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Abstract

Bulk composition and specific reaction history among common silicate minerals have been proposed as controls on monazite growth
in metapelitic rocks during amphibolite facies metamorphism. It has also been implied that monazite that formed during greenschist
facies metamorphism may be preserved unchanged under upper amphibolite facies conditions. If correct, this would make the interpre-
tation of monazite ages in polymetamorphic rocks exceedingly difficult, because isotopic dates could vary significantly in rocks that have
experienced identical metamorphic conditions but differ only slightly in whole-rock composition. Low-Ca pelitic schists from the Mount
Barren Group in southwestern Australia display a range of whole-rock compositions in AFM space and different peak mineral assem-
blages resulting from amphibolite facies metamorphism (�8 kb, 650 �C). In this study, we test whether bulk composition controls the
formation of monazite through geochronology and textural evidence linking monazite growth with deformation and peak metamor-
phism. X-ray element mapping of monazite from the metapelitic rocks reveals concentric zoning in many grains with compositionally
distinct cores and rims. In situ SHRIMP U–Pb geochronology of monazite yields two 207Pb/206Pb age populations. The cores, and tex-
turally early monazite, give an age of 1209 ± 10 Ma, interpreted to record prograde metamorphism, whereas the rims and ‘‘late’’ mon-
azite define a single population of 1186 ± 6 Ma, which is considered the likely age of peak thermal metamorphism. The growth of
monazite was widespread in low-Ca pelitic schists representing a broad range of compositions in AFM space, indicating that variations
in bulk composition in AFM space did not control the formation of monazite during amphibolite facies metamorphism in the Mount
Barren Group.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Monazite ([LREE,Ca,Th]PO4) is a common accessory
mineral in many igneous and metamorphic rocks (Over-
street, 1967; Chang et al., 1998; Bea and Montero, 1999;
Spear and Pyle, 2002). It is an important mineral for
U–Pb geochronology (Parrish, 1990; Montel et al., 1996;
Harrison et al., 2002) and has been mostly used to date
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amphibolite and granulite facies metamorphism (Bingen
and van Breemen, 1998; Zhu and O’Nions, 1999; Hawkins
and Bowring, 1999; Stern and Berman, 2000; Rubatto
et al., 2001). Monazite is only considered to become abun-
dant during amphibolite facies metamorphism, at tempera-
tures corresponding with the staurolite isograd (Smith and
Barreiro, 1990; Kingsbury et al., 1993). Its formation is
commonly linked to the breakdown of other accessory
phases, particularly allanite (LREE, Ca, Al silicate), during
prograde metamorphism (Overstreet, 1967; Ferry, 2000;
Wing et al., 2003). However, it has recently been suggested
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Table 1
Mineral assemblages in amphibolite facies schists and micaceous quartz-
ites at Barrens Beach, East Mount Barren and West Beach

Assemblage no. Peak metamorphic assemblage Mon Xt

1 Grt-Bt-Ms-Qtz Present Present
2 Grt-St-Bt-Ms-Qtz Present n.o.a

3 St-Bt-Ms-Qtz Present Present
4 St-Bt-Ky-Ms-Qtz Present Present
5 Bt-Ky-Ms-Qtz Present Present
6 Grt-St-Bt-Ky-Ms-Qtz Present Present
7 Grt-Bt-Ky-Qtz n.e.b n.e.
8 Bt-Ky-Qtz n.e. n.e.
9 Ky-Ms-Qtz Present Present

a n.o., not observed.
b n.e., not examined.
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that accessory minerals are not necessarily required to form
monazite, but rather, that reactions among common meta-
morphic silicate minerals may control the growth and dis-
solution of monazite at various grades (Pyle and Spear,
2003; Kohn and Malloy, 2004). In particular, monazite
growth has been linked to garnet destruction and staurolite
formation via the reaction (garnet + chlorite + musco-
vite = biotite + plagioclase + staurolite + H2O) (Kohn
and Malloy, 2004). During this reaction, monazite is inter-
preted to form from P liberated from garnet and light REE
released from the sheet silicates (Kohn and Malloy, 2004).

Similarly, reaction among common silicate minerals has
been used to explain polymodal monazite age distributions
in low-Ca metapelitic rocks from the Mount Barren Group
in southwestern Australia (Fig. 1) (Fitzsimons et al., 2005).
It was argued that a similar reaction involving garnet
destruction (garnet + chlorite + muscovite = staurolite +
biotite + quartz + H2O) was solely responsible for the
growth of monazite during peak amphibolite facies meta-
morphism, while monazite grains recording older ages are
relicts of an earlier greenschist facies event (Fitzsimons
et al., 2005).

Furthermore, it was proposed that this reaction only oc-
curred in schists with a specific bulk composition represent-
ed by the phase assemblage Grt-St-Bt-Ms-Qtz (assemblage
2; Table 1; major phase abbreviations after Kretz, 1983).
Schists containing garnet but no staurolite were considered
too Fe-rich to undergo the inferred monazite-forming reac-
tion, whereas samples containing staurolite, but no garnet
(assemblage 3) or kyanite (assemblages 4–6) were consid-
ered too Mg- and/or Al-rich to have undergone the reac-
Fig. 1. Map showing the regional geology of the Albany–Fraser Orogen, sou
Group. MC, Mawson Craton; NAC, North Australian Craton; WAC, West
SRFm, Stirling Range Formation.
tion. If correct, this hypothesis would have major
implications for monazite geochronology, implying that
the timing of monazite growth can vary significantly with
subtle differences in bulk composition and that monazite
that formed during low-grade metamorphism can survive
unmodified during upper amphibolite facies metamor-
phism. This would create large uncertainties in the interpre-
tation of monazite age data, particularly for rocks that
underwent multiple metamorphic events.

In this paper, we present new petrographic, geochemical
and geochronological data for monazite in amphibolite fa-
cies low-Ca metapelitic rocks with a wide range of phase
assemblages from the same locality as that described by
Fitzsimons et al. (2005), the Mount Barren Group in the
Albany–Fraser Orogen, southwestern Australia (Fig. 1).
The objectives are to: (i) establish the timing of amphibolite
thwestern Australia and the location of sample sites in the Mount Barren
Australian Craton; AFO, Albany–Fraser Orogen; PO, Pinjarra Orogen;
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facies metamorphism, allowing previous age estimates for
this event, which vary by �170 million years, to be evalu-
ated, and (ii) test the proposal that bulk composition and
reaction history among silicate phases controls whether
monazite will form during amphibolite facies metamor-
phism of low-Ca pelitic schists.

2. Geological setting

2.1. Albany–Fraser Orogen

The Albany–Fraser Orogen in southwestern Australia
is an arcuate Mesoproterozoic orogenic belt that com-
prises the E-W trending Albany Mobile Belt and the
NE-SW trending Fraser Mobile Belt. The orogen has
been divided into: (1) a bordering autochthonous north-
ern domain containing structurally and thermally re-
worked mid- to late Archaean granites of the southern
margin of the Yilgarn Craton (Fletcher et al., 1983; Bee-
son et al., 1988; Myers, 1990; Black et al., 1992), and (2)
the allochthonous Biranup, Fraser and Nornalup Com-
plexes, which mostly comprise granulite facies orthogneis
and less abundant paragneiss, metagabbro, and late-tec-
tonic granites (Condie and Myers, 1999). A series of
low- to medium-grade metasedimentary successions,
including the Mount Barren Group and Stirling Range
Formation, crop out along the boundary between the
southern Yilgarn Craton and the Albany–Fraser Orogen
(Fig. 1).

Most workers have recognized two discrete thermotec-
tonic episodes in the Albany–Fraser Orogen (Beeson
et al., 1988; Fletcher et al., 1991; Black et al., 1992; Nelson
et al., 1995; Clark et al., 1999, 2000; Bodorkos and Clark,
2004). Clark et al. (2000) placed the first event (Stage I) be-
tween �1345 Ma and �1260 Ma, with 45 m.y. of quies-
cence prior to Stage II between �1214 Ma and
�1140 Ma. Stage I involved high-grade metamorphism,
thrusting, transpression and felsic plutonism and has been
interpreted to record continental collision and suturing of
the West Australian Craton and the Mawson Craton (com-
prising southern Australia and Antarctica; Clark et al.,
2000). Stage II coincided with the emplacement of
�1210 Ma dyke swarms along the craton margin and with-
in the Albany–Fraser Orogen (Evans, 1999; Wingate et al.,
2000, 2005; Rasmussen and Fletcher, 2004). Stage II in-
volved widespread metamorphism (1215–1180 Ma) ranging
from greenschist-amphibolite facies (Rasmussen et al.,
2002; Dawson et al., 2003) to granulite facies (Clark
et al., 2000; Bodorkos and Clark, 2004), extensive deforma-
tion and the intrusion of late- to post-tectonic granites.
This stage of tectonism has been linked to intracratonic
reactivation (Clark et al., 2000). A similar tectonic history
is recorded (�1340 to �1150 Ma) in rocks from the Wilkes
Province of East Antarctica (Post et al., 1997; Fitzsimons,
2003), with which the Albany–Fraser Orogen has been cor-
related (Black et al., 1992; Sheraton et al., 1995; Clark
et al., 2000).
By contrast, others have proposed that peak metamor-
phism in the Mount Barren Group occurred at
�1030 Ma, rather than at �1200 Ma, based on SHRIMP
analysis of multi-aged monazite separated from a garnet-
staurolite metapelite (Wetherley et al., 1998; Fitzsimons
et al., 2005). Based on this interpretation, Fitzsimons and
Buchan (2005) and Fitzsimons and Kinny (2005) proposed
a third stage of tectonism (Stage III) in the Albany–Fraser
Orogen at �1030 Ma. Stage III involved amphibolite facies
metamorphism and northwest-directed contraction, consis-
tent with a period of crustal thickening (Fitzsimons and
Buchan, 2005), and was synchronous with the last stage
of a thermotectonic event preserved in the Pinjarra Orogen
to the west. The absence of 1030 Ma dates in previous geo-
chronological studies of pelitic schists from the same local-
ity (e.g., Dawson, 2000; Dawson et al., 2003) was
attributed to the formation of monazite during peak meta-
morphism by a specific reaction among silicate minerals in
a very restricted bulk composition (Fitzsimons et al., 2004,
2005). The lack of 1030 Ma dates in the rest of the Albany–
Fraser Orogen, was explained by the recrystallization and
dehydration of basement rocks at high metamorphic
grades during Stages I and II (Fitzsimons and Buchan,
2005). The interpretation of polymodal monazite dates
from the Mount Barren Group therefore has ramifications
for the use of monazite to date high-grade metamorphic
events and for the tectonic reconstruction of the Rodinia
supercontinent.

2.2. Mount Barren Group

The Mount Barren Group is a Proterozoic metasedi-
mentary succession comprising mainly quartzite, phyllite
and schist, with minor conglomerate and dolomite, intrud-
ed by a thick mafic sill (Sofoulis, 1958; Thom et al., 1977;
Thom and Chin, 1984; Witt, 1997, 1998; Wetherley,
1998). In situ SHRIMP U–Pb geochronology of diagenetic
xenotime in phosphatic sandstone from the Trilogy drill-
hole (Fig. 1) suggests that the succession is older than
1696 ± 7 Ma (Vallini et al., 2002), whereas detrital zircon
grains in quartzites from Barrens Beach, No Tree Hill
and Steere River (Fig. 1) indicate a maximum age of
�1790 Ma (Nelson et al., 1995; Nelson, 1996, 2001; Daw-
son et al., 2002).

The succession experienced lower greenschist
(T < 350 �C) to mid-upper amphibolite facies metamor-
phism (�8 kbars and 650 �C). Metamorphic isograds have
not been mapped, but low-grade sericite-chlorite assem-
blages are found in the north and west, while the grade
increases to the south and east (Witt, 1997), with the high-
est grade rocks exposed along the coast. Uplift of the high-
grade rocks probably occurred across a series of NE-SW
trending faults late in the evolution of the Albany–Fraser
Orogen. Multiple phases of deformation have been identi-
fied in the Mount Barren Group (Thom and Chin, 1984;
Witt, 1997; Wetherley, 1998). Five phases of folding were
mapped by Wetherley (1998): F1–F4 structures were inter-
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preted to represent stages in a single tectonic event with
peak metamorphism occurring during or shortly after F4

(Hollingsworth, 1996; Stephens, 1996; Dawson, 2000;
Dawson et al., 2003; Fitzsimons et al., 2005). F5 structures
were related to a second deformational event linked to a
phase of retrogression at shallow crustal levels, and com-
prise upright kinks (F5) and a weak crenulation cleavage.

Two dominant fabrics were recognized by Wetherley
(1998); (S2 and S4, notation used in this paper) and others
(Thom, 1977; Hollingsworth, 1996; Witt, 1997, 1998; Ste-
phens, 1996; Dawson, 2000; Dawson et al., 2003), which
have been correlated across the Mount Barren Group
(Wetherley, 1998). The fabrics are axial planar foliations
associated with isoclinal folds that are attributed to early
N-S and later NW-SE compression (Wetherley, 1998).
They are consistent with the overall trend of structures else-
where in the Albany–Fraser Orogen, and point to simulta-
neous metamorphism and deformation within the
�1345 Ma to �1140 Ma span of the orogen.

2.3. Metamorphic mineral assemblages and bulk composition

A wide range of metamorphic assemblages has been
documented in amphibolite facies metapelitic rocks from
Fig. 2. (a) and (b) Mineral chemical data for metasedimentary rocks from th
quartz and H2O (after Fitzsimons et al., 2005). Assemblages 1–6, and 9 are
stabilities reflecting bulk-rock chemical variations that cannot be depicted in th
and Wetherley (1998) plotted with the mineral stability fields from (a) show
assemblages.
three localities in the Mount Barren Group: Barrens
Beach, West Beach and East Mount Barren (Table 1
and Fig. 2; assemblages 1–9). All assemblages occur in
Ca-poor rocks (<0.5 wt% CaO) and phase relationships
can be represented in AFM projections (Fig. 2). Assemblages
1–5, comprising garnet-biotite (1), garnet-staurolite-biotite
(2), staurolite-biotite (3), staurolite-biotite-kyanite (4) and
biotite-kyanite (5), all with quartz and muscovite in
excess, reflect a trend of increasing Mg and/or Al (Fig. 2).
Assemblage 6 comprises garnet-biotite-staurolite-kyanite
with excess muscovite and quartz. Assemblages 7 (Grt-Bt-
Ky-Qtz) and 8 (Bt-Ky-Qtz) are devoid of muscovite and
are not considered further, because they cannot be portrayed
on the phase diagrams used to interpret the other muscovite-
bearing assemblages. Assemblage 9 (Ms-Ky-Qtz) was
identified in this study from East Mount Barren and is the
most aluminous of all the samples. All the assemblages are
interpreted to have experienced the same metamorphic
conditions and to have stabilized at peak P and T of�8 kbar
and 650 �C (Fig. 3; Wetherley, 1998; Fitzsimons et al., 2005).
The variations in whole-rock Al, Fe and Mg contents
(Fig. 2c) are considered to reflect differences in the composi-
tions of the pre-metamorphic sedimentary rocks (Hollings-
worth, 1996; Wetherley, 1998; Fitzsimons et al., 2005).
e Mount Barren Group plotted on an AFM projection from muscovite,
interpreted to have stabilized at a single P and T, with different mineral
is projection. (c) Whole-rock geochemical data from Hollingsworth (1996)
ing the influence of variations in bulk rock Fe, Mg and Al on mineral



Fig. 3. Petrogenetic grid constructed by Wetherley (1998) for the
KFMASH system showing peak P–T conditions and inferred P–T path
for metapelitic rocks from the Mount Barren Group.
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The relationship between deformation and metamor-
phism in the Mount Barren Group has been described
in previous studies (Hollingsworth, 1996; Stephens,
1996; Witt, 1997, 1998; Wetherley, 1998; Dawson,
Fig. 4. Optical photomicrographs showing (a) single, inclusion-rich kyanite
muscovite (ms) and quartz (qtz); (b) single, inclusion-rich kyanite (ky) porphy
pressure shadows; (c) Coarse biotite that overprints the S4 fabric containing i
haloes, aligned with the S4 fabric; (d) Idioblastic garnet embedded in a staurolit
staurolite.
2000; Dawson et al., 2003). The earlier of the two main
foliations (S2) is typically defined by parallel crystals of
quartz, muscovite, ilmenite/magnetite and biotite, and
is locally crenulated by S4. The S4 foliation is defined
by aligned crystals of quartz, muscovite, biotite, ilmen-
ite/magnetite, and in places, tourmaline and apatite.
The S4 foliation is overprinted by coarse kyanite, stauro-
lite, biotite and muscovite porphyroblasts (Fig. 4a and
c), although in places, the S4 fabric wraps around
kyanite, muscovite, biotite, staurolite, garnet and magne-
tite (Fig. 4b), suggesting that most porphyroblasts
(except garnet and magnetite) grew syn- to post S4. In
most cases, there is no evidence for resorption of garnet
or staurolite along their mutual grain boundaries
(Fig. 4d). Garnet is commonly subidioblastic and is
included or partly included within larger staurolite por-
phyroblasts (Fig. 4d). Garnet crystals may contain an
inclusion-rich core (referred to as Grt-1 by Fitzsimons
et al., 2005) that preserves an earlier fabric (S2), which
may be surrounded by a relatively inclusion-free rim
(Grt-2). Grt-2 has been interpreted as a later stage of
garnet growth that locally overprints S4, and is related
to the prograde destruction of staurolite and biotite
(Fitzsimons et al., 2005). Biotite crystals in assemblages
(ky) porphyroblast that overprints the S2 and S4 foliation defined by
roblast that is wrapped by the S4 foliation, with asymmetric, quartz-rich

lmenite (black) and mostly monazite, surrounded by pleochroic radiation
e porphyroblast. Note the sharp planar boundaries between the garnet and
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1–6, including grains aligned with, and overprinting, S4,
contain abundant pleochroic haloes (Fig. 4c) produced
by zircon, monazite, xenotime and rutile inclusions. Silli-
manite occurs in several samples, where it overprints the
S4 foliation and may have formed during uplift and
decompression. Chlorite is present in some samples as
an alteration product of biotite and garnet.

2.4. Isotopic constraints on the timing of metamorphism

2.4.1. Rb–Sr isochron data

Rb–Sr whole-rock and mineral analyses on five samples
(Ky-Bt-Ms-Qtz schists) from Barrens Beach gave a scat-
tered isochron trend corresponding to an age of
1077 ± 22 Ma, but with MSWD = 27.6 (Thom et al.,
1981). The date was considered to represent the age of
the final episode of folding (equivalent to F4). Eight sam-
ples (Qtz-Bt-Ms-St; Qtz-Bt-Ms-St-Ky and Qtz-Bt-Ms-Grt
schists) from West Beach yielded imprecise and scattered
data that failed to give an isochron.

2.4.2. Pb/Pb isochron data
Garnet porphyroblasts were separated from two sam-

ples: a garnet-biotite-muscovite-quartz schist (sample
9305/039 from East Mount Barren) and a garnet-stauro-
lite-biotite-muscovite-quartz schist (sample WBCH1 from
West Beach), whereas staurolite porphyroblasts were
only separated from WBCH1 (Wetherley, 1998). Sequen-
tial leaching of garnet from sample 9305/039 produced a
Pb/Pb isochron trend of 1220 ± 26 Ma (MSWD = 0.67;
n = 5). Leaches of garnet from WBCH1 yielded a
10-point isochron trend of 1119 ± 66 Ma (MSWD =
26.3), whereas staurolite leaches gave 1224 ± 13 Ma
(MSWD = 7.8). Only the garnet from sample 9305/039
was considered to define an isochron and the date was
interpreted to record the age of garnet growth and the
timing of the main phase of deformation and amphibo-
lite-facies metamorphism (Wetherley and McNaughton,
1995).

2.4.3. SHRIMP U–Pb data for monazite in garnet separates

Monazite was separated from the garnet concentrates
of sample WBCH1 (Wetherley, 1998). Sixteen SHRIMP
analyses were conducted on 12 monazite grains, giving
a spread of 207Pb/206Pb dates that range from
1042 ± 6 Ma to 936 ± 15 Ma (1r) and show a strong cor-
relation with Th content. An age of 1028 ± 7 Ma was cit-
ed for the oldest population by Wetherley (1998),
whereas Fitzsimons et al. (2005), using the same data,
derived an age of 1027 ± 8 Ma for the oldest nine grains.
This date was interpreted as the age of prograde or peak
amphibolite facies metamorphism. However, these dates
do not conform to a single age population, having
MSWD = 2.5. A cluster of younger dates gave a
207Pb/206Pb age of 943 ± 19 Ma (MSWD = 0.4; n = 3),
which may be related to a low-temperature retrograde
event (D5) (Fitzsimons et al., 2005).
2.4.4. In situ SHRIMP U–Pb data for monazite and

xenotime

Monazite and xenotime from pelitic schists and mica-
ceous quartzites from the Mount Barren Group were de-
scribed by Dawson et al. (2003) (Table 2). In situ U–Pb
SHRIMP analyses were carried out on ten monazite crys-
tals from Barrens Beach and East Mount Barren, produc-
ing a weighted mean 207Pb/206Pb age of 1194 ± 8 Ma
(MSWD = 3.5; n = 15). The analyzed monazite grains oc-
cur as inclusions within coarse muscovite, staurolite and
biotite crystals, and in the matrix as idioblastic crystals
aligned with the dominant S4 fabric. The high MSWD
was interpreted to reflect mixing of two or more
populations.

In situ SHRIMP analysis of xenotime in pelitic schists
from Barrens Beach yielded a weighted mean 207Pb/206Pb
age of 1206 ± 8 Ma (MSWD = 0.73; n = 14). The dated
grains occur in the matrix and as inclusions within
coarse overprinting biotite and kyanite porphyroblasts.
Based on textural relationships, Dawson et al. (2003)
interpreted an age of 1205 ± 10 Ma as the likely
timing of peak metamorphism in the Mount Barren
Group.

2.5. Interpretation of isotopic data by Fitzsimons et al.

(2005)

Fitzsimons et al. (2005) argued that �1030 Ma mon-
azite records the age of prograde metamorphism or
peak amphibolite facies metamorphism in the Mount
Barren Group. The conclusions of Dawson (2000) and
Dawson et al. (2003) were rejected on the premise that
the dated monazite and xenotime grains are relicts of an
earlier metamorphic assemblage included within the
peak metamorphic minerals. The formation of
�1200 Ma monazite and xenotime was attributed to a
greenschist facies event that predated amphibolite facies
metamorphism by 170 million years (Fitzsimons et al.,
2005).

The �1200 Ma Pb/Pb isochron dates obtained from gar-
net (sample 9305/039; assemblage 1) and staurolite (sample
WBCH1; assemblage 2) were interpreted to reflect the age
of �1200 Ma monazite inclusions, rather than the age of
the garnet or staurolite. Garnet from WBCH1, which gives
a 10-point errorchron age of 1119 ± 66 Ma
(MSWD = 26.3), was interpreted to record the presence
of both �1200 Ma and �1030 Ma monazite inclusions in
equal proportions.

The presence of �1200 Ma monazite and absence of
1030–950 Ma monazite in samples of assemblages 3–6 dat-
ed by Dawson et al. (2003) was attributed to differences in
bulk composition (Fitzsimons et al., 2005). WBCH1, which
was the only sample to yield 1030–950 Ma monazite, was
also the only pelitic schist with the appropriate bulk com-
position to have undergone garnet breakdown and stauro-
lite growth (and peak metamorphic monazite growth) by
the reaction:



Table 2
Summary of geochronology from the Mount Barren Group

Sample ID Peak mineral assemblage Ass. no.a Grt date (Ma) St date (Ma) Mon date (Ma) Xt date (Ma)

West Beach and East Mount Barren (Wetherley, 1998)
9305/039 Qtz-Grt-Bt-Ms-[St]b 1&2b 1220 ± 26 n.a.c n.a. n.o.d

WBCH1e Qtz-Grt-St-Bt-Msf 2f 1119 ± 66 1224 ± 13 1027 ± 8 Unknown
WBCH1e Qtz-Grt-St-Bt-Msf 2f 1119 ± 66 1224 ± 13 943 ± 19 Unknown

Barrens Beach and West Beach (Dawson, 2000; Dawson et al., 2003)
BB-01 Qtz-Ms-Bt-St-Ky 4 n.o. n.a. n.a. n.a.
BB-02 Qtz-Ms-Bt-Ky-St 4 n.o. n.a. 1194 ± 7g n.a.
BB-03 Qtz-Bt-Ms-Ky-St 4 n.o. n.a. 1194 ± 7 n.a.
BB-05 Qtz-Ms-Ky-Bt-St 4 n.o. n.a. n.a. 1206 ± 8h

BB-06 Qtz-Ms-Ky-Bt 5 n.o. n.o. n.a. 1206 ± 8
BB-09 Qtz-Bt-Ky-Ms-St 4 n.o. n.a. n.a. 1206 ± 8
BB-10 Qtz-Ms-Bt-St 3 n.o. n.a. n.a. 1206 ± 8
9306/011 Qtz-Ky-Bt-Ms-St 4 n.o. n.a. n.a. n.a.
9305/025 Qtz-St-Bt-Grt-[Ky]-Ms 2&6 n.a. n.a. 1194 ± 7 n.a.

West Beach and East Mount Barren (this study)
WB-01 Qtz-Bt-Ms-Ky 5 n.o. n.o. 1211 ± 13 (cores) n.a.
WB-01 Qtz-Bt-Ms-Ky 5 n.o. n.o. 1187 ± 10 (rims) n.a.
WB-04 Qtz-Ms-Bt-Grt 1 n.o. n.o. 1196 ± 6 (undif.) n.a.
9305/039 Qtz-Bt-Ms-Grt-[St] 1&2 n.a. n.o. 1202 ± 8 (undif.) n.a.
EMB-01 Qtz-Ms-Ky 9 n.a. n.a. 1185 ± 8 n.a.
9306/011 Qtz-Ms-Ky-St-Bt 4 n.o. n.a. �1205 n.a.
9306/011 Qtz-Ms-Ky-St-Bt 4 n.o. n.a. �1193 n.a.

a Peak mineral assemblage numbers from Table 1.
b The mineralogy of some hand-specimens is heterogeneous on the cm-scale and comprises two or more peak mineral assemblages.
c n.a., not analysed.
d n.o., not observed.
e The locality details of this sample are unknown, but it is thought to come from West Beach.
f Apart from the presence of garnet and staurolite, the mineralogy and chemical composition of this sample is unknown (no material remains and a thin

section was never made).
g Date is based on 12 in situ SHRIMP analyses of monazite grains from peak mineral assemblages 4 and 6.
h Date is based on 14 in situ SHRIMP analyses of xenotime grains from peak mineral assemblages 3–5.
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garnet + chlorite + muscovite

¼ staurolite + biotite + quartz + H2O

All other bulk compositions were either too Fe-rich
(assemblage 1) or Mg- and Al-rich (assemblages 3–6) to
have undergone this reaction (Fitzsimons et al., 2005). In-
stead, these rocks were considered to preserve monazite
and xenotime that grew during an earlier (�1200 Ma)
greenschist facies event.

3. Samples and analytical methods

3.1. Sample details

Thirty-five polished thin sections were made from sam-
ples collected from West Beach as well as material archived
by Wetherley (1998) and Dawson (2000) from West Beach,
Barrens Beach and East Mount Barren. Twenty polished
thin sections from previous studies (Wetherley, 1998; Daw-
son, 2000) were also studied. Samples from all three local-
ities include specimens from each of the main peak
metamorphic assemblages (assemblages 1–6 and 9; Table
1), which represent a broad range of bulk compositions
in AFM space (Fig. 2). Samples were investigated by opti-
cal microscope and a Jeol JSM 6400 scanning electron
microscope (SEM) equipped with an Oxford LINK energy
dispersive spectrometer (EDS) located in the Centre for
Microscopy and Microanalysis (CMM) at the University
of Western Australia (UWA).

3.2. Electron microprobe element mapping

X-ray element maps were collected from monazite
crystals in eight metapelite samples. The maps were col-
lected and processed using an automated Jeol JSM6400
SEM fitted with three wavelength dispersive crystal
spectrometers housed in the CMM at UWA, and Moran
Scientific software. Operating conditions were 20 kV
accelerating voltage, 100 nA beam current and a spot size
of 3–5 lm. Synthetic phosphates and glasses, and natural
minerals were used as standards. Pixel sizes of the maps
varied according to the size of the crystal mapped, from
0.17 lm to 1.14 lm. Counting times were 50 ms per
pixel.

3.3. SHRIMP U–Pb geochronology

Areas containing coarse monazite crystals (>15 lm)
were drilled or cut from polished thin sections and cast in
25 mm epoxy discs, referred to as ‘‘mounts’’. The sample



Table 3
Summary of in situ SHRIMP U–Pb age data for monazite from the Mount Barren Group

Analysis
spota

U
(ppm)

Th
(%)

Th/U f206b

(%)

207Pb*/
206Pb*c

± 206Pb*/
238U

± 207Pb*/
235U

± 208Pb*/
232Th

± Conc.d

(%)

207Pb*/206Pb*e

Age (Ma) ± (Ma)

Sample WB-01 (Ky-Bt-Ms-Qtz schist; assemblage 5)
Cores (zones 1 to 3)
04122A.6-1 4804 8.2 17.0 0.121 0.0807 0.0006 0.2174 0.0042 2.419 0.051 0.0650 0.0012 104 1215 14
04122A.9.1 5882 1.1 1.9 0.104 0.0813 0.0004 0.2127 0.0039 2.386 0.047 0.0636 0.0014 101 1230 10
04122C.1-2 3083 3.3 10.6 0.260 0.0812 0.0006 0.2112 0.0040 2.364 0.051 0.0617 0.0012 101 1225 15
04122D.1-1 3701 0.6 1.5 0.274 0.0804 0.0006 0.2088 0.0041 2.316 0.050 0.0600 0.0014 101 1208 14
04122D.2-1 3217 6.6 20.6 0.244 0.0795 0.0006 0.2018 0.0039 2.213 0.048 0.0606 0.0011 100 1186 14
04122D.2-2 2807 0.4 1.4 0.157 0.0803 0.0006 0.2046 0.0041 2.264 0.050 0.0633 0.0014 100 1203 14
04122D.3-2 4284 1.4 3.2 0.186 0.0804 0.0004 0.2008 0.0037 2.225 0.043 0.0617 0.0011 98 1206 9
04122E.6-2 2757 0.7 2.5 0.380 0.0800 0.0006 0.2072 0.0038 2.286 0.047 0.0626 0.0011 101 1197 14
04122F.1-2 3247 1.6 5.0 0.228 0.0809 0.0006 0.2005 0.0038 2.236 0.047 0.0625 0.0011 97 1219 15

Rims (zone 4)
04122A.1-2 2825 3.7 12.9 0.200 0.0798 0.0006 0.2039 0.0038 2.243 0.047 0.0634 0.0011 100 1192 14
04122A.6-2 2342 2.9 12.4 0.288 0.0795 0.0009 0.2106 0.0044 2.308 0.057 0.0631 0.0012 104 1184 22
04122A.9-2 3255 4.1 12.7 0.100 0.0802 0.0005 0.2072 0.0039 2.289 0.048 0.0624 0.0011 101 1201 13
04122B.1-2 2861 4.4 15.4 0.144 0.0796 0.0006 0.2032 0.0038 2.231 0.047 0.0607 0.0011 100 1188 14
04122B.5-2 2930 4.8 16.5 0.096 0.0790 0.0005 0.1991 0.0038 2.169 0.045 0.0604 0.0011 100 1172 12
04122C.1-1 3695 5.6 15.1 0.095 0.0795 0.0005 0.2055 0.0040 2.253 0.048 0.0602 0.0011 102 1184 12
04122C.4-2 3026 5.0 16.5 0.095 0.0794 0.0005 0.2013 0.0038 2.204 0.045 0.0614 0.0011 100 1182 12
04122D.1-2 4370 5.6 12.9 0.163 0.0797 0.0005 0.2025 0.0039 2.225 0.046 0.0615 0.0011 100 1190 12
04122D.2-3 3009 3.9 12.8 0.095 0.0797 0.0004 0.1974 0.0037 2.170 0.043 0.0607 0.0011 98 1190 10
04122E.6-1 2254 3.6 15.9 0.107 0.0791 0.0005 0.1998 0.0038 2.180 0.044 0.0605 0.0011 100 1176 12
04122F.1-1 3841 6.9 18.0 0.258 0.0802 0.0007 0.2084 0.0042 2.304 0.053 0.0589 0.0011 102 1201 16

Data not used (discordant or >1% common Pb)f

04122E.1-2 3426 4.2 12.1 0.139 0.0800 0.0005 0.1915 0.0037 2.112 0.045 0.0565 0.0010 94 1197 13
04122D.3-1 2283 7.1 31.0 1.537 0.0785 0.0012 0.2076 0.0045 2.247 0.064 0.0633 0.0011 105 1160 31
04122C.4-1 1716 13.9 80.9 2.032 0.0806 0.0015 0.1979 0.0039 2.199 0.063 0.0604 0.0011 96 1211 36
04122A.1-1 1264 15.3 120.8 2.984 0.0800 0.0018 0.2041 0.0043 2.252 0.074 0.0617 0.0011 100 1198 43
04122B.5-1 1329 9.9 74.9 3.164 0.0739 0.0022 0.2111 0.0045 2.152 0.084 0.0605 0.0011 119 1039 61
04122B.1-1 1587 23.4 147.4 3.411 0.0798 0.0022 0.1993 0.0041 2.192 0.081 0.0557 0.0011 98 1191 54
04122F.1-3 1618 8.7 53.8 3.431 0.0833 0.0032 0.2163 0.0064 2.485 0.128 0.0623 0.0011 99 1276 74
04122E.1-1 648 15.0 231.7 6.660 0.0771 0.0038 0.1763 0.0048 1.873 0.113 0.0562 0.0010 93 1123 98

Sample 9306/011 (Ky-St-Bt-Ms-Qtz schist; assemblage 4)
Inclusion in biotite porphyroblast

0557A.1-1 8320 3.6 4.3 0.140 0.0803 0.0003 0.2074 0.0021 2.296 0.023 0.0641 0.0006 101 1204 8
0557A.1-2 4254 2.3 5.5 0.194 0.0803 0.0004 0.2032 0.0020 2.251 0.023 0.0613 0.0006 99 1206 9

In matrix aligned with D4 fabric that wraps the biotite porphyroblast

0557A.2-1 5555 3.7 6.7 0.110 0.0798 0.0003 0.2039 0.0020 2.242 0.022 0.0624 0.0006 100 1191 8
0557A.2-2 4725 3.5 7.3 0.204 0.0799 0.0005 0.2078 0.0021 2.290 0.023 0.0631 0.0006 102 1195 13

Sample EMB-01 (Ky-Ms-Qtz schist; assemblage 9)
0557B.1-2 4166 3.9 9.3 0.287 0.0796 0.0004 0.2026 0.0020 2.223 0.022 0.0621 0.0006 100 1187 11
0557C.2-1 7013 4.6 6.6 0.212 0.0792 0.0003 0.2042 0.0020 2.230 0.022 0.0626 0.0006 102 1177 9
0557C.2-2 8640 5.9 6.8 0.148 0.0799 0.0003 0.2034 0.0020 2.240 0.022 0.0624 0.0006 100 1194 8
0557D.1-1 4419 4.0 9.1 0.276 0.0793 0.0004 0.2043 0.0020 2.232 0.022 0.0623 0.0006 102 1179 11
0557D.1-2 5335 4.8 9.0 0.305 0.0794 0.0004 0.2043 0.0020 2.237 0.022 0.0620 0.0006 101 1183 10

Sample 9305/039 (Grt-St-Bt-Ms-Qtz schist; assemblage 2)
Inclusion in garnet porphyroblast

0548A.1-1 2112 5.2 24.5 0.447 0.0807 0.0006 0.2075 0.0021 2.308 0.023 0.0645 0.0006 100 1214 14

Distinct cores

0547A.1-2 2055 4.6 22.6 0.435 0.0807 0.0006 0.2026 0.0020 2.255 0.023 0.0621 0.0006 98 1215 15
0548F.1-1 2373 7.6 31.9 0.502 0.0814 0.0007 0.2095 0.0021 2.351 0.024 0.0669 0.0007 100 1231 16

Outer zones or undefined zoning

0547A.1-1 2389 6.0 25.2 0.230 0.0790 0.0005 0.1996 0.0020 2.174 0.022 0.0620 0.0006 100 1172 12
0547A.2-2 2250 4.3 19.3 0.241 0.0805 0.0005 0.1985 0.0020 2.203 0.022 0.0616 0.0006 97 1209 13
0547B.1-1 2150 5.4 24.9 0.345 0.0802 0.0005 0.1985 0.0020 2.193 0.022 0.0606 0.0006 97 1201 13
0547B.1-2 3034 1.8 5.8 0.589 0.0798 0.0006 0.1991 0.0020 2.191 0.022 0.0605 0.0006 98 1193 14

(continued on next page)
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Table 3 (continued)

Analysis
spota

U
(ppm)

Th
(%)

Th/U f206b

(%)

207Pb*/
206Pb*c

± 206Pb*/
238U

± 207Pb*/
235U

± 208Pb*/
232Th

± Conc.d

(%)

207Pb*/206Pb*e

Age (Ma) ± (Ma)

0547B.2-1 2016 4.3 21.6 0.484 0.0802 0.0006 0.2016 0.0020 2.229 0.022 0.0608 0.0006 99 1201 15
0547B.2-2 1827 4.6 24.9 0.793 0.0811 0.0008 0.2006 0.0020 2.242 0.025 0.0615 0.0006 96 1223 19
0547C.1-1 1252 1.6 12.6 0.450 0.0796 0.0008 0.2018 0.0020 2.216 0.026 0.0608 0.0006 100 1188 20
0547C.2-1 1425 2.5 17.7 0.581 0.0784 0.0008 0.2034 0.0020 2.200 0.025 0.0604 0.0006 103 1158 19
0547C.3-1 1077 1.9 17.9 0.537 0.0813 0.0012 0.2019 0.0020 2.262 0.036 0.0608 0.0006 97 1228 28
0548B.1-1 1253 2.0 16.3 0.280 0.0801 0.0007 0.2144 0.0021 2.367 0.024 0.0653 0.0007 105 1198 17
0548C.1-1 2554 2.7 10.5 0.248 0.0799 0.0005 0.2138 0.0021 2.354 0.024 0.0674 0.0007 105 1194 12
0548E.1-1 1730 1.6 9.2 0.213 0.0809 0.0006 0.2051 0.0021 2.287 0.023 0.0659 0.0007 99 1218 14
0548F.1-2 2371 6.9 29.0 0.693 0.0802 0.0006 0.2141 0.0021 2.369 0.024 0.0642 0.0006 104 1203 16
0548G.1-1 1500 2.8 18.4 0.761 0.0798 0.0008 0.2116 0.0021 2.328 0.028 0.0660 0.0007 104 1191 21
0548H.2-1 2410 8.5 35.3 0.696 0.0805 0.0007 0.2106 0.0021 2.338 0.023 0.0659 0.0007 102 1210 17
0548H.2-2 2252 8.1 36.0 0.574 0.0804 0.0006 0.2121 0.0021 2.351 0.024 0.0659 0.0007 103 1207 16
0548I.1-2 1883 4.9 26.1 0.371 0.0802 0.0006 0.2122 0.0021 2.345 0.023 0.0654 0.0007 103 1201 14

Distinct cores, but >1% common Pb

0547A.2-1 2165 14.3 66.1 1.092 0.0805 0.0008 0.1986 0.0020 2.204 0.025 0.0624 0.0006 97 1209 21
0548I.1-1 1922 13.6 70.9 1.162 0.0804 0.0008 0.2063 0.0021 2.289 0.027 0.0658 0.0007 100 1208 21

High common Pb

0548H.1-1 2197 4.4 20.0 20.997 0.0829 0.0041 0.2258 0.0023 2.582 0.131 0.0609 0.0006 104 1268 97

Sample WB-04 (Grt-Bt-Ms-Qtz schist; assemblage 1)
0549B.1-1 4908 1.4 2.8 0.019 0.0802 0.0003 0.2072 0.0021 2.290 0.023 0.0632 0.0006 101 1201 8
0549B.1-2 3184 2.5 7.7 0.321 0.0801 0.0005 0.2070 0.0021 2.287 0.023 0.0634 0.0006 101 1200 12
0549C.1-1 2965 5.9 20.1 0.046 0.0806 0.0004 0.2049 0.0020 2.277 0.023 0.0630 0.0006 99 1212 9
0549D.1-1 6284 6.3 10.0 0.094 0.0799 0.0003 0.2072 0.0021 2.284 0.023 0.0635 0.0006 102 1195 8
0549F.1-1 4316 5.7 13.2 0.207 0.0796 0.0004 0.2069 0.0021 2.270 0.023 0.0634 0.0006 102 1186 10
0549F.1-2 3409 6.5 19.0 0.146 0.0798 0.0004 0.2063 0.0021 2.271 0.023 0.0645 0.0006 101 1193 10
0549G.1-1 3333 5.7 17.2 0.106 0.0796 0.0004 0.1924 0.0019 2.112 0.021 0.0558 0.0006 96 1187 10
0549G.1-2 7323 5.7 7.9 0.073 0.0797 0.0004 0.1917 0.0019 2.106 0.021 0.0543 0.0005 95 1189 9
0549L.1-1 3293 6.2 19.0 0.158 0.0800 0.0004 0.2055 0.0021 2.267 0.023 0.0637 0.0006 101 1197 10
0549L.1-2 1665 6.3 38.0 0.212 0.0801 0.0005 0.2088 0.0021 2.305 0.023 0.0631 0.0006 102 1199 13

a Analysis labels have the form [C]nnnX.p-q, where [C]nnn = UWA mount number, X = disc of thin section in the mount, p = grain in the disc, and
q = analysis point in the grain.

b 4f206 is the proportion of 206Pb determined to be common Pb, on the basis of measured 204Pb/206Pb.
c All Pb data listed are corrected for common Pb on the basis of measured 204Pb/206Pb and a common Pb composition calculated from the Stacey and

Kramers (1975) growth curve at the age determined from each analysis.
d Conc. is apparent concordance, defined as 100{t[206Pb/238U]/t[207Pb/206Pb]}.
e All listed uncertainties are 1r.
f Analyses with >1% common Pb or >5% of apparent discordance were considered unviable for age determinations.
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names and mount numbers are listed in Table 3. The
monazite was analyzed in situ using a sensitive high-resolu-
tion ion microprobe (SHRIMP). Mount 04-122 was ana-
lyzed in a 1-day session, and most other mounts (05-47,
05-48, 05-49, 05-57 and 96-35) were analyzed in a single
2-day session. Two analyses of mount 96-35 and four anal-
yses of mount 05-59 were obtained previously in conjunc-
tion with other analyses.

The SHRIMP analytical procedures followed estab-
lished methodologies (Foster et al., 2000; Rasmussen
et al., 2001) using �0.25 nA O2

� primary ion beams fo-
cussed onto 610 lm spots. Monazite standards were set
in separate mounts that were gold-coated in conjunction
with the sample mounts in each case. The primary Pb/U
standard was MAD 1 (Foster et al., 2000; also known in-
house as French). Matrix effects on Pb/U data from U
and Th were determined using PD-95 (high U; Th generally
higher than MAD; provided by J. Aleinikoff) QMa28-1 (U
similar to MAD, but with lower Th; provided by F. Hen-
jes-Kunst), and 2908 (moderate U and Th; provided by
Richard Stern). For the 2-day analytical session, Pb/U
reproducibility for MAD-1 was unusually good, leading
to unrealistically low estimates of precision for Pb/U in
the unknowns. A ‘‘typical best’’ lower limit of 1% was ap-
plied. The 207Pb/206Pb data for PD-95 were also used to
normalise this ratio for the sample data.

All SHRIMP data are listed in Tables 3 and 4. The pre-
cisions shown for 207Pb/206Pb include the relatively small
uncertainty propagated with the re-normalisation of this
ratio. Data without this additional uncertainty were used
when calculating 207Pb/206Pb averages, and the additional
uncertainty applied to the averages determined within
each analytical session. The weighted mean dates given
in the text have 95% confidence limits. When individual
analyses are quoted, the 1r values from Tables 3 and 4
are used.



Table 4
Summary of SHRIMP U–Pb age data for monazite extracted from mineral separates of sample WBCH1

Analysis Spot U (ppm) Th (%) Th/U f206 (%) 207Pb*/206Pb* ± 206Pb*/238U ± 207Pb*/235U ± 208Pb*/232Th ± Conc. (%) 207Pb*/206Pb*

Age (Ma) ± (Ma)

Mount 96-35 (garnet concentrate; Grt-St-Bt-Ms-Qtz schist?; assemblage 2?)
9635.10-1 459 3.0 65.8 0.331 0.0705 0.0012 0.1651 0.0049 1.604 0.057 0.0508 0.0010 105 942 36
9635A.1-1 220 1.0 45.7 0.297 0.0693 0.0014 0.1561 0.0021 1.492 0.038 0.0464 0.0005 103 908 42
9635C.1-1 386 2.0 52.9 0.000 0.0701 0.0008 0.1566 0.0016 1.513 0.025 0.0484 0.0005 101 930 24
9635C.1-2 547 3.1 56.9 0.052 0.0716 0.0007 0.1618 0.0016 1.598 0.022 0.0503 0.0005 99 975 20
9635D.1-1 602 2.5 42.2 0.025 0.0727 0.0008 0.1605 0.0021 1.610 0.030 0.0492 0.0005 95 1007 23
9635D.1-2 272 1.3 49.3 0.233 0.0713 0.0012 0.1616 0.0020 1.589 0.034 0.0486 0.0005 100 966 34
9635F.1-1 428 1.0 22.4 0.404 0.0677 0.0013 0.1485 0.0022 1.385 0.034 0.0459 0.0005 104 858 39

Data not used (discordant)
9635.16-1 276 2.0 72.5 0.036 0.0718 0.0008 0.1505 0.0038 1.490 0.043 0.0460 0.0009 92 981 22
9635B.1-1 284 1.7 59.4 0.685 0.0697 0.0018 0.1650 0.0020 1.586 0.046 0.0500 0.0005 107 919 52
9635E.1-1 279 3.4 121.8 0.412 0.0681 0.0013 0.1587 0.0020 1.490 0.036 0.0491 0.0005 109 872 40

Mount 05-59 (staurolite concentrate; Grt-St-Bt-Ms-Qtz schist?; assemblage 2?)
Monazite inclusion in staurolite

0559A.1-1 1851 14.5 78 0.000 0.0738 0.0005 0.1720 0.0027 1.750 0.032 0.0567 0.0019 99 1035 15
0559A.1-2 1601 10.8 67 0.000 0.0742 0.0006 0.1706 0.0027 1.746 0.031 0.0543 0.0017 97 1047 16

Monazite inclusion in garnet

0559B.1-1 1358 3.5 26 0.011 0.0734 0.0006 0.1719 0.0029 1.741 0.034 0.0536 0.0017 100 1026 17
0559B.1-2 2159 6.6 31 0.062 0.0735 0.0006 0.1715 0.0028 1.738 0.033 0.0517 0.0016 99 1027 17

See footnotes for Table 3.
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4. Results

4.1. Monazite distribution and textural relationships

Metamorphic monazite is abundant in most samples
examined by SEM (Table 1). It is evenly distributed
throughout many thin sections of pelitic schists represent-
ing a wide range of bulk compositions in AFM space.
Monazite crystals are typically idioblastic and range up
to 100 lm in length and 30 lm in width. Monazite occurs
in the matrix of pelitic schists and as inclusions in por-
phyroblasts of staurolite, garnet, kyanite, muscovite, bio-
tite and magnetite. In the matrix, elongate monazite
crystals are commonly aligned with the main mineral fabric
(S4) (Figs. 5a–d and 6a–d), and less commonly with the ear-
lier S2 fabric (Fig. 7a, c and e). Monazite also occurs as
inclusions within garnet, where it is aligned with quartz
and ilmenite that define an earlier S2 fabric. These observa-
tions indicate that monazite growth was synchronous with
the development of the two main deformational fabrics. In
some samples, coarse biotite porphyroblasts have over-
printed monazite aligned in the S4 fabric (Fig. 5c and d),
suggesting that monazite growth occurred before the bio-
tite. However, in other samples, monazite is clearly aligned
with, and has grown along, the mineral cleavage of biotite
crystals that overprint S4 (Fig. 6e and f), indicating that
some monazite growth was synchronous with, or possibly
post-dated the last deformation fabric.

4.2. Chemical zoning in monazite

X-ray element mapping of monazite grains from eight
samples shows that most crystals display compositional
zonation. The zoning patterns are highly variable within
and between samples, and range from concentric to irregu-
lar. Compositional zoning is most pronounced in sample
WB-01, where monazite crystals typically have a La- and
Y-poor and Th-rich core, surrounded by a La- and Y-rich
and Th-poor rim (Fig. 8). In some crystals, the core com-
prises up to three compositionally distinct zones, including
an inner zone with intermediate La and Th contents, sur-
rounded by a La-poor, Th-rich middle zone, and a La-rich,
Th-poor outer zone. In some places, the growth of the out-
er rim of the monazite grains has been restricted by adja-
cent ilmenite crystals, which are aligned with S4 (Fig. 9),
indicating that the final phase of monazite growth probably
postdated the development of the S4 fabric.

4.3. Monazite geochronology

In situ SHRIMP U–Pb analyses were carried out on six
samples of pelitic schist and micaceous quartzite from the
Mount Barren Group (Tables 2 and 3). Where possible,
the analyses were conducted within individual composi-
tional zones to establish whether the compositionally dis-
tinct zones identified by WDS element mapping represent
different generations of monazite growth. Seventy-one
analyses were conducted on samples from the Mount Bar-
ren Group, producing 207Pb/206Pb dates from 1231 Ma to
1158 Ma (Table 3). A further 14 analyses on sample
WBCH1 gave 207Pb/206Pb dates between 1047 Ma and
858 Ma (Table 4).

4.3.1. In situ SHRIMP analysis of monazite in metapelitic

rocks from the Mount Barren Group

From sample WB-01 (Qtz-Bt-Ms-Ky schist; assemblage
5), 20 analyses of 12 monazite grains yield a unimodal
207Pb/206Pb distribution centred at �1200 Ma, which does
not represent a single population (MSWD = 2.3). Many
of the monazite grains are aligned with S4, which is defined
by parallel ilmenite, quartz and muscovite crystals. The
monazite crystals occur in the quartz-muscovite matrix
and as inclusions in coarse biotite and ilmenite crystals that
overprint the S4 fabric (Fig. 5e and f). Element maps show
concentric compositional zoning in most monazite grains
from this sample (Fig. 8). Division of individual analysis
sites into cores (with up to three compositional zones)
and rims (single zone) produces weighted mean 207Pb/206Pb
ages of 1211 ± 13 Ma (MSWD = 1.6; n = 9) for the cores,
and 1187 ± 10 Ma (MSWD = 0.59; n = 11) for the rims
(Fig. 10).

Twenty analyses of fifteen monazite crystals from
assemblage 2 in sample 9305/039 (Grt-St-Bt-Ms-Qtz),
which should have grown monazite at �1030 Ma accord-
ing to the hypothesis of Fitzsimons et al. (2005), produced
a weighted mean 207Pb/206Pb age of 1202 ± 8 Ma
(MSWD = 1.3). Most monazite grains occur as inclusions
within coarse overprinting biotite, although some are pres-
ent along grain boundaries, in the matrix (comprising bio-
tite, muscovite and quartz) or as inclusions in garnet.
Compositional zoning is present, though less pronounced
than in WB-01, and reveals dissolution-type textures in
many of the grains. The single inclusion in garnet and
two cores that can be unambiguously differentiated give a
weighted mean 207Pb/206Pb age of 1219 ± 15 Ma, whereas
grains and zones that cannot be differentiated give an age
of 1198 ± 9 Ma (MSWD = 1.2).

Four analyses of two monazite crystals in sample 9306/
011 (Ky-St-Bt-Ms-Qtz; assemblage 4) give ages �1200 Ma,
consistent with results from other samples. One of the crys-
tals is aligned with an earlier fabric (S2?) that is preserved
within a biotite porphyroblast that is wrapped by the main
S4 fabric. The second grain occurs in the matrix and is
aligned with the S4 fabric. The individual analyses of the
texturally earlier monazite gives ages of 1206 ± 9 Ma and
1204 ± 8 Ma, whereas the matrix monazite gives ages of
1195 ± 13 Ma and 1191 ± 8 Ma (all dates 1r).

Ten analyses of six monazite crystals in sample WB-04
(Grt-Bt-Ms-Qtz; assemblage 1) yield a weighted mean
207Pb/206Pb age of 1196 ± 10 Ma (MSWD = 1.1). The
monazite in this sample is idioblastic, and is typically
aligned with a strong S4 cleavage defined by muscovite,
quartz and ilmenite. The monazite crystals are typically
<20 lm, and display concentric compositional zoning. Be-



Fig. 5. (a) Optical photomicrograph of monazite (mon) crystal parallel
with the dominant S4 fabric defined by aligned quartz (qtz), muscovite
(ms) and ilmenite (ilm); (b) back-scattered electron (BSE) image of
idioblastic monazite aligned with the S4 fabric marked by near-parallel
muscovite (ms) crystals. Single SHRIMP pit corresponds with analysis
spot 0549C.1-1 in Table 3; (c) elongate monazite (mon) in matrix aligned
with S4 fabric; (d) BSE image of idioblastic monazite parallel to muscovite
and quartz aligned with S4. Two SHRIMP pits correspond with analysis
spots 0549F.1-1 and 0549F.1-2 in Table 3; (e) coarse biotite crystal that
overprints the S4 fabric defined by inclusions of ilmenite (opaque) and
radioactive mineral inclusions (with pleochroic haloes); (f) closeup of inset
in previous photograph showing an elongate monazite crystal aligned in
the S4 fabric and parallel with ilmenite inclusions. Note the well-developed
pleochroic halo, which is typical of monazite in biotite. (a–d) From sample
WB-04; (e) and (f) are from sample WB-01.

Fig. 6. BSE images showing (a) crenulation cleavage in pelitic schist with
the S4 foliation defined by cleavage domains (defined mainly by muscovite)
and microlithons preserving the S2 fabric defined by muscovite, quartz and
biotite; (b) closeup of (a) showing an idioblastic monazite grain parallel to
S4 defined by muscovite; (c) monazite grain containing small randomly
oriented ilmenite (ilm) inclusions that is parallel to S4 defined by parallel
coarse ilmenite, muscovite (ms) and quartz (qtz); (d) elongate monazite
(mon) and xenotime (xt) parallel to S4 fabric defined by muscovite,
ilmenite and quartz; (e) and (f) monazite (mon) inclusion within a coarse
biotite crystal that overprints the S4 fabric. Note the growth of monazite
parallel to mineral cleavage. (a, b, e and f) From sample BB-03; (c) is from
sample WB-01; (d) is from sample 9306/018.

Controls on monazite growth in amphibolite-facies pelitic schists 3051
cause of the fine scale of the zoning it was not possible to
analyze individual zones, and consequently, the date is pos-
sibly a mixture between �1210 Ma and �1185 Ma
populations.

Five analyses of three monazite crystals in sample EMB-
01 (Ky-Ms-Qtz; assemblage 9) conform to a single popula-
tion, with a mean 207Pb/206Pb age of 1185 ± 8 Ma
(MSWD = 1.1). All three crystals occur in the quartz-
muscovite matrix.

4.3.2. SHRIMP analysis of monazite from mineral separates

(WBCH1)

Ten analyses of eight monazite crystals separated from
sample WBCH1 (Grt-St-Bt-Ms-Qtz; assemblage 2) yield
dates that are scattered, and consistent with earlier analyses
by Wetherley (1998). Eight of these analyses are of previ-
ously undated monazite, some of which is intergrown with
allanite. These produced a wide scatter, from 858 ± 38 Ma
to 1007 ± 22 Ma (1r) (Table 4). Monazite analyses from
this mount have given dates spanning �200 m.y. (from
�1050 Ma to �850 Ma), with no clearly defined age popu-
lations and a strong relationship between Th content (at
<5 wt% Th) and apparent age (Fig. 11).

Two new SHRIMP mounts were made of garnet (05-58)
and staurolite (05-59) concentrates from sample WBCH1.
The garnet mount contained over 400 fragments whereas
the staurolite mount contained �700 fragments. The garnet
and staurolite fragments contain abundant inclusions of
ilmenite, zircon, quartz and apatite, with minor tourmaline
and muscovite. The garnet mount also contained very rare
allanite and thorite, whereas a staurolite fragment con-
tained a single monazite inclusion. The staurolite mount
also contained about 10 garnet fragments, two of which
contained monazite inclusions. In situ analysis of the larg-
est monazite inclusion in garnet yielded dates of
1026 ± 17 Ma and 1027 ± 17 Ma, whereas the monazite
inclusion in staurolite gave dates of 1047 ± 16 Ma and



Fig. 7. (a) Optical photomicrograph of a coarse biotite crystal in a pelitic
schist wrapped by S4 foliation and with asymmetric strain shadows
(marked by quartz); (b) optical photomicrograph of monazite (mon)
aligned with S4 fabric defined by Ti-magnetite (mag), muscovite (ms) and
quartz (qtz) crystals; (c) optical photomicrograph of monazite (mon)
surrounded by a pleochroic halo aligned with an early S2? fabric defined
by Ti-magnetite (mag) inclusions; (d) BSE image of the elongate monazite
(mon) crystal shown in (b) with two SHRIMP pits corresponding with
analysis spots 0557A.2-1 and 0557A.2-2 in Table 3; (e) BSE image of the
elongate monazite (mon) crystal shown in (c) with two SHRIMP pits
corresponding with analysis spots 0557A.1-1 and 0557A.1-2 in Table 3.
Sample 9306/011. The SHRIMP ages are consistent with the relative ages
of S2 and S4 determined from textural relationships.

Fig. 8. (a) BSE image of a monazite showing location of two SHRIMP
analytical pits (analysis spots 04122C.4-1 and 04122C.4-2; Table 3) and
their corresponding 207Pb/206Pb ages; (b–d) corresponding wavelength
dispersive X-ray maps for (b) La, (c) Th and (d) Y. The element maps
define a La-poor, Th-rich core, enclosed by a thin zone of La-rich and Th-
poor monazite, surrounded by a relatively thick La-rich, Th-poor rim. The
outer rim corresponds with a slight enrichment of yttrium. Sample WB-01.

Fig. 9. (a) BSE image of monazite (mon) wedged between ilmenite crystals
parallel with the S4 foliation; (b) Wavelength dispersive X-ray map for Th
showing a Th-poor core surrounded by a Th-rich rim. Note the
asymmetric growth of the Th-rich monazite rim, suggesting growth after
formation of the S4-aligned ilmenite. Sample WB-01.
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1035 ± 15 Ma (Table 4). Together these analyses give a
weighted mean 207Pb/206Pb date of 1035 ± 15 Ma
(MSWD = 0.45).

5. Discussion

5.1. In situ U–Pb age constraints on the timing of peak

metamorphism

Monazite from the Mount Barren Group occurs in the
matrix and as inclusions within porphyroblasts of garnet,
staurolite, kyanite, biotite, muscovite and magnetite in a

wide range of bulk compositions in AFM space. In situ
SHRIMP U-Pb dating of monazite in five samples of pelit-
ic schist and micaceous quartzite (Table 3) produced dates
with a mean 207Pb/206Pb age of �1200 Ma, confirming the
findings of Dawson (2000) and Dawson et al. (2003). There
is significant scatter in the monazite age data
(MSWD = 1.8), which suggests that there may be more



Fig. 10. Concordia plots showing SHRIMP U–Pb data for metamorphic
monazite from (a) sample WB-01, which contains compositionally distinct
cores (light grey) and rims (white), and (b) samples WB-04, EMB01, 9305/
039 and 9306/011. In (b), monazite cores and inclusions within garnet are
plotted as shaded ellipses. Some data fall outside the plotted fields (see
Table 3). MSWD denotes mean squares of weighted deviates. Age
uncertainties are 95% confidence limits and individual precision ellipses
are 1r.

Fig. 11. Plot showing correlation between 207Pb/206Pb dates and Th
content for monazite from sample WBCH1. Data are from Wetherley
(1998) (mount 96-35; black squares) and this study (mount 96-35—white
diamonds; mount 05-59—white squares). Age uncertainties are 1r.
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than one age population. In sample WB-01, compositional-
ly distinct rims yield a discrete population of
1187 ± 10 Ma. Combining this with 1185 ± 8 Ma for the
single-aged, texturally ‘‘late’’ monazite (sample EMB-01)
gives a date of 1186 ± 6 Ma (MSWD = 0.8) for the youn-
gest discrete monazite growth event. In sample WB-01,
the growth of rims has been affected by adjacent ilmenite
aligned with S4, suggesting that the �1185 Ma monazite
rim formed syn- to post-S4. Thus, we consider
1186 ± 6 Ma as the likely timing of peak thermal metamor-
phism in the Mount Barren Group. In contrast, combining
all data for the monazite cores and the inclusions in por-
phyroblasts preserving a pre-S4 foliation (from sample
WB-01, 9305/039 and 9306/011) yields a less well defined
age of 1209 ± 10 Ma (MSWD = 1.2), which we interpret
as the age of pre-S4 prograde metamorphism. Other data
average �1195 Ma, but it is unclear whether these data
are age mixtures or whether they represent an additional
discrete stage of monazite growth. The separation of the
age data into two populations (�1210 Ma and
�1185 Ma) is supported by unmixing models (Sambridge
and Compston, 1994), which yield peaks at �1207 Ma
and �1190 Ma. This suggests that prograde metamor-
phism spanned at least 25 million years.

5.2. Implications for previous work

Fitzsimons et al. (2005) argued that the �1200 Ma mon-
azite and xenotime crystals dated by Dawson et al. (2003)
are inclusions within biotite (aligned with S4), and therefore
must be older than the enclosing mica and the F4 folding
event. However, we have shown that monazite is aligned
with S4, suggesting that �1200 Ma growth was coincident
with the last major deformational event. Furthermore,
monazite also grew along the cleavage planes of coarse bio-
tite crystals (Fig. 6e and f) that overprint S4, indicating that
some monazite growth continued during and after the
development of the S4 fabric. Thus, our results show that
�1200 Ma monazite growth can be linked to peak defor-
mation (D4) and peak metamorphism, and is not related
to an earlier greenschist facies event as concluded by Fitz-
simons et al. (2005).

Our results provide no evidence for the growth of mon-
azite in the Mount Barren Group at �1030 Ma. Instead,
about seventy in situ U–Pb analyses of monazite from six
samples, including a sample with assemblage 2 that should
contain �1030 Ma monazite according to the reasoning of
Fitzsimons et al. (2005), all give dates between �1230 Ma
and �1160 Ma. All the younger dates recorded (�1050–
850 Ma) are from monazites in mineral separates from a
single sample (WBCH1). We have endeavored to locate
this sample in order to verify the presence of �1030 Ma
monazite and ascertain its textural relationships. Unfortu-
nately, there is no hand specimen or thin section available
from this sample—all that remains is a SHRIMP mount
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(96-35) and several vials containing heavy mineral concen-
trates. The field locality of the sample has not been record-
ed although it is thought to have come from West Beach (S.
Wetherley, pers comm., 2005).

Examination of the SHRIMP mount (96-35), as well as
mounts 05-58 (garnet separates) and 05-59 (staurolite sep-
arates) from WBCH1, shows that monazite occurs as: (i)
isolated grains amongst fragments of allanite, staurolite,
quartz and garnet (Fig. 12a and b), (ii) irregular grains
sharing crystal boundaries with allanite, chlorite, ilmenite
Fig. 12. BSE images of monazite separated from garnet concentrates
(SHRIMP mount 96-35; a–e) and staurolite concentrates (SHRIMP
mount 05-59; f and g) from sample WBCH1; (a) isolated monazite crystal
(white) dated by Wetherley (1998) amongst mainly staurolite (st) and
allanite (aln) grains; (b) closeup of monazite in (a), showing two circular
SHRIMP analytical pits and related 207Pb/206Pb dates. The dates
correspond with analyses (a) and (b) in Table 3 of Fitzsimons et al.
(2005); (c and d) Irregular monazite (mon) intergrown with allanite and
chlorite (chl). (c) and (d) correspond with SHRIMP analyses 9635A.1-1
and 9635E.1-1 (Table 4), respectively; (e) Monazite (mon) crystals within
plagioclase (plag). Note that plagioclase has not been reported in samples
from this locality. Date corresponds with SHRIMP analysis 9635F.1-1
(Table 4); (f) Monazite (mon) and apatite (ap) inclusions enclosed within a
fragment of staurolite (st). (g) Closeup of monazite in (f), showing two
oval SHRIMP analytical pits and related 207Pb/206Pb dates. Dates
correspond with SHRIMP analysis 0559A.1-1 and 0559A.1-2 (Table 4).
and/or plagioclase (Fig. 12c–e), and (iii) inclusions in unal-
tered garnet and staurolite fragments (Fig. 12f and g). The
intimate association of monazite with allanite in mount 96-
35 has not been described previously in schists from the
Mount Barren Group (Hollingsworth, 1996; Stephens,
1996; Wetherley, 1998; Dawson et al., 2003; Fitzsimons
et al., 2005) nor observed in this study, and may point to
a retrograde origin for the younger monazite (�950–
850 Ma).

The presence of unaltered �1030 Ma monazite inclu-
sions enclosed within garnet and staurolite fragments from
WBCH1 indicates that this generation of monazite must
have grown prior to or during amphibolite facies metamor-
phism. However, we have shown that peak metamorphism
occurred at �1200 Ma. There is no structural or metamor-
phic record of an amphibolite facies event in pelitic schists
from the Mount Barren Group postdating D4 (Thom,
1977; Hollingsworth, 1996; Stephens, 1996; Witt, 1997,
1998; Wetherley, 1998; Dawson, 2000; Dawson et al.,
2003; Fitzsimons et al., 2005). The absence of 1200 Ma
monazite in WBCH1, and the absence of 1030–950 Ma
monazite in the samples dated by in situ geochronology
is difficult to reconcile, and suggests that the younger
(1030–950 Ma) monazite grains dated by Fitzsimons et al.
(2005) were not derived from West Beach.

5.3. Palaeomagnetic constraints on the timing of peak

metamorphism

Palaeomagnetic evidence also argues strongly for a ther-
mal metamorphic peak around 1200 Ma. A dyke of the
Fraser swarm (Fig. 1, inset) was dated by Wingate et al.
(2000) at 1212 ± 10 Ma. This exposure also yielded a palae-
omagnetic baked-contact test, which demonstrates that the
dyke carries a primary thermal remanent magnetization
(TRM) (Pisarevsky et al., 2003). Metasedimentary rocks
of the Mount Barren Group and adjacent granulites of
the Biranup Complex yielded two palaeopoles, named
MBG and BB1, respectively (Pisarevsky and Harris,
2001; Pisarevsky et al., 2003). These poles fall close to the
pole, FDS, for the Fraser dyke (Fig. 13), indicating that
all three poles have an age of �1200 Ma. Four ENE-trend-
ing dykes of the �1215 Ma Gnowangerup swarm (Evans,
1999; Rasmussen and Fletcher, 2004), sampled about
25 km north of the Mount Barren Group exposures, yield-
ed similar palaeomagnetic results (Giddings, 1976). Collec-
tively, these data reliably indicate the position of the pole
relative to Australia at about 1210 Ma.

Palaeopoles are also well established for Australia at
1070 Ma and 755 Ma (Wingate and Giddings, 2000; Win-
gate et al., 2002). These younger poles, however, are locat-
ed more than 90� from those for 1210 Ma (Fig. 13). The
MBG and BB1 poles represent magnetizations acquired
during cooling following the thermal peak of metamor-
phism. The consistency of palaeomagnetic directions deter-
mined in samples from different sites in the Mount Barren
Group also indicates that their magnetization postdates



Fig. 13. Late Mesoproterozoic to Neoproterozoic apparent polar wander
(APW) path for Australia, in present coordinates. Poles (with A95

confidence ovals): FDS, Fraser dyke suite; MBG, Mount Barren Group;
BB1, Bremer Bay metamorphic rocks; IAR, Lakeview Dolerite; BBS,
Bangemall Superbasin sills; MDS, Mundine Well dykes (Tanaka and
Idnurm, 1994; Wingate and Giddings, 2000; Wingate et al., 2002;
Pisarevsky et al., 2003). Ages are in Ma.
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regional NW-verging thrusting and folding. If the meta-
morphic thermal peak occurred at 1030 Ma, as suggested
by Fitzsimons et al. (2005), then palaeopoles (MBG,
BB1) for the metamorphic rocks would be expected to plot
close to the 1070 Ma BBS pole, rather than near the 1212
Ma FDS pole. Magnetizations in metamorphic rocks in
the Mount Barren Group and adjacent granulites were
most likely acquired at �1200 Ma, and are not consistent
with a 1030 Ma thermal peak in the Albany–Fraser orogen.

5.4. Implications for monazite geochronology

Monazite is isotopically robust (Cherniak et al., 2004)
and can retain its age information through several episodes
of metamorphism, commonly preserving multiple ages
within a single grain (DeWolf et al., 1993; Cocherie et al.,
1998; Williams et al., 1999; Gibson et al., 2004; Kohn
et al., 2005). There is growing recognition of the likely com-
plexity of monazite ages in metamorphic rocks (Lanzirotti
and Hanson, 1996; Catlos et al., 2002), and that individual
dates may reflect the age of the protolith or provenance,
earlier metamorphic events, the timing of prograde, peak
and/or retrograde metamorphism, or a later thermal over-
print (Lanzirotti and Hanson, 1996; Crowley and Ghent,
1999; Catlos et al., 2001; Foster et al., 2002; Wing et al.,
2003). Because of these potential problems, it is crucial to
obtain textural evidence linking the timing of monazite
growth to deformation and/or metamorphism (Williams
and Jercinovic, 2002). Studies that rely on heavy mineral
separation techniques lose vital textural information be-
tween monazite and the host-rock and can introduce con-
taminants, making the interpretation of monazite ages
exceedingly difficult. This study reinforces the importance
of documenting the textural relationship between accessory
phases and deformational fabrics and metamorphic miner-
als, as well as chemical characterization, to identify internal
zonation prior to in situ geochronology. Without such an
approach, our ability to interpret monazite dates can be
seriously flawed.

The growth of monazite during prograde amphibolite
facies metamorphism is commonly linked to the break-
down of other accessory phases, particularly allanite (Over-
street, 1967; Smith and Barreiro, 1990; Ferry, 2000; Wing
et al., 2003), though reactions amongst common metamor-
phic silicate minerals, for example the breakdown of garnet
to form staurolite, have also been proposed (Kohn and
Malloy, 2004). This idea has been extended to argue that
bulk composition controls the growth of amphibolite facies
monazite, specifically, that monazite only forms in schists
that have undergone prograde garnet destruction and stau-
rolite formation (Fitzsimons et al., 2005). The majority of
samples do not have the appropriate composition for this
reaction to occur, and so do not grow new monazite during
peak metamorphism, but rather preserve relicts of an earli-
er greenschist facies event (�1200 Ma) (Fitzsimons et al.,
2005). Our results demonstrate the widespread distribution
of peak metamorphic monazite in micaceous quartzite and
low-Ca pelitic schists with a wide range of bulk composi-
tions in AFM space. The presence of peak metamorphic
monazite in schists that had bulk compositions too Fe-rich
(assemblage 1) and too Mg- and/or Al-rich (assemblages 3–
6, 9) to undergo garnet breakdown and staurolite forma-
tion, demonstrates that variations in bulk composition
did not control monazite growth in the samples studied
here.

Clearly, the destruction of garnet, muscovite and chlo-
rite was not the source of REE and P for monazite growth
in most pelitic schists. The breakdown of accessory miner-
als such as allanite during prograde metamorphism is also
unlikely, because the low-Ca content of the schists does not
favour its growth. An alternative source of REE and P in
the Mount Barren Group is detrital monazite and xeno-
time. Greenschist facies metapelites elsewhere in the Mount
Barren Group contain detrital monazite and xenotime in
heavy mineral bands with zircon and tourmaline. Their ab-
sence in amphibolite facies schists, that contain abundant
detrital zircon and tourmaline with metamorphic over-
growths, suggests that both REE-phosphates were dis-
solved during prograde metamorphism. Similarly,
diagenetic and low-grade metamorphic xenotime and
low-grade metamorphic monazite, which are relatively
common in greenschist facies metapelitic rocks from else-
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where in the Mount Barren Group (Vallini et al., 2002,
2005; unpub. data), did not survive prograde amphibolite
facies metamorphism. Their absence suggests that diage-
netic and low-grade metamorphic phosphates were proba-
bly also destroyed during prograde metamorphism and
acted as potential sources of P and REE for intermediate
phases or amphibolite facies monazite and xenotime.
Whatever the sources of REE and P for monazite and
xenotime, it is clear that no single reaction amongst major
silicate phases controlled phosphate growth and that the
mechanisms are more varied and complex than often
envisaged.

6. Conclusions

The interpretation of monazite ages in metamorphic
belts requires careful documentation of textural informa-
tion and chemical and isotopic zonation. In the Mount
Barren Group, the growth of monazite crystals parallel to
deformational fabrics and mineral cleavages of post-tec-
tonic mica indicates that monazite growth probably
spanned peak deformation and peak metamorphism. In
situ U–Pb geochronology of monazite yields ages close to
1200 Ma, consistent with the results of Dawson et al.
(2003) and with the known geological history in the Alba-
ny–Fraser Orogen and the corresponding Wilkes Province
in Antarctica (Fitzsimons, 2003). This age for peak meta-
morphism is also supported by palaeomagnetic results for
the Mount Barren Group, nearby granulite-facies rocks
of the Albany–Fraser Orogen, and �1210 Ma mafic dykes
in the bordering craton. Our findings also suggest that
there is no foundation for a Stage III tectonic cycle at
�1030 Ma in the Albany–Fraser Orogen.

The �1200 Ma monazite date displays excess scatter
(MSWD = 1.8) and probably does not coincide with a spe-
cific metamorphic event, but rather, reflects the average of
two or more discrete populations. Element mapping of
monazite reveals the presence of distinct cores and rims,
which yield two ages: cores give an age of �1210 Ma,
whereas the rims give an age of �1185 Ma. Textural evi-
dence suggests that �1210 Ma coincides with prograde
metamorphism and deformation, whereas �1185 Ma cor-
responds with the thermal peak, which post-dated
deformation.

Low-Ca pelitic schists representing a broad range of
bulk compositions in AFM space all contain near-peak
metamorphic (�1200 Ma) monazite. These results indi-
cate that slight differences in whole-rock composition
do not control whether monazite forms in such rocks
during amphibolite facies metamorphism as proposed
by Fitzsimons et al. (2005). In addition, the reaction
involving garnet destruction and staurolite formation,
which was considered to be solely responsible for peak
metamorphic monazite growth, cannot explain the distri-
bution of monazite in the Mount Barren Group. Clearly,
other metamorphic reactions are responsible for mona-
zite growth.
In situ analysis of more than one hundred metamorphic
monazite and xenotime grains (Dawson et al., 2003; this
study) has provided no evidence for younger generations
of monazite in any of the rocks from the Mount Barren
Group. The absence of 1030–950 Ma-monazite in this
study, and the lack of any textural information or docu-
mented sample location for the 1030–950 Ma monazite,
makes it difficult to evaluate the significance of these youn-
ger dates. Irrespective of the origin of the monazite grains
dated by Fitzsimons et al. (2005), they clearly do not record
amphibolite facies metamorphism in the Mount Barren
Group, which occurred between �1210 Ma and
�1185 Ma.
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