concordia plot for DG38a illustrating the spread of ID-TI

the concordia curve. Inset BSE images of other representative monazite gra

age domains within single crystals. The upper and lower intercepts (U.I

geologically meaningless due to the likelihood of multiple age domains wi

concordia plot illustrating the range of SHRIMP spot ages for monazite

followed by the spot number, i.e., M1-1 equals Mnz1, spot 1. (c) A Tera

monazite grains of DG38a. In the T-W plot, the 207Pb/206Pb ratio uncorrecte

each group of data are provided by the intercept of a linear regression throu

points used in each regression). The weighted (Wt.) mean of the 208Pb/232T
as outlined by Stern (1997), Stern and Sanborn

(1998), and Stern and Berman (2000).
4. Results

Monazite U–Th–Pb data for DG38a, a medium-

grade metapelitic sample (Fig. 2) from the northern

Selkirk Mountains, are presented below (all age

errors reported at two standard errors, 2j). The ID-

TIMS data are presented in Table 1 and the U–Pb

concordia plot of Fig. 3a. The SHRIMP data are

presented in Table 2 and the U–Pb concordia plots of

Figs. 3b–7, which also include the BSE and Y, Th,

and U chemical map images. For each Y map, the

approximate Y concentration in parts per million

(ppm) for each pixel was calculated using the

AgeMap program as modified by Goncalves et al.

(in press, American Mineralogist, 2004). This pro-
MS data from single crystal monazite fractions in close proximity to

ins from DG38a reveal chemical zoning that may represent multiple

. and L.I., respectively) of the discordia line are considered to be

thin single crystals and the presence of unsupported 206Pb. (b) U–Pb

of DG38a. Notation for each ellipse represents the monazite grain

-Wasserburg (T-W) plot highlights the various age domains within

d for common Pb is plotted against uncorrected 238U/206Pb. Ages for

gh the data with the concordia curve (N=5, represents number of data

h ages for each group is included below the T-W plot for comparison;



Table 2

SHRIMP U–Th–Pb analytical data for sample DG38a

Spotsa U

(ppm)

Th

(ppm)

Th/U Pb*b

(ppm)

204Pb

(ppb)

206Pb/204Pb 208Pb/232Thc 206Pb/238Uc 207Pb/235Uc 207Pb/206Pbc 208Pb/232Thd

(Ma)

206Pb/238Ud

(Ma)

207Pb/235Ud

(Ma)

Rho

DG38a muscovite–garnet–kyanite–biotite pelitic schist

M1.1 16972 116552 6.87 953 67 4403 0.0063F0.0001 0.0202F0.0004 0.1318F0.0029 0.0474F0.0005 127.1F3.8 128.8F4.6 125.7F5.2 0.88

M1.2 17886 100243 5.60 629 33 6661 0.0045F0.0001 0.0144F0.0003 0.0983F0.0029 0.0495F0.0010 91.2F2.8 92.3F3.4 95.2F5.2 0.71

M2.1 15792 112385 7.12 965 52 5651 0.0067F0.0001 0.0215F0.0004 0.1443F0.0036 0.0487F0.0007 134.7F4.2 137.0F5.0 136.9F6.4 0.80

M2.2 17623 110604 6.28 627 46 4525 0.0043F0.0001 0.0136F0.0003 0.0862F0.0025 0.0458F0.0009 85.7F2.6 87.4F3.2 84.0F4.6 0.72

M4.1 15819 132005 8.34 635 16 10848 0.0039F0.0001 0.0126F0.0002 0.0885F0.0033 0.0510F0.0015 79.3F2.4 80.6F2.8 86.1F6.0 0.59

M4.2 15190 102313 6.74 522 54 3040 0.0039F0.0001 0.0126F0.0002 0.0818F0.0022 0.0472F0.0008 78.9F2.4 80.5F2.8 79.8F4.0 0.76

M8.1 13545 74316 5.49 647 56 4110 0.0062F0.0001 0.0197F0.0004 0.1307F0.0038 0.0481F0.0010 125.7F3.8 125.8F4.4 124.8F6.8 0.71

M8.2 22064 97160 4.40 539 50 4410 0.0036F0.0001 0.0117F0.0002 0.0750F0.0027 0.0464F0.0013 72.6F2.2 75.0F2.6 73.4F5.0 0.61

M9.1 15404 126280 8.20 1107 35 8590 0.0072F0.0001 0.0226F0.0004 0.1540F0.0039 0.0495F0.0007 144.4F4.4 143.9F5.4 145.4F7.0 0.82

M9.2 27170 106203 3.91 1058 87 5256 0.0062F0.0001 0.0196F0.0004 0.1294F0.0028 0.0479F0.0005 125.6F3.8 125.0F4.4 123.6F5.0 0.89

M9.3 17890 98687 5.52 731 69 3730 0.0053F0.0001 0.0168F0.0003 0.1090F0.0031 0.0472F0.0010 107.4F3.2 107.1F3.8 105.1F4.8 0.72

M10.1 13247 95330 7.20 843 9 27933 0.0070F0.0001 0.0218F0.0004 0.1535F0.0039 0.0511F0.0008 140.3F4.2 139.1F5.0 145.0F7.0 0.78

M10.2 17375 107257 6.17 553 63 2902 0.0039F0.0001 0.0121F0.0002 0.0789F0.0045 0.0472F0.0024 78.3F2.4 77.7F2.8 77.1F8.4 0.44

M12.1 11988 96584 8.06 448 33 3781 0.0038F0.0001 0.0120F0.0002 0.0789F0.0034 0.0478F0.0017 75.9F2.4 76.7F2.8 77.1F6.4 0.54

M12.2 16097 101479 6.30 922 91 3298 0.0069F0.0001 0.0217F0.0004 0.1402F0.0043 0.0468F0.0011 138.1F4.2 138.5F5.0 133.2F7.6 0.68

M12.3 22341 109505 4.90 1082 67 6222 0.0068F0.0001 0.0216F0.0004 0.1402F0.0033 0.0472F0.0006 136.9F4.2 137.6F4.8 133.2F6.0 0.82

a Spots are denoted as follows: M1.1=monazite and spot number.
b Radiogenic Pb.
c Corrected for common Pb according to procedure outlined by Stern and Berman (2000); uncertainties are reported at 1r and are calculated by numerical propagation of all

known sources of error.
d Age errors reported at 2r in Ma.
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Table 3

Yttrium concentration for SHRIMP spots

Spot# Y (ppm)a 208Pb/232Th (Ma) Age groupb

Mnz1 M1-1 ~5120 127.1F1.9 2

M1-2 ~15800 91.2F1.4 –

Mnz2 M2-1 ~6480 134.7F2.1 1

M2-2 ~18450 85.7F1.3 –

Mnz4 M4-1 ~21620 79.3F1.2 3

M4-2 ~23500 78.9F1.2 3

Mnz8 M8-1 ~6400 125.7F1.9 2

M8-2 ~21080 72.6F1.1 3

Mnz9 M9-1 ~2200 144.4F2.2 1

M9-2 ~12490 125.6F1.9 2

M9-3 ~22500 107.4F1.6 –

Mnz10 M10-1 ~4275 140.3F2.1 1

M10-2 ~22700 78.3F1.2 3

Mnz12 M12-1 ~21150 75.9F1.2 3

M12-2 ~3180 138.1F2.1 1

M12-3 ~10500 136.9F2.1 1

a Average Y ppm calculated for area covered by the SHRIMP

spot determined using the AgeMap program as modified by

Goncalves et al. (in press, American Mineralogist).
b Age group to which SHRIMP spot age is assigned (see Fig

3b); spots that may have overlapped more than one domain are no

assigned to an age group (–).
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gram was used to estimate the approximate Y

concentration for each SHRIMP spot (Table 3), as

well as provide plots of Y concentration for selected

profiles across each grain (Figs. 4–8). In Fig. 3b, the

SHRIMP data are also plotted in a Tera-Wasserburg

diagram (Tera and Wasserburg, 1972), in which the
207Pb/206Pb ratio uncorrected for common Pb is

plotted against the uncorrected 238U/206Pb ratio.

Linear regressions were calculated for data that

clustered in distinguishable groups. The age for a

particular group was determined using the lower

intercept of the regression line with the concordia

curve. The upper end of the chord was anchored at

the common 207Pb/206Pb composition representing

the approximate age of each group using Stacey and

Kramers (1975) model growth curves.1 Ages derived

from the lower intercepts of the regressions avoid the

potentially large uncertainty imposed by the 204Pb

correction for common Pb. The data in the Tera-

Wasserburg plot also provide a visual estimate of the

common Pb component (see Compston et al., 1992).

Although the calculated ages may be affected by

variable amounts of unsupported 206Pb, they appear to

have good agreement with the 208Pb/232Th ages (Fig.

3c). The Tera-Wasserburg plot also helps to highlight

the age domains within DG38a, as well as within

individual monazite crystals.

4.1. DG38a—muscovite–garnet–kyanite–biotite pel-

itic schist

Sample DG38a is a foliated migmatitic muscovite–

garnet–kyanite–biotite pelitic schist (minerals listed

by increasing modal abundance), with monazite,

apatite, and zircon as the main accessory phases.

DG38a is interlayered with a biotite-rich psammite;

layers are ~50 cm to 1 m thick. Approximately 20–

30% of the observable outcrop contains foliated

leucosome lenses composed primarily of plagioclase,

quartz, and cross-cutting muscovite. All kyanite and

most biotite are aligned within a shallow southwest

dipping foliation that is pervasive throughout the area

(Fig. 2a). Many monazite grains identified using a
1 It was not necessary to know the exact 207Pb/206Pb ages when

calculating the Stacey-Kramer common Pb composition because

there is b1% variation in the common 207Pb/206Pb ratio for Jurassic-

Cretaceous ages.
.

t

polarizing microscope appear to be aligned parallel to

the foliation (Fig. 2b). Shear bands related to south-

west-directed late normal faulting are superimposed

on the entire assemblage (Fig. 2a).

Both garnet and kyanite are subhedral and display

significantly resorbed grain boundaries, replaced by

biotite, and to a lesser extent quartz and plagioclase

(i.e., melt) with some minor muscovite (Fig. 2a–c).

Most biotite and muscovite are euhedral, and are

interpreted to be part of the latest stable assemblage

with quartz and plagioclase (Fig. 2c), perhaps

products of melt crystallization. Although not

observed in this sample, retrograde chlorite is found

nearby (b500 m) as another late replacement of

garnet. Some garnet grains appear to be included

within large kyanite laths, while others appear to have

overgrown kyanite (Fig. 2c). These observations

suggest there may have been more than one episode

of garnet growth, however, based on this two-dimen-

sional slice it is difficult to definitively interpret

whether kyanite overgrew garnet or garnet overgrew

kyanite, or both. Nonetheless, some of the garnet

porphyroblasts have cores with inclusions of quartz,

opaques, and less commonly monazite surrounded by

inclusion-free, homogeneous rims (Fig. 2d), which



Fig. 4. (a) and (b) BSE images, Y, Th, and U maps, respectively, of monazite 1 and 2 (Mnz1 and Mnz2) that were analyzed by the SHRIMP. For

the chemical maps, brighter domains correspond to higher elemental concentrations. The Y domains were used as a guide to target the SHRIMP

analyses. The locations of the SHRIMP spots, and their numbers, are shown within the BSE and Y images. The 208Pb/232Th ages for each spot

are also provided in the Y maps (see Table 2). Each Y map is also accompanied by a profile of Y concentration (ppm) across the grain. Each

diamond in the profile represents the average Yppm of 4 pixels. Note: white diamonds represent averages calculated across the boundary of two

domains. Within the Y plots, brackets with a number above provide the average Y ppm for a given domain. (c) U–Pb concordia plot that

includes the spot analyses for each monazite domain analyzed.
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further suggests more than one episode of garnet

growth.

An effort was made to sample mainly the restitic

portion of DG38a. However, the pervasiveness of the

melt made this difficult, and it is likely that mineral

separates included monazite from both the pelitic and

leucosome portions of the outcrop. The ID-TIMS

analysis of single-grain monazite fractions plot in

close proximity to the concordia curve between ca.
123 to 103 Ma (Fig. 3a). Fractions M2 and M4 are

reversely discordant and plot just above the concordia

curve (�2.3% and �4.1% discordant, respectively;

negative values assigned to reverse discordance).

Conversely, M5 and M3 are normally discordant

and plot just below the concordia curve (2.6% and

3.7% discordant, respectively). A linear regression

through the data produces a lower intercept (L.I.) of

107F4.5 Ma and an upper intercept (U.I.) of 161F20



Fig. 5. This figure, Figs. 6, and 7 have a similar layout as Fig. 4. (a) and (b) BSE images, Y, Th, and U maps of Mnz4 and Mnz8, respectively.

(c) U–Pb concordia plot of the SHRIMP data; shaded ellipses represent data for Mnz4 and Mnz8 (i.e., current figure), whereas open ellipses are

the data presented in the previous figure (i.e., Mnz1 and Mnz2).
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Ma. The intercept ages agree well with other age

constraints in the region, but are considered spurious

for the following reasons: (1) The L.I. is older than

the youngest monazite fractions, M4 and M2, a

result of a linear regression through reversely

discordant data. (2) The discordia chord plots very

close to the concordia curve. This imparts substantial

error on the upper intercept age because of the low

angle intersection of the chord with the concordia

curve. (3) BSE images of monazite grains for DG38a

show complex and irregular chemical domains,

possibly indicative of multiple age domains within

single monazite crystals (inset Fig. 3a). Thus, the
likelihood of bulk mixing of multiple age domains

with or without varying degrees of unsupported
206Pb makes it difficult or impossible to correctly

interpret the ID-TIMS data using linear regression

techniques.

In situ SHRIMP analysis has confirmed the

existence of multiple intracrystal age domains. Prior

to the ion probe analysis, BSE imaging and X-ray

elemental mapping for Y, Th, and U revealed complex

zoning in many of the monazite grains. The Y maps

generally provided the best indication of growth and/

or recrystallization domains, and were critical for

targeting SHRIMP analysis because these relation-



Fig. 6. (a) and (b) BSE images, Y, Th, and U maps of Mnz9 and Mnz10, respectively. (c) U–Pb concordia plot of SHRIMP data for current and

previous figures.
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ships were not always clear in BSE, U, and Th

images.

At least three, and possibly five, ages of monazite

crystallization were identified when the Y images

were used to target the SHRIMP analysis (Figs. 4–7).

The oldest ages have a weighted mean 208Pb/232Th

age of 138.7F4.5 Ma that includes five SHRIMP

spots on four monazite grains (see Fig. 3b and c).

These ages correspond to the lowest Y domains

(~2200 to 10500 ppm, Table 3), located in the core

portion of the analyzed monazite (Mnz2, 9, and 10 of

Figs. 4b and 6, respectively). There is one exception,

Mnz12 has a younger (75.9F2.4 Ma), high Y zone
(~21150 ppm) in the core partly surrounded by the

older, lowest Y domain (~3180 ppm; Fig. 7a).

However, the high Y dcoreT has the same concen-

tration as the high Y rim of this monazite, thus, both

are interpreted to be part of the same domain. The

central high Y portion likely represents a lobe of the

younger rim that extended down (z) into the plane

(x–y) of the image.

The second oldest domain within the monazite of

DG38a has a weighted mean 208Pb/232Th age of

126.1F2.2 Ma based on three spots (M1-1, M8-1,

M9-2; Fig. 3c) on three monazite grains (Figs. 4–6).

This corresponds with the zones that typically have



Fig. 7. (a) BSE images, Y, Th, and U maps of Mnz12. (b) U–Pb concordia plot of SHRIMP data for monazite presented in this figure and in

Figs. 3–6.
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the second lowest Y concentration (~5120–12490

ppm; Table 3) that are distinct from the older, lowest

Y domains described above. For instance, in Mnz9,

there is a sharp, truncated boundary between the

younger (125.6F3.8 Ma) intermediate Y domain, and

the older (144.4F4.4 Ma) lower Y core that was

significantly resorbed. The SHRIMP spots are clearly

situated within their respective Y zones (Fig. 6a),

leaving little doubt that these are robust ages for

separate growth domains.

The youngest domain in all the monazite analyzed

is associated with discordant, high Y rims (~21080–

22700 ppm; Table 3), except for Mnz4 (Fig. 5), which

is almost entirely composed of this high Y domain.

The limited preservation of small, isolated patches of

low Y concentration in Mnz4 suggest that resorption

and/or recrystallization of this domain was nearly

complete. The high Y domains appear to range in age

from 107.4F3.2 to 72.6F2.2 Ma (Figs. 4–7; Tables 2

and 3). However, the weighted mean 208Pb/232Th age

of 76.9F3.6 Ma for five spots on four monazite grains

is considered to be the best approximation for this
domain, i.e., Group 3 in Fig. 3c. The older ages are

likely the result of slight overlap into older, adjacent

age domains. This is clearly the case for spot 3 of

Mnz9, which is 107.4F3.2 Ma (Fig. 6a) and possibly

for spot 2 of Mnz1, which is 91.2F2.8 Ma (Fig. 4a).

Spot 2 of Mnz2 (85.7F2.6 Ma) overlaps a faint,

slightly lower Y domain within the rim that could

account for its older age (Fig. 4b).

The results demonstrate that the Y concentrations

for the domains assigned to a specific bGroupQ are not
uniform, and of the three age groups described above,

SHRIMP spots assigned to Groups 1 and 2 appear to

have substantial overlap between their Y ppm values

(Table 3). The proximity of the analyzed monazite to

sites of garnet breakdown or formation and thus the

relative amount of Y available to incorporate may

account for the observed variance. Nevertheless, a

general pattern emerges; that is, the oldest SHRIMP

spots assigned to Group 1 are located within the

lowest Y ppm domain for those monazite grains,

whereas analyses belonging to Group 2, especially for

Mnz9, have a slightly higher Y content. It is



Fig. 8. Comparison of Y maps and Y ppm for monazite inclusions in garnet and kyanite with matrix monazite (i.e., Mnz9, see below). (a)

Monazite inclusion found in the core of a garnet displays a fairly uniform Y concentration; ~14000 ppm Y in the core progressively decreases

toward the rim. Domains of similar Y concentration were not found in the matrix monazite that were analyzed (see Table 3), suggesting that

preservation of monazite grains with a similar Y content likely occur only as inclusions armored by garnet. (b) A monazite included within

kyanite also has a uniform Y concentration (~3500 ppm), which matches very closely with the Y concentration in the oldest parts of the matrix

monazite (see Table 3). (c) Y map of Mnz9. This is considered to be a matrix monazite due to the multiple, irregularly shaped zoning patterns

and relatively large size (~320�240 Am) compared to the monazite inclusions within garnet (a) and kyanite (b).
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unequivocal that the youngest ages assigned to Group

3 are within the highest Y domains of all analyzed

monazite, with approximately twice the Y content

(ppm) vs. Group 1 or 2 (Table 3).
5. Discussion

5.1. Why do the Y maps provide the best indication of

age domains?

In this study, the Y maps consistently provide the

best independent proxy for age domains within the

metamorphic monazite. Although many of the zones

revealed within the BSE images closely approximates

those in the Y maps, some BSE images appear more
texturally complex and/or lack the definition provided

by the Y maps (Figs. 4–7). Other studies have

documented the lack of correlation between BSE

images and age domains determined using in situ

techniques (e.g., SHRIMP in Rubatto et al., 2001;

EMP in Cocherie et al., 1998). The above observa-

tions may be attributed to the process involved in the

generation of BSE images, where the production of

backscattered electrons varies directly with atomic

number; in general, higher atomic number elements

appear brighter than lower atomic number elements.

Discrimination of bchemical domainsQ by BSE imag-

ing of minerals such as monazite arises from the

differences in average atomic number within the

crystal (cf. Stern and Sanborn, 1998). Since monazite

typically contains several thousand ppm Th with a



H.D. Gibson et al. / Chemical Geology 211 (2004) 237–260252
high atomic number (Z=90), the zoning in BSE

images should strongly reflect the Th distribution.

However, the zoning may also be significantly

influenced by the distribution of other elements such

as U (Z=92; 100s to 1000s ppm) and possibly Ce

(Z=58) and La (Z=57). Thus, the domains revealed in

BSE imaging necessarily represent a composite image

of superimposed chemical zones of more than one

element, which is more visually complicated and less

discrete compared to those found in an image

generated from the analysis specifically for Y.

The zones and boundaries observed in the Th and

U images tend to have less definition or were absent

when compared to the sharp zoning produced by the

Y maps (Figs. 4–7). This is primarily an analytical

artifact related to the detector collection efficiency for

X-rays of Th and U vs. those of Y (Goldstein et al.,

1981). The quantum efficiency for detecting X-rays

with a wavelength (k) close to 4 2 (i.e., U=3.910 2,
Th=4.138 2, as determined by Bearden, 1964) drops

sharply to ~40% efficiency compared to X-rays with k
of 6.5 2 (Y=6.449 2) that have ~80% detection

efficiency. This accounts for the lack of resolution in

the Th and U maps when compared to the Y maps in

this study, but not for the lack of correlation between

age domains and chemical zones in the Th and U

maps. For instance, in Mnz2, 8, 9, and 10 (Figs. 4–6),

the age domains identified using the Y maps could not

be similarly correlated with zones in the U and Th

maps. Williams et al. (1999) also demonstrated an

inconsistent relationship between age domains and

complex Th and U zoning within metamorphic

monazite.

The cation sites preferentially occupied by Th and

U vs. Y may account for their apparent noncorrelative

nature regarding their distribution within a monazite

crystal, and their correspondence, or lack thereof, with

age domains (e.g., this study; Williams et al., 1999).

However, this is still poorly understood. In monazite,

all three elements occupy ninefold coordination sites

(e.g., Yunxiang et al., 1995), are relatively abundant

(1000s ppm to many %, e.g., Bea, 1996; Zhu and

O’Nions, 1999a; Pyle et al., 2001), and have similar

ionic radii (U=1.05 2, Th=1.09 2, Y=1.08 2;
Shannon, 1976). However, the difference in valence

between Y3+ and U4+ and Th4+ does have an influence

on both the lattice sites and the stoichiometry of

coupled substitutions that accommodate the incorpo-
ration or removal of these elements during recrystal-

lization processes (e.g., Bingen et al., 1996;

Poitrasson et al., 1996, 2000). Another important

and related factor is the influence other major and

accessory minerals have on the availability of these

elements during monazite production. Unfortunately,

the influence of other minerals on the availability of

Th (e.g., allanite, thorite, thorianite) and U (e.g.,

zircon, uraninite, epidote) for incorporation into

metamorphic monazite is not well understood, espe-

cially for samples metamorphosed at medium to high

grade. Conversely, a growing body of evidence

strongly suggests that garnet exerts considerable

control over the Y budget during metamorphism

because it is a major Y sink (e.g., Bea and Montero,

1999; Foster et al., 2000, 2002; Pyle et al., 2001; Pyle

and Spear, 2003). Consequently, reactions involving

the production and consumption of monazite are

sensitive to this, and are reflected internally in

preserved Y zones.

5.2. Constraining the age of metamorphic reactions

involving monazite

Using Gibbs method modeling, Pyle and Spear

(2003) proposed a series of metamorphic reactions in

which garnet, xenotime, and monazite share an

intricate reaction coupling due to the high compati-

bility of Y in all three phases. Based on the clear

relationship between Y and domains of growth-

recrystallization in the monazite of DG38a, a tentative

correlation is made with the reactions put forward by

Pyle and Spear. Please note that the reactions

proposed below are speculative, put forward as a

testable model, and to demonstrate the potential of

integrating in situ analyses with thermodynamic

modeling. Also, the assemblage examined by Pyle

and Spear was metamorphosed at lower pressures (V4
kbar) than DG38a (~6–8 kbar); the reactions below,

and summarized in Fig. 9, reflect this pressure

difference.

Additional insight is provided by the textures in

thin section, and by comparing the Y domains of the

monazite analyzed by SHRIMP with those in mon-

azite included in garnet and kyanite. In Fig. 8, the Y

concentrations for monazite included within kyanite

and garnet are uniform and mostly homogeneous,

presumably because they were shielded from subse-



Fig. 9. (a) Y map for Mnz9 with SHRIMP spot locations and associated 208Pb/232Th ages. Note that spot 3 (i.e., 107.4F3.2 Ma) slightly

overlaps the adjacent intermediate Y domain. Based on the other monazite analyses, the actual age for the high Y rim is interpreted to be ca. 86–

73 Ma. The light grey numbered circles beside the ages correspond to metamorphic reactions discussed in text, as summarized in (b) and placed

within the petrogenetic grid of (c). (b) Schematic representation of metamorphic history interpreted for monazite, garnet, and kyanite of DG38a.

(c) Pressure–temperature–time path proposed for DG38a with the notation for each of the metamorphic reactions and their approximate timing

constraints. The dark grey arrow represents the last part of the prograde path, based on the textures observed in thin section and the chemical

maps, as well as the geothermobarometric constraints provided by the previous studies of Leatherbarrow (1981) and Ghent et al. (1979, 1982,

1983). The light grey arrow corresponds to the beginning of the retrograde path. The dotted portion of the P–T–t path represents the pre-144 Ma

part of the prograde path for which there are no timing constraints and little or no metamorphic data. NaKFMASH petrogenetic grid is from

Spear et al. (1999). Numbered squares correspond to melting reactions associated with univariant curves assigned by Spear et al. to the

NaKFMASH grid; the intersection of these curves define invariant point IP1U. As=aluminosilicate; L=liquid; V=vapor.
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quent metamorphic reactions. Conversely, monazite

crystals in grain mount analyzed by the SHRIMP are

interpreted as matrix monazite. They have multiple,

irregularly shaped chemical domains, and are H100

Am in diameter, thought to be the result of unrestricted

participation of these grains in the metamorphic

reactions experienced by DG38a (cf. Foster et al.,

2000; Pyle and Spear, 2003).

The monazite included within the garnet of Fig. 8a

has a relatively high Y concentration (~14000 ppm)

that decreases progressively toward the rim. This value

does not fall in the range of Yvalues within the matrix

monazite (Table 3; Figs. 4–8). Also, the restricted grain

size (b15 Am) of this monazite inclusion is character-

istic of monazite that grew early in the prograde

metamorphism of a pelitic assemblage (see Rubatto et

al., 2001). The absence of older, high Y cores in the

matrix monazite suggests that older, high Y monazite

not shielded within the garnet cores were completely

consumed during subsequent metamorphic reactions.

Two reactions proposed by Pyle and Spear (2003) may

account for this observation. First, garnet and high Y

monazite were produced in the presence of xenotime

(mineral abbreviations after Kretz, 1983):

Chlþ Qtzþ Btþ Plþ XnoWGrtþMs

þMnz½high Y� þ Ap ð1Þ

But after xenotime was exhausted, monazite

switched to the reactant side and was consumed to

produce more garnet, except for those included

within garnet:

Chlþ Qtzþ Btþ PlþMnz½high Y�WMsþ Apþ Grt

ð1aÞ

Bea and Montero (1999) have also suggested that

once xenotime is exhausted, continued garnet growth

would obtain Y from other sources that include

monazite via melt enhanced dissolution–recrystalliza-

tion processes. From this point on, xenotime is

interpreted to be absent from the reactions proposed

below because it was not found to be present in

DG38a.

The monazite included in kyanite has a similar Y

content (~3500 ppm; Fig. 8b) as the low Y cores

assigned to Group 1 (Table 3, excluding spot 3 of

Mnz12). Prior to the initial production of kyanite,
the low Y monazite found in the matrix grains may

have grown during the staurolite—in reaction that

consumes garnet (see Pyle et al., 2001):

Grtþ ChlþMsFApWStþ Btþ PlþMnz½low Y�

þQtzþ H2O ð2Þ

Assuming reaction (2) is responsible for production

of the low Y monazite cores of DG38a, it would be

constrained to be at least as old as 144.4F4.4 Ma

based on the oldest 208Pb/232Th SHRIMP age for

low Y core found in Mnz9 (Fig. 6, Tables 2 and 3).

In Mnz9, the embayment of the oldest low Y core

by the younger (ca. 126 Ma) intermediate Y zone

indicates that reactions involving monazite at this

time involved resorption–reprecipitation. Perhaps

consumption of the low Y monazite core occurred

during the kyanite—in reaction that involves

renewed garnet growth, forcing the consumption

of monazite:

Stþ PlþMsþ QtzþMnz½low Y�WGrtþ Kyþ Bt

þApþ H20 ð3Þ

Staurolite is absent in DG38a, but is not thought to be

compositionally controlled because it is found at lower

metamorphic grade in the same lithology further to the

east. According to the NaKFMASH petrogenetic grid

of Spear et al. (1999), the minimum P–T constraints for

the staurolite-out reaction within the kyanite field are

~7.4 kbar and 675 8C. Once staurolite was exhausted,
the renewed growth of ca. 126 Ma monazite with

intermediate Y composition, may have progressed by a

reaction similar to that proposed by Pyle and Spear

(2003; reaction (6)) for near isobaric heating:

GrtþMsþ ApWKyþ BtþMnz½intermediate Y� ð4Þ
The youngest, high Y rims are interpreted to have

formed upon cooling and melt crystallization postdat-

ing the peak of metamorphism. The following two

reactions were written assuming the kyanite-bearing

assemblage of DG38a is a higher-pressure proxy to

the cordierite-bearing assemblage described by Pyle

and Spear (2003; reactions (4) and (5)):

Grtþ KfsþMeltWKyþ Btþ QtzþPlþMnz½high Y�

(5a)

and/or

KyþMeltWQtzþ PlþMsþMnz½high Y� ð5bÞ



Fig. 10. (a) Photomicrograph from Fig. 2c. (b)–(d) Y, Mn, Mg, and Ca elemental X-ray maps of garnet shown in (a), as outlined by box inset. Brighter colors (yellow to white)

represent higher concentrations vs. darker colors (orange and red). (e) Garnet of Fig. 2d, with Y, Mn, Mg, and Ca maps. Note: the I/O levels and contrast were adjusted to emphasize

zoning; thus, the colors only give qualitative assessment of element concentration for individual maps. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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The reverse, prograde direction of these reactions

require pressures of z8 kbar and temperatures of

N700 8C using the petrogenetic grid of Spear et al.

(1999), which are higher than the average estimates

provided by Ghent et al. (1979, 1982, 1983) or

Leatherbarrow (1981). However, P–T estimates for

samples 7–8 of Ghent et al. (1982) near Warsaw Mt.,

and nearest DG38a, yielded a P–T of 8.3 kbar and 740

8C. Interestingly, reaction (5a) may account for the

inclusion of young ca. 83–73 Ma monazite in kyanite

documented by Crowley et al. (2000) 18 km to the

northwest of this study, whereas, reaction (5b) may

account for the highly resorbed kyanite observed in

DG38a (Fig. 2a and c) and the late cross-cutting

muscovite within the leucosome.

Four garnet grains in the thin section of Fig. 2a were

mapped for Ca, Mg, Mn, and Y (Fig. 10) to check for

the presence of chemical zoning that may have been

associated with episodes of growth and resorption. The

Ca maps are mostly uniform. Garnet not completely

included in kyanite display a rimward Mn kick

accompanied by a more diffuse decrease in Mg (Fig.

10c–e) characteristic of retrograde dissolution (see

Kohn and Spear, 2000; Kohn and Malloy, 2003). The

cores of these grains show a uniform distribution of

Ca, Mg, and Mn, as does the smaller, elongated garnet

included within kyanite (Fig. 10b), which was shielded

from the retrograde dissolution that affected the matrix

grains. These observations suggest that prograde

zoning of Ca, Mg, and Mn in the garnet homogenized

during peak metamorphism (z740 8C, z8 kbar);

consequently, the observed Mn–Mg zoning provides

insight only into late retrograde dissolution.

The Y maps also demonstrate a lack of discernable

zoning (Fig. 10b–e), at least at the resolution of X-ray

mapping undertaken in this particular case (cur-

rent=400 nA; 120 ms counting time; 4 Am steps).

Perhaps the Y zones within the garnet were below the

threshold of resolution attempted in the analysis.

Garnet can accommodate several thousand ppm Y

(see Pyle and Spear, 2000b and references therein),

and the total volume of garnet in metapelites dwarfs

both monazite and xenotime. As such, the breakdown

of xenotime and/or monazite may not manifest itself

as a noticeable jump in Y, if there is one, unless

analyzed at very high resolution.

Another limitation of the above reactions is the

lack of consideration given to the role of Th, a
major constituent of monazite, and the accessory

minerals involved in the contribution or depletion of

Th during metamorphism. Thorium silicates, such as

allanite (see Smith and Barreiro, 1990; Wing et al.,

2003), thorite, and huttonite, Th oxides (thorianite),

and other Th phosphates (e.g., cheralite, brabantite;

Förster, 1998), likely play an important role con-

cerning the Th budget during metamorphism (see

Bea and Montero, 1999, and references therein).

Furthermore, other major and/or trace elements may

be better for discerning age domains within mon-

azite in rocks with a different bulk chemistry,

mineralogy, and pressure–temperature history. These

issues are poorly understood, especially in upper

amphibolite- to granulite-facies rocks, and require a

great deal more study.

Lastly, the results presented above indicate that

growth and resorption of metamorphic monazite in

this sample spanned 60 to 70 Ma. This supports other

geochronologic, petrologic, and structural data for the

region that indicate metamorphism and deformation

were strongly diachronous, whose age and intensity

were, in large part, a function of structural level (e.g.,

Parrish, 1995; Crowley et al., 2000; Gibson, 2003;

Gibson et al., 2003). Further examination of the

implications these data to regional geology and

metamorphic processes is beyond the scope of this

paper, but will be presented in future contributions

(Gibson et al., in preparation).
6. Conclusions

The most significant contribution of this study is

the clear link that has been established between Y

zones of relative depletion or enrichment in meta-

morphic monazite and age domains as revealed by

EMP chemical mapping coupled with in situ SHRIMP

analysis. The Y maps provided the best indication of

growth and/or recrystallization domains, and were

critical for targeting SHRIMP analysis because these

relationships were not always clear in BSE, U, and Th

images. Moreover, the Y domains consistently corre-

lated with distinct age domains, with up to three or

more present in some crystals that ranged in age

between ca. 144 and 73 Ma. These data clearly

demonstrate that multiple age domains within meta-

morphic monazite are the cause of the age dispersion
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produced in the ID-TIMS analysis. As such, this study

adds to a growing body of evidence that points to the

significance of multiple age domains within single

monazite crystals from medium to high-grade meta-

morphic terranes. This has significant implications for

previous studies that relied upon geochronological

techniques such as isotope dilution and linear regres-

sions through discordant data to date metamorphic

monazite. Problems related to bulk mixing of multiple

age domains combined with isotopic complexities

such as unsupported 206Pb might be irreconcilable or

erroneously interpreted. Future studies should bear

this in mind when deciding on an approach to date

monazite to constrain the timing of metamorphism.

This does not preclude using ID-TIMS for analyzing

metamorphic monazite. Analysis of carefully charac-

terized grain fragments imaged by BSE and/or

chemical mapping could yield highly precise and

meaningful data, but should be interpreted with

caution. If possible, these data should be accompanied

by in situ analysis (e.g., EMP, LA-MC-ICPMS,

SHRIMP).

The recognition of the link between age domains

and Y zones in monazite also has important implica-

tions for correlating the ages with major metamorphic

reactions. Recent studies have investigated the inter-

action between accessory and major phases in pelites

throughout a metamorphic event and, more specifi-

cally, the partitioning of Y between phases such as

garnet, monazite, and xenotime (e.g., Bea and

Montero, 1999; Foster et al., 2000, 2002; Pyle et al.,

2001; Pyle and Spear, 2003). They have established

that garnet exerts considerable control over the Y

budget available during metamorphism in pelitic

rocks. Production and consumption of monazite is

sensitive to the availability of Y and is reflected

internally in preserved Y zones; data from this study

appear to support these interpretations. As such, the

precise ages of Y domains within monazite provided

by SHRIMP analysis were tentatively correlated with

metamorphic reactions involving garnet. However,

these reactions lack rigorous thermodynamic model-

ing associated with quantitative measurements of

major and trace elements and are considered spec-

ulative. Nevertheless, they provide testable hypoth-

eses that can be considered in a more regional context

and have created a framework around which future

studies can be shaped.
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