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Abstract

U–Th–Pbtotal age determinations in monazite in a noritic
anorthosite at the margin of the Koraput anorthosite pluton
constrain the time of emplacement and sub-solidus chem-
ical modifications in the Grenvillian-age anorthosite pluton
in the Eastern Ghats Province (EGP), India. The monazites
hosted within dynamically recrystallized orthopyroxene and
plagioclase grains are large (50–500 μm in diameter) and
complexly zoned. Based on the textural–chemical hetero-
geneities, these monazites are classified into three groups.
Group-I monazites exhibit a low-ThO2 core mantled by a
high-ThO2 rim. By contrast, the group-II monazites exhibit
high-ThO2 cores laced by ThO2-poor mantles, and outer-
most rims with still lower ThO2 contents. Skeletal group-
III monazites at polygonized grain/phase boundaries ex-
hibit patchy and concentric zones with decreasing ThO2

towards the margin. The U–Th–Pbtotal chemical ages ob-
tained using electron probe microanalyses exhibit four age
clusters. The oldest age population (mean 939 ± 4.5 Ma) ob-
tained in cores in group-I, II and III monazites with patchy
zones corresponds with the emplacement of the Koraput
anorthosite, and this age population is consistent with 980–
930 Ma emplacement ages reported in other EGP anorthos-
ite massifs. Younger monazites mantling the cores in group-
II monazites and in group-III monazites with mean ages of
877 ± 5 Ma and 749 ± 18 Ma possibly reflect episodic mon-
azite growth by fluid-aided dissolution–precipitation cul-
minating with the disintegration of Rodinia at ∼750 Ma.
The youngest age population (mean 574 ± 19 Ma) in the
outermost monazite rims and monazite veins represents re-
newed monazite growth during the Pan African assembly
of the Grenvillian-age EGP domain with the proto-Indian
cratons.
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1. Introduction

Several unique features make monazite ((LREE)PO4) ideally
suited for dating multiple events in rocks that evolve over a
wide range of metamorphic and magmatic conditions. Fore-
most among these features is the high closure temperature
(≥750–800 °C) for Pb diffusion (Zhu et al. 1997; Zhu &
O’Nions, 1999a,b; Cherniak et al. 2004; Gardés et al. 2006)
in monazite that helps preserve magmatic and high-T meta-
morphic events in rocks. Second, monazite readily grows by
fluid-aided dissolution and reprecipitation over a large range
of temperatures, including temperatures prevailing at dia-
genetic conditions (Schärer et al. 1999; Rasmussen, Fletcher
& Sheppard, 2005; Rasmussen & Muhling, 2007; Rekha,
Bhattacharya & Viswanath, 2013), and therefore, monazite
dating is a vital tool for constraining the age of low-T pro-
cesses that may remain undetected by other dating tech-
niques.

Radiometric dating of anorthosite is difficult because
anorthosites lack minerals commonly used for age de-
terminations, such as zircon, rutile and titanite. Zircon
(ZrSiO4) is unlikely to crystallize in anorthosite owing to
the limited solubility of Zr in calc-alkaline magma (Wat-
son & Harrison, 1983), although zircon is known to oc-
cur as xenocrysts entrained following crustal assimilation
by anorthosite parent magma (Bhattacharya et al. 1998;
Lackey, Hinke & Valley, 2002; Nasipuri, Bhattacharya &
Satyanarayanan, 2011). On the other hand, rutile and ti-
tanite are lacking in anorthosite because with TiO2 be-
ing a plagioclase-incompatible element, titanium satura-
tion is rarely reached in anorthosite, although anorthos-
ite residual melts are known to be enriched in TiO2

(Bhattacharya et al. 1998 and references therein). Mon-
azites are also rare in anorthosite (Parrish, 1990). Chat-
terjee et al. (2008) reported Neoproterozoic/Pan African
monazites in a noritic anorthosite in Patharkata in the Bal-
ugaon anorthosite massif (Chilka Lake area; Fig. 1). In this
study, we present the results of in situ chemical age determ-
inations (Suzuki & Adachi, 1991a,b; Montel et al. 1996;
Williams et al. 2006; Spear, Pyle & Cherniak, 2009) in
polychronous monazites hosted within a noritic anorthos-
ite in the Koraput massif close to the western margin of
the Grenvillian-age granulites of the Eastern Ghats Province
(Dobmeier & Raith, 2003) in the Eastern Ghats Granulite
Belt (Fig. 1).
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Figure 1. (Colour online) Lithodemic subdivisions of the Eastern Ghats Granulite Belt (EGGB; Ramakrishnan, Nanda & Augustine,
1998). The locations of anorthosite plutons are shown with filled circles, and the inferred emplacement ages are indicated in boxes
(Leelanandam & Reddy, 1988; Nanda & Panda, 1999). The references to the emplacement age are keyed as superscripts against the
age data. Kalikot, Balugaon and Rambha are parts of the Chilka Lake anorthosite massif. Shear zones demarcating boundaries of
‘provinces’ are after Chetty & Murthy (1994).

2. Geological background

Ramakrishnan, Nanda & Augustine (1998) sub-divided
the Eastern Ghats Granulite Belt (EGGB) into four litho-
demic units, e.g. the Western Charnockite Zone (WCZ), the
Western Khondalite (garnet–sillimanite–K-feldspar–quartz)
Zone (WKZ), the Central Migmatite Zone (CMZ) and the
Eastern Khondalite Zone (EKZ) (Fig. 1). Rickers, Mezger
& Raith (2001) sub-divided the EGGB into different iso-
topic domains. Integrating the Nd isotopic character with the
deformation history and metamorphism, Dobmeier & Raith
(2003) suggested the EGGB was a mosaic of accreted ‘do-
mains’ and ‘provinces’ each having distinct tectonothermal
histories. The youngest of the provinces, the Eastern Ghats
Province (EGP), comprising isotopic Domains 2 and 3 of
Rickers, Mezger & Raith (2001), is exposed in the north-
central and south-central parts of the EGGB (Fig. 1).

The boundaries separating the provinces and the inter-
face between the provinces at the EGGB margin and the
Archaean cratons of Bastar in the west and Singhbhum
in the north are delineated by regional-scale ductile shear
zones (Chetty & Murthy, 1994, Fig. 1). The NNE-trending
Sileru Shear Zone (SSZ) (Dobmeier & Raith, 2003) de-
marcates the boundary between the WKZ and the WCZ
of Ramakrishnan, Nanda & Augustine (1998). A series

of alkaline plutons and anorthosite massifs (Fig. 1) oc-
cur in the neighbourhood of the SSZ (Dobmeier & Raith,
2003).

The high-grade gneisses, barring those in the WCZ, ex-
perienced Grenvillian-age (Rickers, Mezger & Raith, 2001)
high-T counter-clockwise P–T paths (Bose et al. 2011 and
references therein; Korhonen et al. 2011, 2013). The sim-
ilarity in metamorphic conditions in the EGP granulites
(Bose et al. 2011) and the Rayner Complex, Eastern Ant-
arctica (Harley, Fitzsimons & Zhao, 2013) led several re-
searchers to suggest the terrain boundary shear zone to be
the zone of accretion between the Bastar craton vis-à-vis
the cratonic nucleus of India and the EGP–Rayner Com-
plex composite (Chetty & Murthy, 1994; Gupta et al. 2000;
Dobmeier & Raith, 2003; Bhattacharya et al. 2016). How-
ever, the time of accretion of the EGP with the craton is
debated (Black et al. 1987; Shaw et al. 1997; Mezger &
Cosca, 1999; Halpin et al. 2005; Das et al. 2008; Har-
ley, Fitzsimons & Zhao, 2013). Based on the palaeogeo-
graphic reconstruction for India, Eastern Antarctica and
Australia, Torsvik (2013) argued that the Bastar craton–
EGP–Eastern Antarctica accretion to be Pan African in
age. A Pan African accretion of the EGP with the Bastar
craton during the final assembly of Gondwanaland has
been suggested by Biswal, De Waele & Ahuja (2007) and
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Figure 2. (Colour online) Geological map showing the Koraput anorthosite complex (modified after Bose, 1960), the southern part
of the Koraput alkaline complex (Hippe et al. 2015) and the trace of the Sileru Shear Zone (Chetty & Murthy, 1994). The location
of the monazite-bearing sample within the Koraput anorthosite complex is marked by a filled star. Chronological information for the
Koraput alkaline complex (Hippe et al. 2015) and Koraput anorthosite complex (this study) are provided for comparison.

Das et al. (2008), more recently by Bhattacharya et al.
(2016) and subsequently by Chatterjee et al. (2017). An-
other phase of mid-Neoproterozoic (800–750 Ma) high-
grade metamorphism is being increasingly recognized in
the EGP granulites, albeit in localized zones in and neigh-
bouring the Mahanadi Shear Zone (Veevers, 2007; Veevers
& Saeed, 2009; Bhattacharya et al. 2016) and near the
Chilka Lake Complex (Bose et al. 2016) along the north-
ern margin of the EGGB. This mid-Neoproterozoic (800–
750 Ma) event is correlated with a phase of extensional
tectonics related to the eventual break-up of Rodinia
(Torsvik, 2003).

In the Grenvillian-age EGP comprising the WKZ, CMZ
and EKZ, massif anorthosites occur at Chilka Lake (Sarkar,
Bhanumathi & Balasubrahmanyan, 1981; Bhattacharya,
Sen & Acharyya, 1994; Mukherjee, Jana & Das, 1999;
Krause et al. 2001; Dobmeier & Simmat, 2002; Chat-
terjee et al. 2008), Bolangir (Tak, Mitra & Chatterjee,
1966; Tak, 1971; Mukherjee, Bhattacharya & Chakra-
vorty, 1986; Raith, Bhattacharya & Hoernes, 1997; Bhat-
tacharya et al. 1998; Mukherjee, Jana & Das, 1999; Krause
et al. 2001; Prasad et al. 2005; Nasipuri & Bhattacharya,
2007; Nasipuri, Bhattacharya & Satyanarayanan, 2011; Na-
sipuri & Bhadra, 2013), Turkel (Maji, Bhattacharya &
Raith, 1997; Maji & Sarkar, 2004; Raith et al. 2014;
Dharma Rao, Santosh & Zhang, 2014a), Jugsaipatna (Ma-
hapatro, Nanda & Tripathy, 2010; Dharma Rao, San-
tosh & Zhang, 2014b), Koraput (Bose, 1960, 1979) and
Udaigiri (Mahapatro et al. 2013). The central parts of the
plutons are dominated by anorthosite, whereas leuconor-
ite and noritic anorthosite dominate the pluton margins.

Pods of ultramafic cumulate and veins of high-alumina-
gabbro are reported in the Bolangir pluton (Bhattacharya
et al. 1998) and the Koraput anorthosite complex (Bose,
1960). The plutons are bordered by blastoporphyritic gran-
itoids that are mangerite, charnockite and granite in com-
position. Fe-rich, Si-poor ferrodiorite (also referred to as
ferrojotunite) enriched in plagioclase-incompatible high-
field strength elements such as Zr, Ti, Th, P and rare
earth elements (REEs) occurs as sheets and veins neigh-
bouring or at the pluton–granitoid interface (Bose, 1960;
Maji, Bhattacharya & Raith, 1997; Bhattacharya et al.
1998; Chatterjee et al. 2008; Nasipuri, Bhattacharya &
Satyanarayanan, 2011). Along the margin of the pluton,
the low-K anorthosite–ferrodiorite and high-K mangerite–
charnockite–granite suites are characterized by a prom-
inent margin-parallel foliation defined by biotite and dy-
namically recrystallized orthopyroxene that weakens radi-
ally from the pluton margin (Nasipuri & Bhattacharya,
2007).

Barring the 1387 Ma age for the Chilka Lake pluton
obtained using whole-rock 87Rb–87Sr in anorthos-
ite and bordering granitoids (Sarkar, Bhanumathi &
Balasubrahmanyan, 1981), more recent age determinations
in the EGP anorthosites are based on U–Pb and Pb–Pb
radiogenic isotope systematic and chemical U–Th–Pbtotal

dating in zircons and monazites in high-K granitoids
(bordering anorthosite plutons) that are assumed contem-
poraneous with the low-K anorthosite–leuconorite suite,
and also in ferrodiorites deemed to be co-magmatic with
the anorthosite suite (Bhattacharya et al. 1998). Krause
et al. (2001) determined an age of 792 ± 2 Ma from U–Pb
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Figure 3. (Colour online) Field photographs of the Koraput anorthosite complex. (a) Bimodal grain size population among plagioclase
in the Koraput anorthosite, e.g. relics of grey-coloured magmatic plagioclase (outlined by a white line) embedded in a finer-grained
sugary mosaic of recrystallized plagioclase. (b) Lack of penetrative planar fabric in leuconorite in the pluton interior. (c, d) Biotite
aggregates defining margin-parallel foliation (M–M′) in noritic anorthosite. Coin diameter is 2.3 cm. Length of hammer is 40 cm.

Figure 4. (Colour online) Microphotographs of (a) relics of igneous feldspar in a matrix of finer-grained aggregates of polygonized
plagioclase showing undulatory extinction, and (b) undulose extinction and sub-grain formation in magmatic orthopyroxene grains
(XMg = 0.50). Biotite is replacing orthopyroxene along the periphery in (b).

(zircon) in ferrodiorite in the Balugaon massif. Chatterjee
et al. (2008) estimated the crystallization age (U–Pb zircon)
in noritic anorthosite from the Balugaon pluton in the
Chilka Lake Complex to be 983 ± 3 Ma; the U–Th–Pb
chemical ages in monazites yielded two age populations
at 714 ± 11 Ma and 655 ± 12 Ma. In the Bolangir pluton,
U–Pb zircon isotope ratios in ferrodiorite are discord-
ant, with a U–Pb upper intercept age at 933 ± 32 Ma,
and a lower intercept age of 515 ± 20 Ma (Krause et al.
2001) coinciding with near-concordant U–Pb titanite in

calc-silicate rocks at the pluton margin (Mezger & Cosca,
1999). Based on U–Pb analysis of zircon from different
magmatic units in the Turkel anorthosite complex, Raith
et al. (2014) suggested the leuconorite–anorthosite unit
at Turkel was emplaced at 980 ± 8 Ma followed by the
crystallization of quartz monzonite and ferrodiorite at
956 ± 6 Ma and 945 ± 5 Ma. Pb–Pb zircon ages in the Jug-
saipatna anorthosite complex yielded crystallization ages
between 918 ± 33 Ma and 928 ± 35 Ma for two leucon-
orite samples, 984 ± 10 Ma and 969 ± 12 Ma for gabbros
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Figure 5 (Colour online) (a) BSE images showing textural settings of monazite-dated grains and (b) ThO2 X-ray element maps. The
analysed ThO2 contents in weight per cent are shown for reference.

bordering the pluton, and 996 ± 11 Ma, 964 ± 29 Ma and
957 ± 17 Ma for porphyritic granites (Dharma Rao, Santosh
& Zhang, 2014b). The data suggest anorthosite magmat-
ism and high-T metamorphism in the EGP was broadly
contemporaneous.

3. The Koraput anorthosite pluton

The NNE-trending anorthosite pluton at Koraput, Orissa
(Bose, 1960; Fig. 2) hosted within the WKZ (garnet-
sillimanite gneisses) is the smallest (long axis is 3 km)

among the anorthosite plutons in the EGP. Owing to ex-
tensive soil cover and human settlements, the pluton is
now poorly exposed. An examination of scattered out-
crops E/NE of Koraput suggests the complex is dominated
by anorthosite sensu stricto, with noritic anorthosite,
and diorite/ferrodiorite common along the eastern mar-
gin. The anorthosite/noritic anorthosite exhibits bimodal
grain-size populations with anhedral grey-coloured mag-
matic plagioclase grains (up to 2 cm long) embedded
in a sugary-white mosaic of finer-grained polygon-
ized plagioclase (Fig. 3a). Both the magmatic and the
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Figure 5 (Continued) (Colour online). (c) BSE images of monazite grains. Monazite spot ages are shown. In the monazite grains i
and ii, the cores have low ThO2 contents, while the brighter margins have higher ThO2 contents. Monazite grains iii and iv with bright
ThO2-rich cores are mantled by progressively ThO2-poorer mantles. Concentric zoning is preserved in the high-ThO2 core and in the
intermediate-ThO2 mantle (grain iii). Monazite grains in the matrix exhibit patchy (v, vi) and concentric zoning (vii).

polygonized plagioclases are andesine in composition
(38–42 mol. % anorthite), and exhibit strain wavy extinction
and cuspate-lobate grain boundaries (Fig. 4a). Dynamically
recrystallized orthopyroxene grains typically 2–3 mm long
display undulatory extinction and kink bands (Fig. 4b).
Relics of magmatic plagioclase grains are fewer and smaller
in the east, and intergranular textures, common in the west
(Fig. 3b), are strongly deformed towards the east. The
eastward increase in deformation strain is consistent with
the development of an outward-dipping penetrative tectonic
fabric mostly defined by biotite (Fig. 3c, d). The biotite
aggregates partially replace dynamically recrystallized
orthopyroxene (Fig. 4b), and also occur as discrete grains in
the polygonized mosaic of plagioclase.

4. Mineral chemistry of monazite

Monazite grains were analysed using a CAMECA SX-100
Electron Probe Micro Analyser (EPMA) at the Department
of Geology and Geophysics, Indian Institute of Technology
Kharagpur, India. The analytical protocols and data reduc-
tion techniques are adopted from Prabhakar (2013), and only
a brief outline is provided here. During analysis, the acceler-
ating voltage was 20 kV, beam current 150 nA, and beam size
was 1.0 μm diameter. The following standards were used:
galena for Pb, UO2 for U, ThO2 for Th, synthetic silica-
aluminium glass containing 4 % REEs for La, Ce, Nd, Pr,
Sm, Ho, Dy and Gd, and apatite for P and Ca; yttrium-
aluminium garnet (YAG) was used for Y, corundum for Al,
haematite for Fe and Th-glass for Si (silica). Counting time
for Th (Mα), U (Mβ) and Pb (Mα) was set between 200 and

300 seconds, and 40–60 seconds for REEs. The spectral in-
terferences of Th on U and Y on Pb were corrected using
the inbuilt analytical software of the Cameca SX-100. The
chemical composition of the spot analysis was translated to
spot age by the expression following Montel et al. (1996):

Pb = T h
232

[eλ232t − 1]208 + U
238

0.9928[eλ238t − 1]206

+ U
235

0.0072[eλ235t − 1]207 (1)

The U, Th and Pb concentrations are in parts per million
(ppm), t represents age in years and λ238 and λ235 are decay
constants for Th232 (4.95 × 10−11 year−1), U238 (1.55 × 10−10

year−1) and U235 (9.85 × 10−10 year−1) (Steiger & Jäger,
1977). The equation is solved iteratively to obtain the spot
ages. The Moacyr monazite standard was analysed simul-
taneously to control the consistency of the spot analysis
(Prabhakar, 2013).

Monazite occurs as inclusions within dynamically re-
crystallized orthopyroxene and as discrete grains within
the polygonized plagioclase matrix (Fig. 5a). ThO2 con-
tents in the Koraput monazites vary between 4.4 and
30.8 wt % for all grains taken together (Fig. 5; Table 1).
Based on the shades in the BSE (back-scattered electron)
images, orthopyroxene-hosted monazite grains are divided
into two broad groups (Fig. 5b, c). In group-I grains (dia-
meter up to 500 μm), the ThO2-poor (8.79–10.28 wt %) dark
core is mantled by a 10–20 μm wide ThO2-rich (9.71–
14.28 wt %) bright rim (grains i, ii in Fig. 5b, c) resem-
bling normal zones in concentrically zoned monazites (c.f.
Zhu & O’Nions, 1999b; Majka et al. 2012). The group-II
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Table 1. Electron probe microanalytical data, structural formulae (based on 4 oxygens per formula unit), spot ages and 2σ errors (in Ma), error % (= 100 (error)/(absolute age)) and mole fractions of La–Ce–Nd
monazite, cheralite and huttonite end-members in monazites in the Koraput noritic anorthosite

Group-I monazite

Grain i Grain ii

rim rim rim core core core core rim rim rim rim rim rim rim rim core core

P2O5 27.40 27.80 27.46 29.30 29.81 28.57 28.70 P2O5 27.05 27.15 27.12 27.70 27.43 27.31 27.50 26.99 29.22 29.10
SiO2 2.21 2.15 2.11 0.99 0.75 1.32 1.33 SiO2 2.14 2.26 2.29 2.12 2.19 2.18 2.18 2.41 1.15 1.17
ThO2 13.20 12.12 13.55 10.30 8.80 10.23 10.40 ThO2 10.39 11.01 10.84 12.38 12.75 12.72 12.68 15.15 10.31 10.04
UO2 0.12 0.12 0.12 0.12 0.14 0.10 0.10 UO2 0.09 0.10 0.10 0.12 0.10 0.10 0.12 0.11 0.12 0.10
Al2O3 0.04 0.03 0.05 0.04 0.03 0.03 0.04 Al2O3 0.04 0.04 0.04 0.05 0.04 0.05 0.05 0.05 0.04 0.02
Y2O3 0.06 0.15 0.09 0.27 0.30 0.29 0.24 Y2O3 0.15 0.14 0.11 0.10 0.09 0.07 0.08 0.09 0.18 0.12
La2O3 13.90 13.80 13.32 13.80 14.23 14.46 14.60 La2O3 13.93 14.02 14.20 14.19 14.14 14.33 14.25 13.71 13.73 14.09
Ce2O3 27.70 28.09 27.26 27.50 27.89 27.56 27.60 Ce2O3 27.99 28.26 28.10 27.72 27.61 27.46 27.55 26.13 27.69 27.92
Pr2O3 2.78 2.97 2.79 2.82 2.85 2.82 2.85 Pr2O3 2.91 2.89 2.88 2.83 2.77 2.80 2.73 2.52 2.92 2.89
Nd2O3 10.30 10.69 10.06 10.60 10.46 10.27 10.30 Nd2O3 11.40 11.55 11.42 10.62 10.50 10.24 10.41 9.89 11.36 11.25
Gd2O3 0.46 0.61 0.43 0.79 0.87 0.72 0.58 Gd2O3 0.64 0.54 0.48 0.51 0.43 0.43 0.42 0.44 0.64 0.51
Dy2O3 0.09 0.10 0.08 0.12 0.18 0.12 0.14 Dy2O3 0.03 0.05 0.07 0.04 0.07 0.06 0.07 0.07 0.05 0.05
Sm2O3 1.20 1.35 1.18 1.46 1.58 1.32 1.28 Sm2O3 1.29 1.29 1.26 1.06 1.06 1.09 0.99 1.08 1.37 1.29
Eu2O3 0.06 0.11 0.10 0.09 0.05 0.07 0.06 Eu2O3 0.13 0.06 0.10 0.00 0.03 0.05 0.08 0.07 0.07 0.15
CaO 1.10 0.90 1.26 1.59 1.55 1.30 1.32 CaO 0.52 0.62 0.64 1.01 1.02 1.03 1.03 1.31 1.47 1.38
PbO 0.55 0.49 0.57 0.45 0.39 0.44 0.45 PbO 0.26 0.28 0.28 0.48 0.52 0.52 0.53 0.59 0.44 0.42
Total 101.0 101.4 100.0 100.0 99.8 99.6 100.0 Total 98.89 100.18 99.87 100.85 100.70 100.38 100.60 100.50 100.70 100.40
Age (Ma) 938 918 952 974 975 962 968 Age (Ma) 573 571 579 869 921 924 942 887 964 936
2σ err 36 37 35 42 47 42 42 2σ err 33 32 32 36 36 36 37 32 42 42
Error% 3.84 4.03 3.68 4.31 4.82 4.37 4.34 Error% 5.76 5.60 5.53 4.14 3.91 3.90 3.93 3.61 4.36 4.49

Cations

P 0.901 0.906 0.906 0.951 0.964 0.938 0.938 P 0.905 0.899 0.899 0.908 0.904 0.903 0.906 0.896 0.945 0.945
Si 0.086 0.083 0.082 0.038 0.029 0.051 0.051 Si 0.084 0.088 0.089 0.082 0.085 0.085 0.085 0.094 0.044 0.045
Th 0.116 0.106 0.120 0.090 0.076 0.090 0.092 Th 0.093 0.098 0.097 0.109 0.113 0.113 0.112 0.135 0.090 0.088
U 0.001 0.001 0.001 0.001 0.001 0.001 0.001 U 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Al 0.002 0.002 0.002 0.002 0.001 0.001 0.002 Al 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001
Y 0.001 0.003 0.002 0.005 0.006 0.006 0.005 Y 0.003 0.003 0.002 0.002 0.002 0.001 0.002 0.002 0.004 0.002
La 0.200 0.196 0.192 0.195 0.200 0.207 0.208 La 0.203 0.202 0.205 0.203 0.203 0.206 0.204 0.198 0.193 0.199
Ce 0.393 0.396 0.389 0.387 0.390 0.391 0.390 Ce 0.405 0.405 0.403 0.393 0.393 0.392 0.392 0.375 0.387 0.392
Pr 0.097 0.102 0.098 0.097 0.098 0.098 0.098 Pr 0.103 0.101 0.101 0.098 0.096 0.098 0.095 0.089 0.100 0.099
Nd 0.143 0.147 0.140 0.145 0.143 0.142 0.142 Nd 0.161 0.161 0.160 0.147 0.146 0.143 0.145 0.138 0.155 0.154
Gd 0.006 0.008 0.006 0.010 0.011 0.009 0.007 Gd 0.008 0.007 0.006 0.007 0.006 0.006 0.005 0.006 0.008 0.006
Dy 0.001 0.001 0.001 0.001 0.002 0.001 0.002 Dy 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Sm 0.016 0.018 0.016 0.019 0.021 0.018 0.017 Sm 0.018 0.017 0.017 0.014 0.014 0.015 0.013 0.015 0.018 0.017
Eu 0.001 0.001 0.001 0.001 0.001 0.001 0.001 Eu 0.002 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.002
Ca 0.046 0.037 0.052 0.065 0.063 0.054 0.055 Ca 0.022 0.026 0.027 0.042 0.043 0.043 0.043 0.055 0.060 0.057
Pb 0.006 0.005 0.006 0.005 0.004 0.005 0.005 Pb 0.003 0.003 0.003 0.005 0.005 0.005 0.006 0.006 0.005 0.004
Total 2.015 2.013 2.014 2.013 2.011 2.014 2.013 Total 2.012 2.015 2.015 2.013 2.014 2.015 2.013 2.013 2.013 2.013
X Hutt. 0.075 0.074 0.073 0.029 0.018 0.041 0.042 X Hutt. 0.073 0.074 0.072 0.072 0.075 0.074 0.074 0.086 0.034 0.035
X Cher. 0.089 0.072 0.103 0.128 0.125 0.106 0.107 X Cher. 0.043 0.051 0.052 0.082 0.083 0.084 0.084 0.107 0.118 0.111
X Mon. 0.836 0.854 0.824 0.843 0.857 0.854 0.852 X Mon. 0.884 0.875 0.876 0.846 0.842 0.841 0.841 0.807 0.848 0.854
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Table 1. Continued

Group-II monazite

Grain iii

core core core core rim rim rim rim rim rim rim rim rim rim rim rim rim

P2O5 22.20 25.46 24.78 26.02 26.52 28.41 27.93 28.20 25.97 26.93 26.61 26.51 27.98 27.53 28.10 27.28 29.31
SiO2 5.02 2.98 3.31 2.56 2.65 1.58 1.72 1.36 1.90 2.54 2.50 2.61 1.63 1.84 1.70 2.11 0.99
ThO2 27.34 16.73 18.28 14.73 14.49 9.50 10.07 7.35 10.50 14.36 13.58 14.17 9.62 10.58 10.09 11.96 5.25
UO2 0.14 0.12 0.13 0.13 0.12 0.11 0.12 0.09 0.10 0.14 0.11 0.14 0.10 0.12 0.10 0.10 0.07
Al2O3 0.09 0.06 0.06 0.05 0.05 0.03 0.05 0.02 0.04 0.05 0.03 0.04 0.04 0.03 0.04 0.03 0.01
Y2O3 0.08 0.07 0.08 0.06 0.15 0.09 0.12 0.15 0.14 0.16 0.16 0.16 0.08 0.08 0.08 0.09 0.17
La2O3 10.81 13.51 12.98 13.82 12.63 14.34 14.63 14.81 14.41 12.45 12.60 12.33 14.19 14.17 13.98 13.41 14.79
Ce2O3 20.65 25.63 24.86 26.73 26.45 29.17 28.84 30.00 28.39 25.30 25.92 25.69 28.08 27.40 27.55 26.90 30.83
Pr2O3 2.16 2.66 2.53 2.76 2.79 3.00 2.98 3.14 2.92 2.90 2.90 2.90 3.07 2.88 2.97 2.92 3.26
Nd2O3 7.34 8.80 8.58 9.23 10.41 10.50 10.10 11.21 10.36 9.96 10.34 10.46 10.14 9.80 10.31 9.89 11.90
Gd2O3 0.48 0.49 0.43 0.51 0.67 0.58 0.66 0.66 0.60 0.70 0.67 0.71 0.61 0.49 0.60 0.61 0.73
Dy2O3 0.12 0.06 0.10 0.02 0.09 0.05 0.07 0.10 0.09 0.08 0.08 0.08 0.04 0.05 0.05 0.06 0.09
Sm2O3 0.96 1.08 1.03 1.15 1.49 1.43 1.31 1.53 1.33 1.43 1.51 1.45 1.32 1.26 1.34 1.33 1.69
Eu2O3 0.00 0.00 0.00 0.00 0.11 0.04 0.00 0.07 0.00 0.01 0.06 0.11 0.02 0.00 0.05 0.05 0.11
CaO 1.47 1.09 1.12 0.99 0.90 0.76 0.79 0.53 0.76 0.87 0.84 0.86 0.79 0.80 0.79 0.84 0.48
PbO 1.12 0.68 0.76 0.60 0.48 0.36 0.40 0.24 0.34 0.45 0.44 0.45 0.37 0.41 0.38 0.47 0.17
Total 99.92 99.36 98.98 99.29 99.92 99.88 99.71 99.39 97.76 98.26 98.26 98.61 97.99 97.35 98.07 97.97 99.76
Age (Ma) 937 926 938 922 760 852 892 718 728 714 734 726 865 864 856 884 713
Age err 19 25 24 27 25 36 35 42 32 25 26 25 36 34 35 31 56
Error% 2.03 2.70 2.56 2.93 3.29 4.23 3.92 5.85 4.40 3.50 3.54 3.44 4.16 3.94 4.09 3.51 7.85

Cations

P 0.794 0.885 0.870 0.901 0.908 0.955 0.945 0.956 0.914 0.926 0.920 0.915 0.956 0.948 0.957 0.938 0.979
Si 0.212 0.123 0.137 0.105 0.107 0.063 0.069 0.055 0.079 0.103 0.102 0.106 0.066 0.075 0.068 0.086 0.039
Th 0.263 0.156 0.172 0.137 0.133 0.086 0.092 0.067 0.099 0.133 0.126 0.131 0.088 0.098 0.092 0.111 0.047
U 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Al 0.004 0.003 0.003 0.003 0.003 0.001 0.002 0.001 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.001 0.001
Y 0.002 0.002 0.002 0.001 0.003 0.002 0.002 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.004
La 0.168 0.205 0.199 0.209 0.188 0.210 0.216 0.219 0.221 0.186 0.190 0.185 0.211 0.213 0.207 0.201 0.215
Ce 0.319 0.385 0.378 0.400 0.392 0.424 0.422 0.440 0.432 0.376 0.387 0.383 0.415 0.408 0.406 0.400 0.445
Pr 0.033 0.040 0.038 0.041 0.041 0.043 0.043 0.046 0.044 0.043 0.043 0.043 0.045 0.043 0.044 0.043 0.047
Nd 0.111 0.129 0.127 0.135 0.150 0.149 0.144 0.160 0.154 0.144 0.151 0.152 0.146 0.142 0.148 0.144 0.168
Gd 0.007 0.007 0.006 0.007 0.009 0.008 0.009 0.009 0.008 0.009 0.009 0.010 0.008 0.007 0.008 0.008 0.009
Dy 0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Sm 0.014 0.015 0.015 0.016 0.021 0.020 0.018 0.021 0.019 0.020 0.021 0.020 0.018 0.018 0.019 0.019 0.023
Eu 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.002 0.000 0.000 0.001 0.001 0.001
Ca 0.066 0.048 0.050 0.043 0.039 0.032 0.034 0.023 0.034 0.038 0.037 0.038 0.034 0.035 0.034 0.037 0.020
Pb 0.013 0.008 0.008 0.007 0.005 0.004 0.004 0.003 0.004 0.005 0.005 0.005 0.004 0.004 0.004 0.005 0.002
Total 2.010 2.007 2.007 2.007 2.003 1.999 2.002 2.004 2.016 1.992 1.998 1.999 1.997 1.995 1.994 1.996 2.001
X Hutt. 0.211 0.118 0.133 0.102 0.102 0.059 0.064 0.048 0.069 0.105 0.097 0.102 0.061 0.071 0.066 0.082 0.030
X Cher. 0.133 0.096 0.100 0.087 0.079 0.066 0.069 0.046 0.066 0.079 0.076 0.077 0.070 0.072 0.070 0.075 0.041
X Mon. 0.656 0.786 0.768 0.811 0.819 0.874 0.867 0.906 0.865 0.816 0.827 0.820 0.869 0.858 0.864 0.842 0.929
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Table 1. Continued

Grain iv

rim rim rim rim rim core core core core core core core core core core

P2O5 27.31 27.69 29.80 29.55 28.29 22.92 22.38 21.71 29.80 26.04 23.43 21.92 21.65 24.84 25.35
SiO2 2.53 2.22 0.93 0.93 1.27 4.19 5.42 5.80 1.07 3.19 4.61 5.56 5.58 3.89 3.66
ThO2 14.23 12.50 4.39 4.60 6.64 20.07 29.16 30.76 10.07 20.76 26.37 29.26 28.79 23.80 22.87
UO2 0.11 0.11 0.06 0.06 0.09 0.11 0.11 0.10 0.09 0.08 0.12 0.10 0.11 0.12 0.11
Al2O3 0.05 0.04 0.01 0.01 0.02 0.13 0.09 0.10 0.04 0.07 0.08 0.10 0.11 0.08 0.08
Y2O3 0.09 0.08 0.12 0.12 0.12 0.09 0.10 0.08 0.14 0.17 0.13 0.09 0.08 0.14 0.15
La2O3 13.67 14.04 15.04 14.92 14.76 11.64 10.11 9.73 13.48 11.32 10.42 9.99 10.21 10.89 11.14
Ce2O3 27.16 28.00 31.66 31.53 30.47 23.56 20.19 19.37 28.08 23.34 20.99 19.93 20.28 22.13 22.63
Pr2O3 2.77 2.84 3.21 3.15 3.13 2.40 2.11 2.01 2.81 2.40 2.21 2.19 2.10 2.33 2.32
Nd2O3 9.80 10.28 12.41 12.01 11.43 8.88 7.60 7.23 10.84 8.90 7.87 7.29 7.52 8.42 8.49
Gd2O3 0.45 0.51 0.60 0.67 0.60 0.34 0.35 0.44 0.58 0.57 0.39 0.43 0.38 0.44 0.42
Dy2O3 0.03 0.04 0.06 0.09 0.03 0.07 0.07 0.06 0.05 0.07 0.09 0.04 0.07 0.07 0.10
Sm2O3 1.09 1.15 1.38 1.38 1.36 1.02 0.87 0.81 1.39 1.00 0.90 0.86 0.81 1.01 1.05
Eu2O3 0.03 0.07 0.11 0.17 0.10 0.05 0.02 0.05 0.05 0.05 0.00 0.01 0.02 0.05 0.09
CaO 0.98 0.89 0.41 0.44 0.61 1.26 1.50 1.52 1.47 1.81 1.71 1.53 1.59 1.81 1.82
PbO 0.60 0.53 0.15 0.15 0.21 0.75 1.22 1.27 0.44 0.86 1.09 1.20 1.15 1.00 0.96
Total 100.83 100.93 100.26 99.69 99.05 97.43 101.20 101.00 100.30 100.58 100.40 100.45 100.40 100.98 101.20
Age (Ma) 954 953 756 735 710 860 963 952 981 955 943 946 915 957 962
2σ err 35 38 69 66 49 28 26 26 43 29 27 26 25 28 29
Error% 3.669 3.987 9.127 8.98 6.901 3.256 2.700 2.731 4.383 3.037 2.863 2.748 2.732 2.926 3.015

Cations

P 0.898 0.907 0.958 0.957 0.934 0.808 0.774 0.757 0.959 0.870 0.806 0.765 0.758 0.838 0.850
Si 0.098 0.086 0.035 0.035 0.049 0.175 0.221 0.239 0.041 0.126 0.187 0.229 0.231 0.155 0.145
Th 0.126 0.110 0.038 0.040 0.059 0.190 0.271 0.288 0.087 0.186 0.244 0.274 0.271 0.216 0.206
U 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Al 0.002 0.002 0.000 0.000 0.001 0.007 0.004 0.005 0.002 0.003 0.004 0.005 0.005 0.004 0.004
Y 0.002 0.002 0.002 0.003 0.003 0.002 0.002 0.002 0.003 0.003 0.003 0.002 0.002 0.003 0.003
La 0.196 0.200 0.211 0.211 0.212 0.179 0.152 0.148 0.189 0.165 0.156 0.152 0.156 0.160 0.163
Ce 0.386 0.397 0.440 0.442 0.435 0.359 0.302 0.292 0.391 0.337 0.312 0.301 0.307 0.323 0.328
Pr 0.096 0.098 0.109 0.108 0.109 0.09 0.077 0.074 0.096 0.085 0.080 0.081 0.078 0.083 0.082
Nd 0.136 0.142 0.168 0.164 0.159 0.132 0.111 0.106 0.147 0.125 0.114 0.107 0.111 0.120 0.120
Gd 0.006 0.007 0.008 0.008 0.008 0.005 0.005 0.006 0.007 0.007 0.005 0.006 0.005 0.006 0.005
Dy 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001
Sm 0.015 0.015 0.018 0.018 0.018 0.015 0.012 0.011 0.018 0.014 0.013 0.012 0.012 0.014 0.014
Eu 0.000 0.001 0.001 0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.001
Ca 0.041 0.037 0.017 0.018 0.025 0.056 0.065 0.067 0.060 0.076 0.075 0.068 0.070 0.077 0.077
Pb 0.006 0.005 0.002 0.002 0.002 0.008 0.013 0.014 0.004 0.009 0.012 0.013 0.013 0.011 0.010
Total 2.009 2.010 2.009 2.010 2.017 2.028 2.013 2.013 2.006 2.011 2.014 2.016 2.021 2.013 2.012
X Hutt. 0.091 0.078 0.023 0.023 0.035 0.138 0.217 0.234 0.032 0.119 0.179 0.217 0.209 0.148 0.138
X Cher. 0.081 0.073 0.033 0.036 0.049 0.109 0.129 0.133 0.119 0.151 0.147 0.133 0.137 0.152 0.153
X Mon. 0.828 0.849 0.944 0.941 0.915 0.754 0.654 0.634 0.848 0.730 0.674 0.650 0.654 0.700 0.709
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Table 1. Continued

Group-III monazite

Grain v

rim rim rim rim core core core core core core core core core core core core core

P2O5 26.98 27.42 27.74 27.46 23.47 24.28 23.66 26.14 27.00 26.65 27.11 28.65 26.77 27.32 26.43 26.71 28.99
SiO2 2.32 2.20 1.96 2.16 4.51 3.93 4.40 2.74 2.21 2.52 2.10 1.16 2.40 2.03 2.37 2.61 1.23
ThO2 11.59 12.13 10.91 12.14 25.08 22.56 24.38 16.16 12.74 15.06 11.61 10.67 13.15 11.67 13.34 15.51 10.29
UO2 0.10 0.11 0.11 0.11 0.10 0.11 0.11 0.10 0.11 0.11 0.12 0.12 0.11 0.10 0.11 0.11 0.08
Al2O3 0.04 0.05 0.03 0.05 0.10 0.07 0.08 0.05 0.04 0.05 0.04 0.04 0.05 0.05 0.04 0.06 0.04
Y2O3 0.20 0.17 0.15 0.17 0.08 0.09 0.11 0.08 0.08 0.08 0.16 0.35 0.14 0.16 0.15 0.05 0.25
La2O3 13.22 13.60 13.91 13.51 11.33 11.91 11.33 13.46 14.05 13.61 13.36 13.88 13.26 13.38 12.96 13.60 14.29
Ce2O3 27.89 27.58 28.18 27.52 21.82 22.93 22.09 26.02 27.49 26.49 27.45 27.04 27.07 27.97 27.03 25.89 27.66
Pr2O3 3.05 2.89 2.76 2.87 2.30 2.37 2.31 2.65 2.78 2.68 2.87 2.87 2.90 2.90 2.69 2.68 2.82
Nd2O3 11.42 11.52 11.59 11.37 8.00 8.19 8.10 9.33 10.08 9.61 10.80 10.15 10.67 11.72 11.24 9.74 11.02
Gd2O3 0.73 0.56 0.57 0.49 0.45 0.49 0.45 0.39 0.51 0.49 0.64 0.74 0.62 0.49 0.54 0.47 0.61
Dy2O3 0.13 0.06 0.09 0.08 0.07 0.07 0.13 0.07 0.08 0.02 0.06 0.15 0.10 0.09 0.05 0.08 0.08
Sm2O3 1.52 1.37 1.29 1.35 0.94 0.98 0.89 1.07 1.19 1.08 1.41 1.41 1.34 1.33 1.23 1.03 1.31
Eu2O3 0.18 0.10 0.07 0.11 0.06 0.03 0.05 0.11 0.04 0.13 0.12 0.11 0.12 0.07 0.02 0.00 0.00
CaO 0.59 0.86 0.83 0.87 1.60 1.56 1.56 1.26 1.02 1.22 0.86 1.53 0.86 0.83 0.87 1.23 1.35
PbO 0.42 0.41 0.36 0.42 1.03 0.93 0.97 0.63 0.52 0.62 0.39 0.46 0.43 0.39 0.41 0.59 0.43
Total 100.31 100.95 100.49 100.60 100.86 100.44 100.56 100.19 99.89 100.33 99.01 99.26 99.93 100.43 99.44 100.30 100.37
Age (Ma) 830 770 753 779 938 944 911 890 923 932 753 954 746 750 705 870 952
2σ err 36 34 36 34 27 28 27 31 36 33 35 41 32 34 31 32 41
Error% 4.337 4.416 4.781 4.365 2.878 2.966 2.964 3.483 3.9 3.541 4.648 4.298 4.29 4.533 4.397 3.678 4.307

Cations

P 0.894 0.901 0.913 0.904 0.805 0.829 0.811 0.877 0.899 0.888 0.906 0.942 0.892 0.903 0.89 0.888 0.943
Si 0.091 0.085 0.076 0.084 0.183 0.158 0.178 0.109 0.087 0.099 0.083 0.045 0.095 0.079 0.094 0.102 0.047
Th 0.103 0.107 0.096 0.107 0.231 0.207 0.225 0.146 0.114 0.135 0.104 0.094 0.118 0.104 0.121 0.139 0.09
U 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Al 0.002 0.002 0.002 0.002 0.005 0.003 0.004 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.002
Y 0.004 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.007 0.003 0.003 0.003 0.001 0.005
La 0.191 0.195 0.199 0.194 0.169 0.177 0.169 0.197 0.204 0.198 0.194 0.199 0.192 0.193 0.190 0.197 0.202
Ce 0.400 0.392 0.401 0.392 0.324 0.338 0.328 0.377 0.396 0.382 0.397 0.384 0.390 0.400 0.393 0.372 0.389
Pr 0.107 0.101 0.096 0.100 0.083 0.086 0.084 0.094 0.098 0.094 0.101 0.100 0.102 0.102 0.096 0.094 0.097
Nd 0.160 0.160 0.161 0.158 0.116 0.118 0.117 0.132 0.141 0.135 0.152 0.141 0.150 0.164 0.160 0.137 0.151
Gd 0.009 0.007 0.007 0.006 0.006 0.007 0.006 0.005 0.007 0.006 0.008 0.010 0.008 0.006 0.007 0.006 0.008
Dy 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.000 0.001 0.002 0.001 0.001 0.001 0.001 0.001
Sm 0.021 0.018 0.017 0.018 0.013 0.014 0.012 0.015 0.016 0.015 0.019 0.019 0.018 0.018 0.017 0.014 0.017
Eu 0.002 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.000 0.000 0.000
Ca 0.025 0.036 0.034 0.036 0.069 0.067 0.068 0.054 0.043 0.051 0.036 0.064 0.036 0.035 0.037 0.052 0.055
Pb 0.004 0.004 0.004 0.004 0.011 0.010 0.011 0.007 0.006 0.007 0.004 0.005 0.005 0.004 0.004 0.006 0.004
Total 2.015 2.015 2.013 2.013 2.019 2.018 2.018 2.017 2.017 2.016 2.014 2.015 2.015 2.016 2.016 2.013 2.012
X Hutt. 0.082 0.075 0.065 0.075 0.169 0.147 0.165 0.097 0.075 0.088 0.071 0.035 0.085 0.072 0.086 0.092 0.039
X Cher. 0.048 0.070 0.067 0.070 0.135 0.131 0.132 0.104 0.083 0.100 0.071 0.124 0.071 0.067 0.072 0.102 0.108
X Mon. 0.870 0.856 0.867 0.855 0.696 0.722 0.703 0.799 0.841 0.811 0.858 0.840 0.845 0.861 0.842 0.806 0.853
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Table 1. Continued

Grain vi Grain vii

rim rim core core core core core rim rim rim core core

P2O5 27.52 27.39 29.26 28.15 29.66 27.10 29.28 P2O5 28.42 28.96 29.16 28.20 29.00
SiO2 2.12 2.16 1.14 1.64 0.95 2.37 1.11 SiO2 1.29 1.10 1.11 1.68 1.78
ThO2 10.88 11.03 9.96 12.89 9.88 12.11 10.43 ThO2 6.33 5.89 6.01 9.32 10.47
UO2 0.11 0.08 0.08 0.09 0.08 0.10 0.10 UO2 0.09 0.08 0.07 0.08 0.13
Al2O3 0.05 0.04 0.04 0.05 0.03 0.04 0.04 Al2O3 0.02 0.02 0.04 0.03 0.03
Y2O3 0.15 0.14 0.20 0.22 0.06 0.16 0.12 Y2O3 0.11 0.12 0.11 0.15 0.14
La2O3 13.66 13.68 13.89 13.13 13.68 13.51 13.31 La2O3 15.40 15.61 15.54 14.50 14.44
Ce2O3 28.44 28.32 28.18 26.70 28.59 27.90 27.90 Ce2O3 30.55 30.81 30.75 29.12 28.63
Pr2O3 2.99 2.95 2.99 2.82 2.87 2.83 2.97 Pr2O3 3.04 3.08 3.09 2.91 2.93
Nd2O3 10.98 10.94 10.72 10.17 10.96 10.87 11.00 Nd2O3 11.19 11.22 11.10 10.84 10.29
Gd2O3 0.66 0.65 0.64 0.68 0.50 0.64 0.59 Gd2O3 0.46 0.61 0.56 0.48 0.63
Dy2O3 0.11 0.05 0.14 0.10 0.03 0.10 0.09 Dy2O3 0.05 0.05 0.06 0.08 0.06
Sm2O3 1.40 1.42 1.33 1.23 1.41 1.44 1.42 Sm2O3 1.30 1.32 1.29 1.31 1.40
Eu2O3 0.16 0.13 0.12 0.11 0.10 0.09 0.09 Eu2O3 0.11 0.08 0.12 0.08 0.00
CaO 0.67 0.66 1.40 1.59 1.53 0.69 1.49 CaO 0.52 0.54 0.58 0.76 0.82
PbO 0.35 0.34 0.43 0.54 0.43 0.37 0.44 PbO 0.21 0.20 0.20 0.32 0.36
Total 100.15 99.926 100.45 100.04 100.72 100.2 100.3 Total 99.05 99.64 99.71 99.79 101.09
Age (Ma) 725 709 974 950 978 696 952 Age (Ma) 747 751 734 773 767
2σ err 36 35 43 36 43 33 41 2σ err 52 55 54 40 33
Error% 4.97 4.94 4.42 3.79 4.40 4.74 4.31 Error% 6.96 7.32 7.36 5.18 4.30

Cations Cations

P 0.907 0.905 0.947 0.925 0.955 0.897 0.949 P 0.936 0.945 0.948 0.926 0.958
Si 0.082 0.085 0.044 0.063 0.036 0.093 0.043 Si 0.050 0.042 0.043 0.065 0.069
Th 0.096 0.098 0.087 0.114 0.086 0.108 0.091 Th 0.056 0.052 0.052 0.082 0.093
U 0.001 0.001 0.001 0.001 0.001 0.001 0.001 U 0.001 0.001 0.001 0.001 0.001
Al 0.002 0.002 0.002 0.002 0.001 0.002 0.002 Al 0.001 0.001 0.002 0.001 0.001
Y 0.003 0.003 0.004 0.005 0.001 0.003 0.002 Y 0.002 0.002 0.002 0.003 0.003
La 0.196 0.197 0.196 0.188 0.192 0.195 0.188 La 0.221 0.222 0.22 0.207 0.208
Ce 0.405 0.405 0.394 0.379 0.398 0.400 0.391 Ce 0.435 0.435 0.432 0.413 0.409
Pr 0.104 0.103 0.102 0.098 0.098 0.099 0.102 Pr 0.106 0.106 0.106 0.101 0.042
Nd 0.153 0.153 0.146 0.141 0.149 0.152 0.15 Nd 0.155 0.154 0.152 0.15 0.143
Gd 0.008 0.008 0.008 0.009 0.006 0.008 0.008 Gd 0.006 0.008 0.007 0.006 0.008
Dy 0.001 0.001 0.002 0.001 0.000 0.001 0.001 Dy 0.001 0.001 0.001 0.001 0.001
Sm 0.019 0.019 0.017 0.016 0.018 0.019 0.019 Sm 0.017 0.017 0.017 0.018 0.020
Eu 0.002 0.002 0.002 0.001 0.001 0.001 0.001 Eu 0.001 0.001 0.002 0.001 0.000
Ca 0.028 0.027 0.057 0.066 0.062 0.029 0.061 Ca 0.022 0.022 0.024 0.031 0.034
Pb 0.004 0.004 0.004 0.006 0.004 0.004 0.005 Pb 0.002 0.002 0.002 0.003 0.004
Total 2.013 2.012 2.013 2.015 2.012 2.012 2.011 Total 2.015 2.013 2.011 2.011 1.993
X Hutt. 0.071 0.073 0.034 0.053 0.028 0.082 0.034 X Hutt. 0.036 0.031 0.031 0.054 0.066
X Cher. 0.055 0.054 0.113 0.129 0.123 0.057 0.120 X Cher. 0.042 0.043 0.047 0.062 0.071
X Mon. 0.874 0.873 0.854 0.818 0.850 0.861 0.846 X Mon. 0.922 0.925 0.922 0.885 0.863
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Figure 6. (Colour online) CI-chondrite (McDonough & Sun,
1995) normalized REE spider plots for (a) group-I, (b) group-
II and (c) group-III monazites, and (d) the bulk rock of the
monazite-bearing sample.

grains (100–200 μm in diameter) are circular to elliptical
in shape; these grains are chemically zoned, with ThO2-
rich cores (16.73–29.16 wt %) laced by mantles having lower
ThO2 contents (9.60–14.73 wt %), and outermost irregular
rims having even lower ThO2 contents of 4.39–9.5 wt %
(grains iii, iv in Fig. 5b, c). These variations taken together
constitute reverse zonation in group-II monazites (Zhu &
O’Nions, 1999b). Although rare, some of the group-II
grains exhibit small and embayed dark-shaded low-ThO2 do-
mains (∼10.07 wt %) within the high-ThO2 core (grain iv in
Fig. 5b, c).

Monazites in the polygonized plagioclase matrix (group-
III) are variable in size (50–500 μm diameter) and are char-
acterized by patchy (grains v, vi in Fig. 5c) and reverse zon-
ing (grain vii in Fig. 5c). In the monazites with patchy zon-
ing, ThO2 content varies from 12–25 wt % in the brighter
domains to 5–10 wt % in the relatively darker domain near
the margin (grains v, vi in Fig. 5b). In the monazite grains
with reverse zoning, ThO2 contents vary between 9 and
10 wt % in the central part and 5–6 wt % in the margins
(grain vii in Fig. 5b), broadly overlapping with patchy zones
in the group-III monazites. In CI-chondrite normalized (Mc-
Donough & Sun, 1995) plots, the REE contents in the mon-
azites broadly overlap and exhibit pronounced negative Eu
anomalies (Fig. 6a–c).

The compositional variations in monazites can be ex-
plained in terms of the following end-members: (a) La–Ce–
Nd monazite (La,Ce, Nd )PO4, (b) cheralite (2REE3+ =
Ca2+ + T h4+) and (c) huttonite (P5+ + REE3+ = Si4+ +
T h4+). In ternary plots after Linthout (2007), the chemical
compositions of the core and rim of group-I monazites plot
in the La–Ce–Nd monazite field where the ThO2-rich rims
show relatively higher huttonite substitution compared to
the cores of the group-I monazites (Fig. 7a). For the group-
II monazites, most of the core compositions plot towards
the huttonite (ThSiO4) end-member within the La–Ce–Nd
monazite field and the chemical compositions of the mantle
and marginal parts concentrate near the La–Ce–Nd mon-
azite end-member (Fig. 7b). The chemical compositions of
the matrix monazites showing patchy (grains v and vi in
Fig. 5b) and Th-poorer zoning (grain vii in Fig. 5b) plot in
the monazite field, varying from a huttonite-rich central part
to a huttonite-poor marginal part (Fig. 7c).

The huttonite substitution in monazites could be explained
in the plot of (P + Y + REE) versus (Th + U + Si) con-
tent where monazite compositions are clustered at higher
(Th + U + Si) values than cheralite (Fig. 7d). Similarly, a
plot of Si against (Th + U − Ca) also suggests that the
chemical variations in monazite (Fig. 7e) are imparted
by huttonite substitution, which usually occurs in high-
temperature igneous rocks (Zhu & O’Nions, 1999b; Broska,
Petrík & Williams, 2000; Hoshino, Watanabe & Ishihara,
2012).

5. Monazite chemical ages

Monazite with ThO2 content > 3.5 wt % was selected for
geochronological studies to reduce the 2σ error in spot
age calculation (Prabhakar, 2013). A total of 133 spot ana-
lyses in monazite yielded weighted mean ages between
939 ± 5 Ma and 574 ± 19 Ma (Fig. 8a). In the probability
density plot (Ludwig, 2012), the spot ages can be grouped
into four populations. The mean value for the oldest age
populations retrieved from group-I (grains i, ii), group-II
(grains iii, iv) and group-III (grains v, vi) monazite cores
is 939 ± 5 Ma. The chemical ages between 840 and 900 Ma
(weighted mean 877 ± 5 Ma) are obtained in mantles sur-
rounding the cores of group-II monazites and in patchy
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Figure 7. Plot after Linthout (2007) showing compositional variation in (a) group-I monazite, (b) group-II monazite and (c) group-III
monazite. (d) (P + Y + REE) versus (Th + U + Si) and (e) Si versus (Th + U − Ca) plots of monazites.

domains of group-III monazites (grains iii–v, vii in Fig. 5).
The third set of younger ages (700–780 Ma) with a mean
value at 749 ± 18 Ma are retrieved from chemical domains
that occur as discontinuous rims with variable thickness sur-
rounding the 877 ± 5 Ma mantle in group-II monazites and
in outer patchy domains in group-III monazites (grains iii–v,
vii in Fig. 5). The Early Cambrian/Late Neoproterozoic age
cluster (mean value 574 ± 19 Ma) is obtained in chemical
domains that occur along fractures and extremities in mon-
azites (grain ii in Fig. 5b).

The key to unmix polygenetic monazite ages obtained
from EPMA depends on the chemical heterogeneity in tex-

turally constrained monazite (Montel et al. 1996; Williams,
Jercinovic & Terry, 1999) as the chemical variations in a
population of monazites have little influence on the calcu-
lation of average age based on the histogram method (Lud-
wig, 2012). ThO2* (Suzuki & Adachi, 1991a,b) against
PbO is plotted to validate the selection of populations
from the histogram distribution (Fig. 8b). In a closed sys-
tem, if a homogeneous population of monazites contains
the same amount of initial lead and a different amount
of Th and U, the analytical data should define a straight
line with the equation PbO = m ∗ T hO2 + c where m is
the slope of the line and c is the initial concentration
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Figure 8. (a) Probability density plot of chemical ages in all monazites taken together (n = total number of spot ages). The values of
unmixed ages from each population are also shown. A complete list of analyses from different domains of monazites is given in online
Supplementary Material Table S1 and Figure S1 available at http://journals.cambridge.org/geo. (b) PbO versus ThO2* plot of the four
age populations along with regressed isochron ages.
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Figure 8. (Continued) (c) The weighted average age calculated
using Isoplot for the three statistically different age groups.

of non-radiogenic PbO (Suzuki & Kato, 2008). Since the
initial Pb content in the monazite is negligible (Parrish,
1990), the intercept of the best-fit line for a texturally con-
strained monazite group should be close to zero. The U–Th–
Pbtotal chemical ages and associated MSWD were calculated
using the CHIME program (Kato, Suzuki & Adachi, 1999).

In the PbO against ThO2* plot (Fig. 8b), the chemical
compositions of the monazites in the Koraput anorthosite
fall into four distinct age groups with regressed isochron

ages of 938.6 ± 10.88 Ma (MSWD = 0.47), 875 ± 17 Ma
(MSWD = 0.55), 732.54 ± 17.4Ma (MSWD = 0.59) and
585 ± 240 Ma (MSWD 0.046). The spot ages obtained
from the core and rim in group-I monazites define the
938.6 ± 10.88 Ma isochron (MSWD = 0.47, Fig. 8bi). The
chemical ages obtained from the core of group-II and group-
III monazites also fall in the 938 ± 10 Ma isochron. Chem-
ical ages obtained from the moderate ThO2-rich mantles
in group-II monazites (grains iii, iv) and isolated patchy
domains in the central and marginal parts of group-III
monazites define the 875 ± 17 Ma (MSWD = 0.55) iso-
chron (Fig. 8bii). Barring a single analysis obtained from
the rim of a group-I monazite (883 ± 32 Ma, grain ii in
Fig. 5c), spot ages ranging from 840–900 Ma (obtained from
Fig. 5b) are absent in group-I monazites (Fig. 8bii). The
732.54 ± 17.4 Ma (MSWD = 0.59) isochron is defined by
the chemical ages in the low-ThO2 rims of group-II mon-
azites, from domains showing patchy zoning of group-III
monazites (grains v, vi) and from ages obtained from the
core and rim of reversely zoned monazites (Fig. 8biii). The
585 ± 240.72 Ma (MSWD = 0.046) isochron is defined
by ages obtained near fractures from group-II monazites
(Fig. 8biv). The four isochrons pass through the origin sug-
gesting the presence of four distinct statistically separable
groups of monazite ages. However, the isochron with an age
value of 585 ± 240.72 Ma (MSWD = 0.046) and the corres-
ponding dataset is excluded owing to large errors and a lim-
ited amount of data. The following weighted average ages
(a) 939.9 ± 4.2 Ma (MSWD = 0.88), (b) 876.7 ± 4.9 Ma
(MSWD = 1.17) and (c) 737.5 ± 5.3 Ma (MSWD = 1.18)
calculated using Isoplot 3.75 (Ludwig, 2012) are statistic-
ally separable and are in good agreement with the unmixed
ages (Fig. 8a, c).

6. Discussion

The following features suggest that the ∼ 930 Ma group-
I monazites crystallized from melts: e.g. their occurrence
within magmatic orthopyroxene (grains i–iv in Fig. 5a) and
plagioclase grains (grains v–vii in Fig. 5a), sharp concent-
ric chemical zones (Williams, Jercinovic & Hetherington,
2007), high-ThO2 contents (Schandl & Gorton, 2004), a
steady decrease in LREE (La) to MREE (Sm) contents,
and a prominent negative Eu anomaly (Zhu & O’Nions,
1999a). By analogy, the Early Neoproterozoic high-Th cores
in group-II (grains iii, iv) and group-III monazites (grain v,
vi), monazites hosted within magmatic orthopyroxene and
plagioclase, respectively are also formed at similar supra-
solidus conditions. Experimental data on Th partitioning in
monazite–silicate melt equilibrium indicate that Th contents
in monazites negatively correlate with crystallization tem-
perature (Stepanov et al. 2012; Xing, Trail & Watson, 2013)
and positively correlate with increasing SiO2 contents in co-
existing melt (Xing, Trail & Watson, 2009). By implica-
tion, the group-I monazites with a low-ThO2 core and high-
ThO2 rim may have crystallized from magma parental to the
Koraput anorthosite complex. The group-II monazites with
Th-rich cores mantled by concentric zones having success-
ively lower Th contents may have crystallized from melts
(Williams, Jercinovic & Hetherington, 2007) or precipitated
from fluid reservoirs albeit under a different set of physio-
chemical conditions compared to the group-I monazites.

A combination of the following possibilities may have led
to the Th zoning observed in the younger rims in the group-
II monazites hosted in magmatic grains. First, the emplace-
ment of the neighbouring Koraput silica-undersaturated al-
kaline complex at 869 ± 7 Ma (Hippe et al. 2015) may have
acted as an additional heat source and/or may have led to a
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Figure 9. (Colour online) (a) Locations of mid-Neoproterozoic ages in the EGGB. Relative positions of India, Australia and Antarctica
following Li et al. (2008) at (b) 780 Ma and (c) 530 Ma.

decrease in the Si contents via interaction with fluids, and
this may have led to the precipitation of low-Th rims in
group-II monazites. Second, the proximity of mineralogic-
ally altered zones in deformed pyroxenes and group-II mon-
azites points to sub-solidus fluid activity that contributed
to monazite growth. Several authors (Rasmussen & Muh-
ling, 2007; Hetherington, Harlov & Budzyń, 2010; Harlov &
Hetherington, 2010) suggested that high-temperature (mag-
matic) monazites are usually unstable at a lower temperat-
ure and decompose to low-Th monazites by releasing Y, Th
and U (Rasmussen & Muhling, 2007). Thus, the low-ThO2

rims (4.3–5.3 wt %) with irregular outlines cross-cutting the
concentric magmatic zones in group-II monazites (Fig. 5,
grains iii, iv) probably suggest sub-solidus monazite growth.
The patchy zoning in the matrix monazites (grains v, vi in
Fig. 5b) points to chemical alteration due to magmatic fluids
(Fitzsimons, Kinny & Harley, 1997) or hydrothermal altera-
tion along fractures (Townsend et al. 2000).

The oldest age population (mean 939 ± 5 Ma) in
monazites hosted within dynamically recrystallized or-
thopyroxene and plagioclase correlates favourably with the
emplacement ages of anorthosite plutons in the EGP at
Chilka Lake (983 ± 2.5 Ma, Chatterjee et al. 2008), Bolangir
(933 ± 32 Ma, Krause et al. 2001), Turkel (980 ± 8 Ma,
Raith et al. 2014) and Jugsaipatna (984 ± 10 Ma, Dharma
Rao, Santosh & Zhang, 2014b). The emplacement age of
the anorthosites (mean 939 ± 5 Ma) and the bordering gran-
itoids (mangerite–charnockite–granite suites; Bhattacharya
et al. 1998) in the EGP coincides with the emplacement
(980–960 Ma) of voluminous charnockite–enderbite plutons
in isotopic Domain 2 (Paul et al. 1990; Bose et al. 2011)
and the ultra-high-temperature (UHT) metamorphic event

in the province (1000–900 Ma, Sengupta et al. 1990) in the
EGGB. The evidence, taken together, suggests a Grenvillian-
age back-arc setting for the EGP granulites. The 877 ± 5 Ma
chemical ages in the Th-rich cores in the group-II mon-
azites coincide with a U–Pb zircon age (869 ± 11 Ma)
retrieved from the silica-undersaturated Koraput alkaline
complex (Hippe et al. 2015) located close to the east-
ern margin of the anorthosite pluton (Fig. 2). Hippe et al.
(2015) suggested the age corresponds with the emplace-
ment of the nepheline syenite pluton related to the initi-
ation of rifting in the EGGB leading to the break-up of
Rodinia.

Recent age determinations along the Mahanadi Shear
Zone (Bhattacharya et al. 2016 and references therein) and
in the Chilka Lake Complex (Crowe et al. 2003; Bose et al.
2016) suggest that the northern margin of the EGP ex-
perienced a significant high-T (granulite facies) event in
mid-Neoproterozoic time at ∼750 Ma (Fig. 9a). This event
was marked by extensional tectonism (Das et al. 2012),
as opposed to crustal shortening, and may correlate with
the break-up of Rodinia (Fig. 9b; Torsvik, 2003; Li et al.
2008). The 747 ± 23 Ma monazite age obtained from the
Koraput leuconorite in this study suggests that the post-
Grenvillian mid-Neoproterozoic rift-related tectonics lead-
ing to the disintegration of Rodinia may have extended along
the western margin of the EGP granulites, and, by implica-
tion, this event is demonstrably more widespread than pre-
viously thought. The youngest, albeit small, population of
monazite ages obtained in this study (573 ± 33 Ma) is sim-
ilar to the Pan African dates retrieved from the Grenvillian-
age EGP granulites and the cratonic rocks fringing
the EGGB.
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The accretion of the EGP with the cratonic nucleus of In-
dia is poorly constrained, although recent work seems to sug-
gest the accretion could have occurred late in the Pan African
(Dobmeier et al. 2006; Biswal, De Waele & Ahuja, 2007;
Das et al. 2008; Bhattacharya et al. 2016) during the final
assembly of Gondwanaland (Fig. 9c; Torsvik, 2003; Bhat-
tacharya et al. 2016). The minor population of Pan African
ages retrieved from the Koraput anorthosite possibly is a
manifestation of this accretion event.
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