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The northern Prince Charles Mountains (PCM) in East Antarctica represent the largest continuously
exposed section of the Rayner Complex and may provide important insights into the tectonic evolution
of the Rayner orogen. We present new U–Pb and Hf isotopic data for zircons from felsic orthogneisses,
mafic granulites, paragneisses and charnockites and additional Nd isotopic data for the former two rock
types from the Beaver Lake area in the northern PCM. Zircons from the felsic orthogneisses document
protolith ages of ca. 1170–1070 Ma, with Hf and Nd model ages of 1.99–1.74 Ga, suggesting the genera-
tion of the felsic magmas by partial melting of crustal rocks that were extracted from the mantle during
the Paleoproterozoic. Detrital zircons from one paragneiss sample yield a major age population at ca.
1480–1140 Ma and three subordinate populations at ca. 2130–1850, 1780–1620 and 1010–860 Ma,
whereas those from another paragneiss sample produce a major age population at ca. 1180–830 Ma
and a subordinate age population at ca. 1370–1230 Ma. Discounting the effects of zircon recrystallization
during post-depositional metamorphism, we infer that the sedimentary precursors to the aforemen-
tioned paragneiss samples were deposited after ca. 1200 and 1020 Ma, respectively, in intra- or back-
arc basins of the Rayner continental arc. Charnockites were either emplaced at ca. 980 Ma or episodically
at ca. 1050 and ca. 950 Ma, with Hf model ages of 1.97–1.90 Ga. They were derived from partial melting of
a Paleoproterozoic source region similar to the surrounding felsic orthogneisses at deeper levels. Zircon
overgrowth domains from all of the studied rock types indicate that high-grade metamorphism took
place at ca. 945–915 Ma. Only one paragneiss sample from the Else Platform preserves evidence of
Cambrian metamorphic reworking. Based on published data from the Rayner Complex and the Eastern
Ghats Belt of India, we speculate that long-lived convergent processes between the Indian craton and
East Antarctica lasted from ca. 1500 to 900 Ma. Therefore, the Rayner Complex may represent the
exposed orogenic root of a large Meso-Neoproterozoic accretionary orogen.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Rayner orogen, which formed between the Indian craton
and East Antarctica, represents one of the largest known Meso-
Neoproterozoic (i.e., Grenvillian) orogens. The orogen includes
two main segments, namely the Rayner Complex in East Antarctica
and the Eastern Ghats Belt (EGB) in India (Fig.1a). The Antarctic
extent of the orogen may be more than 2000 km, from Enderby
Land in the west to Queen Mary Land in the east, with a maximum
width of >500 km (Black et al., 1987; Fitzsimons, 2000; Mikhalsky
et al., 2015; Liu et al., 2016). The best exposures of the Rayner Com-
plex occur in the well-studied northern Prince Charles Mountains
(PCM)–Prydz Bay region. Earlier research for this region is mainly
concerned with the discrimination of late Mesoproterozoic/early
Neoproterozoic and late Neoproterozoic/Cambrian (i.e., Pan-
African) high-grade tectonothermal events and the dating and P–
T modeling of each event (e.g. Clarke et al., 1989; Manton et al.,
1992; Zhao et al., 1992; Fitzsimons and Harley, 1994; Hand et al.,
1994a; Hensen and Zhou, 1995; Carson et al., 1996, 2000;
Fitzsimons et al., 1997; Kinny et al., 1997; Stephenson and Cook,
1997; Boger et al., 2000; Boger and White, 2003; Kelsey et al.,
2003). During the last decade, investigations into the timing and
processes of arc accretion prior to the main metamorphic episodes
were undertaken in the area east of the Lambert Graben (Liu et al.,
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Fig. 1. Geological sketch map of the Indian Ocean sector of Antarctica (modified after Mikhalsky et al., 2001; Fitzsimons, 2003; Liu et al., 2016) with inset showing the
location of the region in the reconstruction of Gondwana at ca. 500 Ma (modified after Hokada et al., 2016).
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2007a, 2009, 2014, 2016; Wang et al., 2008; Grew et al., 2012,
2013; Mikhalsky et al., 2013). In contrast, the timing of magmatic
activity in the northern PCM has received relatively little attention,
except a few U–Pb zircon ages of ca. 1070–1020 Ma were obtained
by some workers (Boger et al., 2000; Kamenev et al., 2009;
Mikhalsky and Sheraton, 2011). On the other hand, more recent
in situ U–Pb monazite dating for metapelites from the northern
PCM yield significantly different age spectra for the high-grade
metamorphism than those previously reported (Morrissey et al.,
2015, 2016). These inconsistencies justify a renewed geochrono-
logical study of the basement rocks in the northern PCM.

In this contribution, we present new U–Pb zircon age data and
Lu–Hf isotopic compositions for various metamorphic rocks and
charnockites and Sm–Nd isotopic compositions for felsic orthog-
neisses and mafic granulites from the Beaver Lake area of the
northern PCM. We attempt to establish a geochronological frame-
work for the Meso-Neoproterozoic Rayner orogen in the northern
PCM and further aim to address several specific issues: (1) the
age and significance of a voluminous mafic-felsic magmatic event
that occurred prior to the main episode of metamorphism; (2)
the timing and provenance of the metasedimentary precursors in
the northern PCM; (3) whether or not the charnockites were
emplaced episodically, as was the case for the Mawson charnockite
(Halpin et al., 2012); (4) whether or not the late Mesoproterozoic/
early Neoproterozoic high-grade metamorphism was continuous
between ca. 1000 and 900 Ma (e.g., Carson et al., 2000; Boger
et al., 2000), or episodic (e.g., Liu et al., 2009, 2014); and (5) the
response of zircons to late Neoproterozoic/Cambrian high-
temperature metamorphic reworking. Our results, coupled with
existing data from the same and adjacent areas, confirm the com-
parability of geological events on either side of the Lambert Graben
and provide new constraints on the long-lived evolution of the
Rayner orogen.
2. Regional geology

The Indian Ocean sector of Antarctica comprises five Archean/
Paleoproterozoic cratonic blocks, the Mesoproterozoic Fisher Ter-
rane and the Meso-Neoproterozoic Rayner Complex (Fig.1b). The
Archean/Paleoproterozoic blocks include the Napier Complex in
the Napier–Tula–Scott Mountains, the Ruker Terrane in the south-
ern PCM, the Lambert Terrane in the northern Mawson Escarp-
ment, and the Rauer Group (i.e., the Mather Terrane) and the
Vestfold Block in Prydz Bay. Each of these blocks has its own dis-
tinct crustal history and they are therefore unlikely to represent
the remnants of a single unified craton (Harley, 2003; Boger,
2011). The Fisher Terrane in the southern sector of the northern
PCM consists mainly of 1300–1020 Ma mafic–felsic volcanics and
intrusives that underwent amphibolite facies metamorphism at
1020–940 Ma (Beliatsky et al., 1994; Mikhalsky et al., 1996,
1999, 2001; Kinny et al., 1997). The Rayner Complex extends from
Enderby Land eastwards to Kemp Land, MacRobertson Land and
Princess Elizabeth Land. It includes 1490–1020 Ma mafic–felsic
igneous rocks and coeval or younger sedimentary rocks that record
regional granulite facies metamorphism accompanied by wide-
spread charnockitic and granitic magmatism at ca. 1000–900 Ma
(Black et al., 1987; Manton et al., 1992; Kinny et al., 1997; Boger
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et al., 2000; Carson et al., 2000; Kelly et al., 2002; Halpin et al.,
2007a, 2013; Wang et al., 2008; Liu et al., 2009, 2014, 2016;
Morrissey et al., 2015). To the east of the Lambert Graben, the Ray-
ner Complex preserves evidence of pervasive reworking during a
later Neoproterozoic/Cambrian high-grade tectonothermal event
(Zhao et al., 1992; Hensen and Zhou, 1995; Fitzsimons et al.,
1997; Liu et al., 2007a). This event also affected the Lambert and
Ruker terranes, but metamorphism in these areas is limited to
the greenschist and amphibolite facies (Boger and Wilson, 2005;
Phillips et al., 2007).

The Rayner Complex in the northern PCM is exposed mainly in
the Beaver Lake area, the Aramis, Porthos and Athos ranges, and
some surrounding nunataks, covering a total area of �40,000 km2

(Fitzsimons and Thost, 1992). The main components of the com-
plex in the Beaver Lake area (Fig. 2) are: (i) felsic orthogneisses
derived mainly from pre- and syn-tectonic granitoids; (ii) mafic
and occasional ultramafic granulites of intrusive igneous origin;
(iii) metasedimentary rocks, including calc-silicates, pelites and
semipelites; and (iv) late- and post-tectonic granitic intrusives,
including charnockites, granites and various pegmatites
(Stephenson, 2000). The structural evolution of the Rayner Com-
plex appears to be consistent throughout the northern PCM (e.g.,
Fig. 2. Geological sketch map of the Beaver Lake area in the northern Prince Charles Mo
samples.
McKelvey and Stephenson, 1990; Fitzsimons and Thost, 1992;
Hand et al., 1994b; Boger et al., 2000). Neoproterozoic deformation
in response to continuous north–south directed compression
evolved through several discrete phases (see the summary by
Boger et al., 2000). Regionally extensive magmatism, peak meta-
morphism and subhorizontal shearing and recumbent folding
occurred at ca. 990 Ma. Subsequent upright folding and shear zone
development occurred at ca. 940–910 Ma. The main metamorphic
episode reached medium- to low-pressure granulite-facies condi-
tions (800–900 �C and 5–7 kbar) and was followed by near-
isobaric cooling (Clarke et al., 1989; Fitzsimons and Harley, 1992,
1994; Thost and Henson, 1992; Hand et al., 1994a; Nichols,
1995; Scrimgeour and Hand, 1997; Stephenson and Cook, 1997;
Boger and White, 2003; Morrissey et al., 2015). Late Neoprotero-
zoic/Cambrian reworking was previously thought to be discrete,
being defined by the formation of low-angle mylonites and pseu-
dotachylites that accompanied by greenschist-amphibolite facies
metamorphism and pegmatite intrusion (Fitzsimons and Thost,
1992; Manton et al., 1992; Carson et al., 2000; Boger et al.,
2002). However, a more recent study suggests that this reworking
may also have reached higher temperature grades, with P–T condi-
tions of 800–870 �C and 5.5–6.5 kbar (Morrissey et al., 2016).
untains (modified after Mikhalsky et al., 2001) showing the localities of the studied
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3. Samples and analytical procedures

3.1. Sample descriptions

To precisely define ages of magmatism, sedimentation and
metamorphism in the northern PCM, 10 samples of various rock
types collected from the Beaver Lake area, including 4 felsic orthog-
neisses, 2 mafic granulites, 2 paragneisses and 2 charnockites, were
chosen for U–Pb zircon dating, coupled with Lu–Hf isotopic analy-
ses for magmatic zircon domains and whole-rock Sm–Nd isotopic
analyses for felsic orthogneisses and mafic granulites. The sample
localities are shown in Fig. 2 and the field occurrences of some
dated samples are shown in Fig. 3. The location coordinates, min-
eral assemblages and age results are listed in Table 1.
Fig. 3. Photographs showing the field occurrences of various rock types from the Beaver
the western shore of Radok Lake. (b) A mafic granulite layer (dyke?) (sample BL10-2) w
Banded felsic orthogneiss (sample BL10-4) from the western shore of Radok Lake. (d) Gar
(e) Massive charnockite (sample BL01-1) from the northern Loewe Massif. (f) Foliated ch
Massif.
Felsic orthogneisses (i.e., tonalitic–granitic gneisses) are the
major component of the northern PCM. They generally display gra-
noblastic textures with a weak to strong foliation. Almost all pri-
mary magmatic minerals and grain fabrics were obliterated
during granulite facies metamorphism and deformation. Sample
BL07-3 was collected from a thick (>50 m) layer of felsic orthog-
neiss at the southern edge of the Loewe Massif. It consists mainly
of orthopyroxene, plagioclase, K-feldspar and quartz, with minor
garnet, biotite and opaque oxides. Sample BL09-4 was taken from
a thin (5–20 cm) felsic layer within mafic granulite on the western
shore of Radok Lake (Fig.3a). This sample comprises hornblende,
biotite, plagioclase, K-feldspar, quartz and opaque oxides, but lacks
orthopyroxene. Samples BL10-1 and BL10-4 were taken from
massive and banded felsic orthogneisses (Fig.3b–c), respectively,
Lake area. (a) Felsic orthogneiss layers (Sample BL09-4) within mafic granulite from
ithin felsic orthogneiss (sample BL10-1) from the western shore of Radok Lake. (c)
net-bearing paragneiss (sample BL14-1) from the southwestern shore of Radok Lake.
arnockite (sample BL04-1) intruded by a pegmatite dyke from the northern Loewe



Table 1
Localities, lithology, mineral assemblages and age results of the studied samples from the Beaver Lake area.

Sample Location Coordinates Mineral assemblage Ages (Ma)

Magmatism Sedimentation Metamorphism

Felsic orthogneiss
BL07-3 Loewe Massif S 70�3802400 g, opx, bi, pl, ksp, q, op 1070 ± 14 921 ± 9

E 67�5505100

BL09-4 Radok Lake S 70�5003400 hb, bi, pl, ksp, q, op 1150 ± 10 915 ± 12
E 67�5804500

BL10-1 Radok Lake S 70�5101400 opx, cpx, hb, bi, pl, ksp, q, op 1167 ± 18 946 ± 13
E 67�5800000

BL10-4 Radok Lake S 70�5102100 opx, cpx, hb, bi, pl, ksp, q, op 1096 ± 19 922 ± 16
E 67�5705200

Mafic granulite
BL10-2 Radok Lake S 70�5101400 cpx, hb, bi, pl, op 914 ± 5

E 67�5800000

BL13-3 Radok Lake S 70�5205500 opx, cpx, bi, pl, op 914 ± 5
E 67�5405500

Paragneiss
BL14-1 Radok Lake S 70�5205800 g, bi, sill, cd, pl, ksp, q, sp, op <1200 930 ± 15

E 67�5500000

BL15-3 Else Platform S 70�2100200 g, bi, sill, cd, pl, ksp, q, sp, ru, op <1020 910 ± 92
E 68�5201400 520 ± 5

Charnockite
BL01-1 Loewe Massif S 70�3100100 opx, bi, pl, ksp, q, op 949 ± 9

E 68�0002300

BL04-1 Loewe Massif S 70�3403800 g, opx, bi, pl, ksp, q, op 1050 ± 11 930 ± 9
E 67�5704200

bi, biotite; cd, cordierite; cpx, clinopyroxene; g, garnet; hb, hornblende; ksp, K-feldspar; op, opaque mineral; opx, orthopyroxene; pl, plagioclase; q, quartz; ru, rutile; sill,
sillimanite; sp, spinel.
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which dominate main outcrops on the western shore of Radok
Lake. They have similar mineral assemblages of orthopyroxene +
clinopyroxene + hornblende + biotite + plagioclase + K-feldspar +
quartz + opaque oxides.

Mafic granulites are a volumetrically minor, but widespread
constituent of the northern PCM. Most of them occur as pods, bou-
dins, bands and layers within the felsic orthogneisses and parag-
neisses. Sample BL10-2 was collected from a 2 m wide
discontinuous mafic layer (dyke?) hosted by felsic orthogneiss on
the western shore of Radok Lake (see Fig.3b). It is composed of
clinopyroxene, hornblende, biotite, plagioclase and opaque oxides.
Sample BL13-3 was taken from a 5 m wide continuous mafic layer
hosted by paragneiss on the southwestern shore of Radok Lake.
This sample exhibits an equilibrium paragenesis of orthopyrox-
ene + clinopyroxene + plagioclase + opaque oxides, along with
minor biotite.

Paragneisses (i.e., metasedimentary rocks) are an important
lithotype in the northern PCM. Well-preserved paragneisses are
medium- to coarse-grained and commonly contain garnet porphy-
roblasts (Fig.3d). Much of the paragneiss has undergone extensive
partial melting, leading to the formation of thickly layered leucog-
neisses and cm- to m-wide pegmatite boudins and dykes. Samples
BL14-1 and BL15-3 were collected from the southwestern shore of
Radok Lake and the Else Platform, respectively. The two samples
contain similar mineral assemblages that include garnet + biotite +
sillimanite + cordierite + plagioclase + K-feldspar + quartz + spinel +
opaque oxides, except rutile also occurs in sample BL15-3.

Charnockites are voluminous and commonly form large batho-
liths in the northern PCM and on the Mawson Coast. Samples BL01-
1 and BL04-1 were both taken from the northern Loewe Massif, but
they have different field occurrences and show distinct petro-
graphic characteristics. Sample BL01-1 is massive and unfoliated,
with numerous large (up to 1–5 cm) feldspar phenocrysts that
are randomly oriented or show only a weak preferred orientation
(Fig.3e). The dominant minerals are orthopyroxene, biotite, plagio-
clase, K-feldspar and quartz, with minor opaque oxides. Sample
BL04-1 is strongly foliated, with minor feldspar phenocrysts (<5
cm) that display a strong preferred orientation. The rock contains
intrusive pegmatite dykes (1 cm to 1 m wide), within which the
relics of fine-grained garnet- and orthopyroxene-bearing gneiss
bands can be observed. The pegmatite dykes and associated gneiss
bands are generally oriented parallel to the gneissosity of the
charnockite (Fig.3f). This sample has mineral assemblage similar
to sample BL01-1, but with the addition of minor garnet. Small-
scale vermicular garnet coronas grew on the rims of large garnets,
orthopyroxenes and opaque oxides, indicating metamorphic gar-
net growth.

3.2. Analytical procedures

U–Th–Pb isotopic analyses of magmatic and metamorphic zir-
cons from metamorphic rocks and charnockites were carried out
using a sensitive high-resolution ion microprobe (SHRIMP II) at
the Beijing SHRIMP Centre, Chinese Academy of Geological
Sciences, Beijing, China. Prior to analysis, zircon was extracted
using conventional techniques, including crushing, sieving, heavy
liquid separation and handpicking. The resulting zircon grains
were then mounted in epoxy discs along with a TEMORA zircon
standard and polished to expose the grain centers. Internal zircon
structures were revealed by cathodoluminescence (CL) imaging.
For the SHRIMP analyses, the instrumental conditions and data
acquisition procedures followed Williams (1998), employing a
10 kV O2

� primary ion beam with a current of 4.5 nA. The spot
diameter was set to 35 lm for samples BL10-1, BL10-2 and BL10-
4, and to 25 lm for the remaining samples. Five scans through
the mass stations were made for each age determination. Mea-
sured 206Pb/238U ratios were calibrated by analysis of the TEMORA
reference zircon (416.75 ± 0.24 Ma; Black et al., 2003). Common Pb
was corrected using measured 204Pb values. Ages were calculated
using the SQUID 1.03 (Ludwig, 2001) and ISOPLOT 3.23 (Ludwig,
2003) software programs. The age uncertainties for individual
analyses are reported as one standard deviation (1r), and the cal-
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culated weighted mean 206Pb/238U or 207Pb/206Pb ages are quoted
at the 95% confidence level. The results of these analyses are listed
in Table S1.

U–Th–Pb isotopic analyses of detrital zircons from the metased-
imentary rocks were performed using laser–ablation inductively
coupled plasma–mass spectrometry (LA–ICP–MS) at the State
Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences, Wuhan, China. Detailed operating
conditions for the laser ablation system and the analytical method
employed are similar to those described by Hu et al. (2008). The
zircon grains were mounted in an epoxy disc and polished to
two-thirds of their original thickness. During the analyses, the out-
put energy was set to 60 mJ, with a pulse repetition rate of 10 Hz
and a 24 mm diameter laser spot size. For U, Th, and Pb analyses,
43Ca calibration used the NIST610 reference glass and 29Si as an
internal standard, in combination with the working values recom-
mended by Pearce et al. (1996). Isotopic ratios were calculated
using ICPMSDataCal 8.0 (Liu et al., 2010), then corrected for both
instrumental mass bias and depth-dependent elemental and iso-
topic fractionation using Harvard zircon 91500 (206Pb/238U
age = 1065.4 ± 0.6 Ma; Wiedenbeck et al., 1995) as an external
standard. Ages were obtained using the software package ISOPLOT
3.23 (Ludwig, 2003). A common Pb correction was applied using
ComPbCorr#3_17 (Andersen, 2002). As with the SHRIMP results,
the age uncertainties presented for individual analyses are one
standard deviation (1r), and calculated weighted mean ages are
quoted at the 95% (2r) confidence level. The analytical data are
presented in Tables S2.

Zircon Lu–Hf isotopic analyses were conducted using laser abla
tion–multicollector–inductively coupled plasma–mass spectrome-
try (LA–MC–ICP–MS) at the State Key Laboratory of Geological Pro-
cesses and Mineral Resources, China University of Geosciences,
Wuhan, China, following the procedure described by Hu et al.
(2012). All data were acquired in single spot ablation mode using
a spot size of 44 lm. Each measurement consisted of 20 s of back-
ground signal acquisition, followed by 50 s of ablation signal acqui-
sition. In this study, we used the mass fractionation of Yb (bYb)
obtained directly from the zircon samples in real-time. 179Hf/177Hf
and 173Yb/171Yb ratios were then used, respectively, to calculate
the mass bias of Hf (bHf) and Yb (bYb), which were in turn
normalized to 179Hf/177Hf = 0.7325 and 173Yb/171Yb = 1.132685
(Fisher et al., 2014) using an exponential correction for mass bias.
We corrected for interference of 176Yb on 176Hf by measuring the
interference-free 173Yb isotope signal and using 176Yb/173Yb =
0.79639 (Fisher et al., 2014) as a baseline value in calculations of
176Yb/177Hf. Similarly, the relatively minor interference of 176Lu
on 176Hf was corrected by measuring the interference-free 175Lu
isotope signal and using the recommended ratio of 176Lu/175Lu =
0.02656 (Blichert-Toft et al., 1997) to calculate 176Lu/177Hf. In view
of their similar physicochemical properties, we used the mass bias
of Yb (bYb) to calculate the mass fractionation of Lu. Offline selec-
tion and integration of analytical signals and mass bias calibrations
were performed using the ICPMSDataCal software package (Liu
et al., 2010). We adopted a decay constant of 1.867 � 10�11/year
Table 2
Sm-Nd isotopic analyses for felsic orthogneisses and mafic granulites from the Beaver Lak

Sample Age (Ma) Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144N

Felsic orthogneiss
BL07-3 1070 9.044 45.374 0.1206 0.511917
BL09-4 1150 2.083 11.197 0.1125 0.511994
BL10-1 1167 4.951 24.668 0.1214 0.511989
BL10-4 1096 9.523 49.394 0.1166 0.511997

Mafic granulites
BL10-2 1167 6.321 23.296 0.1641 0.512451
BL13-3 1167 3.952 13.241 0.1805 0.51256
for 176Lu (Söderlund et al., 2004) and presentday chondritic ratios
of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al.,
2008) to calculate epsilon Hf values (eHf). Single-stage Hf model
ages (TDM1

Hf ) were calculated relative to the depleted mantle with
a present-day 176Hf/177Hf ratio of 0.28325 and 176Lu/177Hf ratio of
0.0384 (Vervoort and Blichert-Toft, 1999). Two-stage Hf model
ages (TDM2

Hf ) were calculated by assuming a mean 176Lu/177Hf value
of 0.015 for the average continental crust (Griffin et al., 2002). The
analytical and calculated results are shown in Table S3.

Nd isotopic analyses were performed at the Institute of Geology,
Chinese Academy of Geological Sciences, Beijing, China. The analyt-
ical procedures are the same as reported by He et al. (2007). Prior to
analysis, Sm and Nd were separated using the conventional ion
exchange techniques, and their concentrations were determined
using a Finnigan MAT 262 multi-collector mass spectrometer. Nd
isotope compositions were acquired by a Nu Plasam HR MC–ICP-
MS (Nu Instruments). Total procedural blanks are <100 pg for Sm
and Nd, with Nd isotopic fractionation corrected to 146Nd/144Nd =
0.7219. The within-run precision (2r) for Nd analysis was esti-
mated to be ±0.000011. During the period of data acquisition, the
JMC Nd2O3 standard yielded 143Nd/144Nd = 0.511127 ± 0.000010
(2r). Single-stage Nd depleted-mantle model ages (TDM1

Nd ) were cal-
culated assuming a linear isotopic evolution of the depleted mantle
reservoir from eNd(t) = 0 at 4.56 Ga to +10 at the present. Two-stage
Nd model ages (TDM2

Nd ) were obtained assuming that magmatic
protoliths have the Sm/Nd ratio of the average continental crust
(Keto and Jacobsen, 1987). The analytical and calculated results
are presented in Table 2.
4. SHRIMP U–Pb zircon ages

SHRIMP U–Th–Pb isotopic analyses show different degrees of
data dispersion for zircons from different samples. For zircons with
complex internal structures from felsic orthogneisses, paragneisses
and charnockites, some analytical data from both oscillatory-zoned
and overgrowth domains are dispersed along a discordia trajectory
due to partial lead loss or occasionally reverse discordance. In such
a case, 207Pb/206Pb ages are more meaningful and were therefore
used in the data interpretation. By contrast, for zircons with simple
internal structures from mafic granulites, all analyses are highly
clustered and nearly concordant, hence 206Pb/208U ages were used
in the data interpretation.
4.1. Felsic orthogneisses

Zircons from sample BL07-3 are mostly long prismatic (100–
250 lm) with aspect ratios of 2.0–4.0, although some grains have
oval or irregular morphologies. In CL images, the majority of these
zircons exhibit consistent core–rim variations that are character-
ized by oscillatory zoning in the cores and weak luminescence in
the rims (Fig. 4a–b). A few grains have moderately luminescent
outer overgrowths (Fig. 4c). Thirty U–Pb analyses were undertaken
on 15 zircon cores, 14 rims and 1 outer overgrowth. Zircon cores
e area.

d ±2r fSm/Nd eNd(0) eNd(T) TDM1 (Ga) TDM1 (Ga)

0.000008 –0.39 –14.1 –3.7 2.01 1.99
0.000005 –0.43 –12.6 –0.2 1.74 1.77
0.000008 –0.38 –12.7 –1.5 1.91 1.89
0.000005 –0.41 –12.5 –1.3 1.80 1.82

0.000009 –0.17 –3.6 1.2 2.14 1.67
0.000012 –0.08 –1.5 0.9 2.69 1.70



Fig. 4. Cathodoluminescence (CL) images of representative zircons from various rock types in the Beaver Lake area. (a–b) Zircon from sample BL07-3 showing an oscillatory-
zoned core and a weakly luminescent rim. (c) Zircon from sample BL07-3 showing an oscillatory-zoned core, a weakly luminescent rim and a moderately luminescent outer
rim. (d–f) Zircon from sample BL09-4 showing an oscillatory-zoned core and a strongly luminescent rim. (g–i) Zircon from sample BL10-1 showing an oscillatory-zoned core
and a weakly luminescent rim. (j–k) Zircon from sample BL10-4 showing an oscillatory-zoned core, a weakly luminescent mantle and a strongly luminescent narrow rim. (l)
Zircon from sample BL10-4 showing a small CL-dark relict core and a strongly luminescent rim with fir-tree zoning. (m) Zircon from sample BL10-2 showing sector zoning
and containing a CL-dark relict core. (n-o) Zircon from sample BL10-2 showing an weakly luminescent core and a strongly luminescent rim with sector zoning. (p–q) Zircon
from sample BL13-3 showing a small CL-dark relict core and a strongly luminescent overgrowth with sector zoning. (r) Zircon from sample BL13-3 showing weak
luminescence with fir-tree zoning. (s–w) Zircon from sample BL14-1 showing an oscillatory-zoned core and a weakly luminescent rim. (x–aa) Zircon from sample BL15-3
showing an oscillatory-zoned core and a moderately or weakly luminescent rim. (ab) Zircon from sample BL15-3 showing a CL-bright homogeneous core and a moderately
luminescent rim with sector zoning. (ac–ae) Zircon from sample BL01-1 showing an oscillatory-zoned core, a weakly luminescent mantle and a strongly luminescent rim. (af)
Zircon from sample BL04-1 showing a CL-bright oscillatory-zoned core, a CL-dark oscillatory-zoned mantle and a thin, weakly luminescent rim. (ag–ai) Zircon from sample
BL04-1 showing an oscillatory-zoned core and a discontinuous, weakly luminescent overgrowth rim. Ages are given with errors of 1r. Scale bars are 50 lm.
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have U concentrations of 292–1332 ppm and Th concentrations of
54–505 ppm, with Th/U ratios of 0.07–0.51. Of these, 13 analyses
yield 207Pb/206Pb ages ranging from 1140 ± 44 to 1054 ± 23 Ma,
defining a weighted mean 207Pb/206Pb age of 1070 ± 14 Ma
(MSWD = 0.44) that is within error of the upper intercept age of
1086 ± 45 Ma (MSWD = 0.31) (Fig. 5a). Two other analyses produce
younger 207Pb/206Pb ages of 970 ± 98 Ma (spot 3.1) and
913 ± 50 Ma (spot 15.1). Zircon rims and outer overgrowth have
U concentrations of 675–1463 ppm and Th concentrations of 46–
264 ppm, with Th/U ratios of 0.02–0.35. Except for one analysis
that yield an old 207Pb/206Pb age of 1076 ± 13 Ma age (spot 9.2),
the remaining 14 analyses have similar 207Pb/206Pb ages that define
a weighted mean age of 921 ± 9 Ma (MSWD = 0.71) and an upper
intercept age of 922 ± 11 Ma (MSWD = 0.68).

Zircons from sample BL09-4 are oval to short prismatic and 50–
160 lm long. They all have oscillatory-zoned cores and strongly
luminescent overgrowth rims (Fig. 4d–f). Thirty spot analyses were
performed on 15 zircon cores and 15 rims. The zircon cores contain
U and Th abundances of 297–539 ppm and 166–418 ppm, respec-
tively, with Th/U ratios of 0.49–0.97. They yield a weighted mean
207Pb/206Pb age of 1150 ± 10 Ma (MSWD = 0.64), which is within
error of the upper intercept age of 1147 ± 16 Ma (MSWD = 0.67)
(Fig. 5b). The zircon rims contain 173–898 ppm U and 108–
460 ppm Th, with Th/U ratios of 0.32–0.74. They produce a
weighted mean 207Pb/206Pb age of 915 ± 12 Ma (MSWD = 0.67)
and an upper intercept age of 912 ± 17 Ma (MSWD = 0.71).

Zircons from sample BL10-1 show short to medium prismatic
morphologies with lengths of 60–170 lm. The majority of these
zircons have oscillatory-zoned cores and weakly luminescent rims
Fig. 5. SHRIMP U–Pb zircon concordia diagrams for
(Fig. 4g–i). Thirty analyses were conducted on 15 zircon cores and
15 rims. The zircon cores have U contents of 153–440 ppm and Th
contents of 64–299 ppm, with Th/U ratios of 0.41–0.70. They yield
the same (within error) weighted mean 207Pb/206Pb and upper
intercept ages of 1167 ± 18 Ma (MSWD = 0.60) and 1166 ± 29 Ma
(MSWD = 0.64), respectively (Fig. 5c). The zircon rims have U con-
tents of 505–2101 ppm and Th contents of 200–511 ppm, with Th/
U ratios of 0.10–0.79. Except for outlier data points 23.1
(877 ± 21 Ma) and 26.1 (1011 ± 13 Ma), the remaining 13 analyses
produce a weighted mean 207Pb/206Pb age of 946 ± 13 Ma
(MSWD = 1.9) that is within error of the upper intercept age of
951 ± 24 Ma (MSWD = 1.6).

Zircons from sample BL10-4 are short to medium prismatic
with prism lengths varying from 60 to 280 lm.Well-preserved zir-
con grains commonly show complex core–mantle–rim features
that are characterized by oscillatory zoning in the cores, weak
luminescence in the mantles and strong luminescence in the rims
(Fig. 4j–k). In some cases, the oscillatory-zoned cores are absent
(Fig. 4l). Thirty-three zircon analyses were carried out on 15 cores,
6 mantles and 12 rims. The zircon cores have variable U (171–
1345 ppm) and Th (83–1382 ppm) concentrations, with Th/U
ratios of 0.39–1.06. Barring spot 1.1 with an age of 1162 ± 17 Ma
and spot 7.1 with an age of 1011 ± 29 Ma, the other 13 analyses
yield a weighted mean 207Pb/206Pb age of 1096 ± 19 Ma
(MSWD = 0.70), which is within error of the upper intercept age
of 1117 ± 50 Ma (MSWD = 0.46) (Fig. 5d). In general, the zircon
mantles have higher U and Th concentrations (U = 426–
2449 ppm; Th = 144–338 ppm; Th/U = 0.06–0.50) than the zircon
rims (U = 119–629 ppm; Th = 39–237 ppm; Th/U = 0.30–0.47).
felsic orthogneisses from the Beaver Lake area.



X. Liu et al. / Precambrian Research 299 (2017) 15–33 23
However, the 207Pb/206Pb ages of the mantles and rims are very
similar. Excluding data points 18.2 (820 ± 66 Ma), 27.1
(835 ± 23 Ma) and 26.1 (990 ± 46 Ma), the remaining 15 analyses
produce a weighted mean age of 922 ± 16 Ma (MSWD = 0.77) and
an upper intercept age of 924 ± 31 Ma (MSWD = 0.83).
4.2. Mafic granulites

Zircons from sample BL10-2 are oval to spherical in shape with
grain sizes of 80–200 lm. Most of them show weak luminescence
and sector zoning, with or without a thin, irregular and strongly
luminescent rim (Fig. 4m–o). Some grains have CL-dark relict cores
(see Fig. 4m) that are too small to be analyzed. Fifteen zircon anal-
yses were undertaken on 12 weakly luminescent domains and 3
strongly luminescent rims. The weakly luminescent domains have
relatively high U and Th abundances of 194–491 ppm and 55–
128 ppm, respectively, and Th/U ratios of 0.27–0.36. The strongly
luminescent rims have lower U and Th abundances of 147–
206 ppm and 43–65 ppm, respectively, and Th/U ratios of 0.30–
0.33. U–Pb analyses on these two domains yield similar
206Pb/238U ages, with a weighted mean 206Pb/238U age of
914 ± 5 Ma (MSWD = 1.10; excluding data point 6.1 which produce
a 206Pb/238U age of 885 ± 5 Ma) (Fig. 6a).

Zircons from sample BL 13–3 are oval to spherical with diame-
ters of 40–120 lm. Most grains exhibit strong luminescence and
sector or fir-tree zoning, with or without a small CL-dark relict core
Fig. 6. SHRIMP U–Pb zircon concordia diagrams for mafic granulites from the
Beaver Lake area.
(Fig. 4p–q). Some of them have weakly luminescent rims (Fig. 4r).
Fifteen zircon analyses were undertaken on 12 strongly lumines-
cent domains and 3 weakly luminescent rims. The strongly lumi-
nescent domains have relatively low U (322–555 ppm) and Th
(75–139 ppm) contents, with Th/U ratios of 0.24–0.28, whereas
the weakly luminescent rims have higher U (624–823 ppm) and
Th (155–207 ppm) contents, with Th/U ratios of 0.20–0.28. Both
domains yield 206Pb/238U ages clustered between 928 ± 7 and
899 ± 7 Ma, with a weighted mean age of 914 ± 5 Ma (MSWD = 1.2)
(Fig. 6b).
4.3. Paragneisses

Zircons from sample BL14-1 are oval to short prismatic with
lengths of 40–220 lm. Almost all zircons exhibit core–rim struc-
tures that are defined by oscillatory zoning in the cores and weak
luminescence in the rims (Fig. 4s–w). In some cases, the oscillatory
bands in the cores are thickened and blurred. Fifteen spot analyses
on the weakly luminescent rims show variable U concentrations of
445–1360 ppm and Th concentrations of 8–238 ppm, with Th/U
ratios of 0.01–0.33. Five discordant analyses yield 207Pb/206Pb ages
ranging from 1818 ± 19 to 1199 ± 17 Ma, and 10 near-concordant
analyses produce younger ages with a weighted mean 207Pb/206Pb
age of 930 ± 15 Ma (MSWD = 1.4) (Fig. 7a).

Zircons from sample BL15-3 are ovoid to short prismatic and
40–200 lm long. All of these zircons have oscillatory-zoned cores
Fig. 7. SHRIMP U–Pb zircon concordia diagrams for paragneisses from the Beaver
Lake area.
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and moderately or weakly luminescent rims (Fig. 4x–ab). However,
the oscillatory bands in many cores have been thickened, blurred,
and even entirely homogenized (see Fig. 4y, z, ab). Twelve spot
analyses on the moderately luminescent rims show U abundances
of 154–962 ppm and Th abundances of 48–291 ppm, with variable
Th/U ratios of 0.06–1.51. With the exception of 4 discordant spots,
the remaining 8 analyses plot on or near a discordia, defining upper
and lower intercept ages of 910 ± 92 Ma and 525 ± 87 Ma, respec-
tively (MSWD = 0.37) (Fig. 7b). Note that spot 5.1 yields the young-
est 206Pb/238U age of 520 ± 5 Ma in the sample set.
Fig. 8. SHRIMP U–Pb zircon concordia diagrams for charnockites from the Beaver
Lake area.
4.4. Charnockites

Zircons from sample BL01-1 are long prismatic with lengths of
130–380 lm and aspect ratios of 2.0–4.0. Well-preserved zircon
grains display internal structures with oscillatory-zoned cores,
weakly luminescent mantles and strongly luminescent rims
(Fig. 4ac–ae). Twenty-seven analyses were performed on 9 zircon
cores, 6 mantles and 12 rims. These different zircon domains have
distinct U and Th contents and Th/U ratios, with U = 171–719 ppm,
Th = 141–395 ppm and Th/U = 0.42–1.41 for the cores; U = 664–
1554 ppm, Th = 176–664 ppm and Th/U = 0.16–0.79 for the man-
tles; and U = 89–255 ppm, Th = 25–69 ppm and Th/U = 0.27–0.32
for the rims. However, apart from 2 rim analyses with 207Pb/206Pb
ages of 872 ± 37 Ma (spot 24.1) and 803 ± 53 Ma (spot 25.1), the
remaining 25 analyses of the three domains yield similar 207Pb/206-
Pb ages with a weighted mean of 949 ± 9 Ma (MSWD = 0.70),
which is within error of the upper intercept age of 946 ± 12 Ma
(MSWD = 0.74) (Fig. 8a).

Zircons from sample BL04-1 have long prismatic forms with
prism lengths of 100–320 lm and aspect ratios of 2.0–5.0. Most
of these zircons have oscillatory-zoned cores and discontinuous,
weakly luminescent overgrowth rims (Fig. 4af–ai). Some grains
contain an oscillatory-zoned inner core (see Fig. 4af). Twenty-
seven spot analyses were conducted on 15 zircon cores and 12
rims. The zircon cores contain variable U (128–1339 ppm) and
Th (24–371 ppm) concentrations with Th/U ratios of 0.02–0.69.
Among these analyses, 3 spots on inner cores yield older
207Pb/206Pb ages between 1492 ± 37 and 1243 ± 29 Ma (not shown
in Fig. 8b) and 3 spots yield younger 207Pb/206Pb ages from
981 ± 24 Ma to 941 ± 36 Ma. The remaining 9 analyses produce
similar 207Pb/206Pb ages that define a weighted mean age of
1050 ± 11 Ma (MSWD = 0.88) and an upper intercept age of
1043 ± 21 Ma (MSWD = 0.75) (see Fig. 8b). The zircon rims contain
505–1100 ppm U and 7–219 ppm Th, with Th/U ratios of 0.04–
0.45. They yield a weighted mean 207Pb/206Pb age of 930 ± 9 Ma
(MSWD = 0.97) that is within error of the upper intercept age of
930 ± 8 Ma (MSWD = 1.02).
5. LA–ICP–MS U–Pb zircon ages

LA–ICP–MS U–Th–Pb isotopic analyses were only carried out on
the oscillatory-zoned cores of detrital zircons (except for one with
sector zoning) from paragneiss samples BL14-1 and BL15-3. To
obtain statistical significance for the provenance study, 120 ran-
domly selected detrital zircon grains with well-preserved cores
were dated for each sample. Taking into account the zircon over-
growth rims were determined to be ca. 930–910 Ma using SHRIMP
method, 207Pb/206Pb ages were used in the data interpretation for
all the core analyses. To avoid analytical bias due to lead loss or
common lead contamination, zircons with U–Pb age concordance
less than 90% were rejected during the construction of the age
probability density diagrams (Fig. 9).

One hundred and twenty spot analyses on 120 oscillatory-
zoned zircon cores from sample BL14-1 yield 119 near-
concordant ages (�90% concordance), ranging from 2128 ± 48 to
863 ± 47 Ma. A major age population occurs at ca. 1480–1140 Ma
(n = 76, peak at ca. 1380 Ma), along with three subordinate age
populations at ca. 2130–1850 Ma (n = 7, peak at ca. 2010 Ma), ca.
1800–1600 Ma (n = 19, peak at ca. 1700 Ma) and ca. 1010–
860 Ma (n = 9, peak at ca. 920 Ma) (Fig. 9a). In the major age pop-
ulation, the 12 youngest dates from 1229 ± 43 to 1144 ± 44Ma that
are essentially within error of one another yield a weighted mean
207Pb/206Pb age of 1199 ± 29 Ma (MSWD = 0.28).

The age data obtained for 119 oscillatory-zoned zircon cores
and 1 sector-zoned core from sample BL15-3 show an age spec-
trum different from that of sample BL14-1. Among them, 99
near-concordant zircon analyses yield 207Pb/206Pb ages ranging
from 1665 ± 42 to 643 ± 94 Ma, with a major age population at
ca. 1180–830 Ma (n = 87, peak at ca. 1020 Ma) and a subordinate
age populations at ca. 1370–1230 Ma (n = 9, peak at ca. 1250 Ma)
(Fig.9b). The youngest 206Pb/238U age of 531 ± 13 Ma is resulted
from the analysis of the single sector-zoned zircon grain.
6. Zircon Lu–Hf isotopes

Lu–Hf isotopic analyses were performed on 15 oscillatory-
zoned zircon cores for each of the 4 felsic orthogneiss samples.
Zircons from 3 samples yield positive initial eHf values [eHf(t)]
and uniform two-stage Hf model ages (TDM2

Hf ). The eHf(t) values
and corresponding TDM2

Hf ages are, respectively,+2.4 to +4.7 (average



Fig. 9. Cumulative probability histograms of 207Pb/206Pb ages for near-concordant
detrital zircons from paragneisses from the Beaver Lake area.

Fig. 10. Diagrams illustrating Hf isotopic compositions versus 207Pb/206Pb ages for
magmatic zircons from felsic orthogneisses, charnockites and paragneisses from the
Beaver Lake area. (a) Initial Hf ratios versus 207Pb/206Pb ages. (b) Hf model ages
versus 207Pb/206Pb ages.
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+3.6) and 1.81–1.67 Ga (average 1.74 Ga) for sample BL09-4,+0.3 to
+2.4 (average +1.4) and 1.96–1.83 Ga (average 1.89 Ga) for sample
BL10-1, and +1.5 to +3.3 (average +2.5) and 1.83–1.72 Ga (average
1.76 Ga) for sample BL10-4 (Fig. 10). In contrast, zircons from sam-
ple BL07-3 display slightly more variable Lu–Hf isotopic composi-
tions. Eleven analyses yield eHf(t) values from �0.7 to +2.0 (average
�0.1), with TDM2

Hf ages of 1.94–1.78 Ga (average 1.91 Ga). The
remaining 4 data points have more negative eHf(t) values (�7.4
to �2.5) and older TDM2

Hf ages (2.36–1.98 Ga).
Nine oscillatory-zoned zircon cores from charnockite sample

BL01-1 yield homogeneous eHf(t) values between �3.7 to �1.8
(average �2.6), with TDM2

Hf ages from 2.03 to 1.92 Ga (average
1.97 Ga). In another charnockite sample BL04-1, the majority of
the oscillatory-zoned zircon cores (10 spots) produce eHf(t) values
clustered between �1.9 and +0.9 (average �0.4), with correspond-
ing TDM2

Hf ages of 1.98–1.83 Ga (average 1.90 Ga), whereas 5 other
spots, including 3 zircon cores with older 207Pb/206Pb ages
(1492–1243 Ma), show negative eHf(t) values varying from �16.1
to �1.4 and old TDM2

Hf ages from 2.89 to 2.07 Ga.
The Lu–Hf isotopic compositions for the oscillatory-zoned cores

of the detrital zircons from paragneiss samples BL14-1 and BL15-3
are somewhat different one another, and no better correlations
were observed between the ages and Hf isotopic compositions of
zircons from both samples (Figs. 10–11). The majority of zircons
from sample BL14-1 show a broad range of eHf(t) values from
�12 to +4, with several exceptions with very low and very high
values (roughly from �19 to �13 and +6 to +10, respectively)
(Fig. 11a). Excluding these exceptions, the TDM2

Hf ages can be
grouped into two populations at ca. 3.0–2.4 Ga and ca. 2.3–1.9
Ga (Fig. 11b). In contrast, the eHf(t) values of zircons from sample
BL15-3 are mainly concentrated between �10 to 0, with a small
number being scattered at �15 to �11 and +2 to +8 (Fig. 11c). Their
TDM2
Hf ages are mainly clustered between 2.6 and 1.9 Ga, although a

number of ages plot beyond this range (Fig. 11d).
7. Whole-rock Sm–Nd isotopes

Felsic orthogneisses display uniform and evolved Sm–Nd
isotopic signatures. They have small ranges of initial eNd values
[eNd(t)] from �3.7 to �0.2 and two-stage Nd depleted mantle
model ages (TDM2

Nd ) of 1.99–1.77 Ga. Mafic granulites yield positive
eNd(t) values from +0.9 to +1.2, with TDM2

Nd ages of 1.70–1.67 Ga.
8. Discussion

8.1. Protolith ages and sources of metaigneous rocks

The protolith ages of mafic granulites and felsic orthogneisses
from the northern PCM are poorly constrained. The earliest date
in this area comes from an imprecise whole-rock Rb–Sr isochron



Fig. 11. Cumulative probability histograms of the initial Hf ratios (a and c) and Hf model ages (b and d) for detrital zircons from paragneisses from the Beaver Lake area.
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age of 1033 ± 85 Ma for felsic gneiss from the Martin Massif
(Tingey, 1982, 1991). The subsequent U–Pb dating of magmatic zir-
cons also gave relatively young ages of 1017 ± 31 Ma (leucosome
from Radok Lake; Boger et al., 2000), 1071 ± 23 Ma (gneissic gran-
ite from the McLeod Massif; Kamenev et al., 2009), and 1044 ± 10
Ma (felsic orthogneiss from the Porthos Range; Mikhalsky and
Sheraton, 2011) (Table 3). Our new SHRIMP U–Pb isotopic analyses
of zircon cores from felsic orthogneisses from the Beaver Lake area
yield four precise ages: 1167 ± 18 Ma for sample BL10-1, 1150 ± 10
Ma for sample BL09-4, 1096 ± 19 Ma for sample BL10-4, and
1070 ± 14 Ma for sample BL07-3. The analyzed zircon cores show
oscillatory zoning and have Th/U ratios mostly more than 0.30,
suggesting that these ages represent the ages of the felsic orthog-
neiss protoliths. In fact, three similar, unpublished U–Pb zircon
ages of 1147 ± 16 (metagabbro from the McLeod Massif),
1045 ± 2 and 1064 ± 2 Ma (felsic orthogneiss from the Aramis
Range) have been reported by Mikhalsky et al. (2013). This seems
to suggest that pre-metamorphic magmatic activity in the north-
ern PCM occurred mainly at ca. 1170–1020 Ma. However, an older
age of 1324 ± 13 Ma was also obtained for a felsic orthogneiss from
Mount Lanyon, the southernmost outcrop of the Rayner Complex
(Mikhalsky et al., 2013; unpublished data). This highlights an
inconsistency in metaigneous protolith ages in the northern PCM,
and suggests that further investigation is required.

Lu–Hf isotopic analyses indicate that most magmatic zircons
from the felsic orthogneisses have homogeneous, less evolved Hf
isotopic compositions, with eHf(t) values from �0.1 to +3.6 and cor-
responding TDM2

Hf ages of 1.91–1.74 Ga. This suggests that the felsic
magmas were derived from ancient crustal rocks that were
extracted from mantle during the Paleoproterozoic. A few data
points from sample BL07-3 show relatively low eHf(t) values
(�7.4 to �2.5) and older TDM2

Hf ages (2.36–1.98 Ga), implying some
assimilation of the country rocks during the generation of felsic
magma generation. It is interesting to note that the TDM2

Hf ages of
zircons are in agreement with the whole-rock TDM2

Nd ages (1.99–
1.77 Ga) obtained for the felsic orthogneisses, although eNd(t) val-
ues (�3.7 to �0.2) of the rocks are lower than eHf(t) values of zir-
cons. Over the much of the northern PCM, the TDM

Nd ages range
from 2.38 to 1.60 Ga (Mikhalsky et al., 2001, 2006a; Mikhalsky,
2008; Mikhalsky and Sheraton, 2011). Therefore, both zircon Hf
and whole-rock Nd isotopic compositions indicate significant Pale-
oproterozoic crustal growth in the northern PCM. Furthermore,
major and trace element geochemistry demonstrate that these fel-
sic igneous rocks may have formed in an active continental margin
or continental arc setting during the late Mesoproterozoic
(Munksgaard et al., 1992; Sheraton et al., 1996; Stephenson,
2000; Mikhalsky et al., 1996, 2001).

8.2. Depositional ages and provenance of metasedimentary rocks

Detrital zircons from paragneiss samples BL14-1 and BL15-1
exhibit slightly different age spectra. Zircons from sample BL14-1
collected from Radok Lake have four age populations at ca.
2130–1850, ca. 1800–1600, ca. 1480–1140 and ca. 1010–860 Ma.
The youngest population overlaps with the metamorphic age
yielded by zircon overgrowth rims from the same sample and
may therefore have resulted from solid-state recrystallization
during metamorphism as indicated by the thickened and blurred



Table 3
Summary of published zircon and monazite U–Pb age data of rocks from the northern Prince Charles Mountains and adjacent Mawson Coast.

Location Sample Rock type Dating method Magmatic age (Ma) Metamorphic age (Ma) Reference

Northern Prince Charles Mountains
Else Platform 625 felsic gneiss ID-TIMS zircon 1000 + 14/�11 Manton et al., 1992

669A granite ID-TIMS zircon 524 + 6/�112 Manton et al., 1992
670A granite ID-TIMS zircon 565 + 25/�12 Manton et al., 1992

Jetty Peninsula 675 gneissic leucogranite ID-TIMS zircon 940 + 24/�17 Manton et al., 1992
609E pegmatite ID-TIMS zircon ca. 500 Manton et al., 1992

Loewe Massif 91286407 charnockite SHRIMP zircon 980 ± 21 Kinny et al., 1997
Mt McCarthy 91286403 leucogneiss SHRIMP zircon 990 ± 30 (anatexis) Kinny et al., 1997
Mt Collins 91286419 granite SHRIMP zircon 976 ± 25 Kinny et al., 1997

91286420 granite SHRIMP zircon 984 ± 7 Kinny et al., 1997
91286421 quartz syenite SHRIMP zircon 984 ± 12 Kinny et al., 1997

Mt Kirkby CC2 pegmatite SHRIMP zircon 991 ± 22 Carson et al., 2000
C16 pegmatite SHRIMP zircon 910 ± 18 Carson et al., 2000
CC4 pegmatite SHRIMP zircon 517 ± 12 Carson et al., 2000
CC5 pegmatite SHRIMP zircon 1013 ± 31 (inherited) Carson et al., 2000

Radok Lake 9628-196 leucosome SHRIMP zircon 1017 ± 31 900 ± 28 Boger et al., 2000
9628-73 leucosome SHRIMP zircon 942 ± 17 Boger et al., 2000
9628-141 granite sheet SHRIMP zircon 990 ± 18 Boger et al., 2000
9628-142 granite dyke SHRIMP zircon 936 ± 14 Boger et al., 2000

Loewe Massif 9628-68 pegmatite SHRIMP zircon 548 ± 4 Boger et al., 2002
Radok Lake 35153 gneissic granite ID-TIMS zircon 1071 ± 23 Kamenev et al., 2009

35301-3 migmatite ID-TIMS monazite 929 ± 3 Kamenev et al., 2009
Porthos Range 35068 felsic orthogneiss ID-TIMS zircon 1044 ± 10 Mikhalsky and Sheraton, 2011
Stinear Nunataks Stin-1A paragneiss LA-ICP-MS monazite 920 ± 7 Morrissey et al., 2015
Mt Dovers 77199 paragneiss LA-ICP-MS monazite 944 ± 8 Morrissey et al., 2015
Hunt Nunataks HN-3 paragneiss LA-ICP-MS monazite 1018 ± 8; 934 ± 8 Morrissey et al., 2015
Fox Ridge Fox-5B paragneiss LA-ICP-MS monazite 902 ± 7 Morrissey et al., 2015
Mt Lanyou 72523 paragneiss LA-ICP-MS monazite 1016 ± 8 Morrissey et al., 2015
Depot Peak DP-1 pegmatite LA-ICP-MS monazite 487 ± 3 Morrissey et al., 2016

DP-11 pegmatite LA-ICP-MS monazite 499 ± 3 Morrissey et al., 2016
DP-7 paragneiss LA-ICP-MS monazite 928 ± 28; 532 ± 5 Morrissey et al., 2016

Else Platform PCM-83 paragneiss LA-ICP-MS monazite 872 ± 31; 519 ± 5 Morrissey et al., 2016
Taylor Platform 77090 paragneiss LA-ICP-MS monazite 517 ± 4 Morrissey et al., 2016
Brocklehurst Ridge 77102B paragneiss LA-ICP-MS monazite 516 ± 4 Morrissey et al., 2016
Mt Meredith 77079 granofels LA-ICP-MS monazite 504 ± 3 Morrissey et al., 2016
Loewe Massif BL01-1 charnockite SHRIMP zircon 949 ± 9 This paper

BL04-1 charnockite SHRIMP zircon 1050 ± 11 930 ± 9 This paper
BL07-3 felsic orthogneiss SHRIMP zircon 1070 ± 14 921 ± 9 This paper

Radok Lake BL09-4 felsic orthogneiss SHRIMP zircon 1150 ± 10 915 ± 12 This paper
BL10-1 felsic orthogneiss SHRIMP zircon 1167 ± 18 946 ± 13 This paper
BL10-4 felsic orthogneiss SHRIMP zircon 1096 ± 19 922 ± 16 This paper
BL10-2 mafic granulite SHRIMP zircon 914 ± 5 This paper
BL13-3 mafic granulite SHRIMP zircon 914 ± 5 This paper
BL14-1 paragneiss SHRIMP zircon 930 ± 15 This paper

Else Platform BL15-3 paragneiss SHRIMP zircon 910 ± 92; 520 ± 5 This paper

Mawson Coast
Mawson Station 80285049 charnockite ID-TIMS zircon 935 + 3700/-12 Black et al., 1987
Ufs Island z644 charnockite SHRIMP zircon 985 ± 29 Young and Black, 1991
Falla Bluff z542 charnockite SHRIMP zircon 954 ± 12 Young and Black, 1991
Mawson Station z687 gneissic xenolith SHRIMP zircon 921 ± 19 Young and Black, 1991
Cape Bruce C and R orthogneiss SHRIMP zircon ca. 995 Dunkley et al., 2002

B orthogneiss dyke SHRIMP zircon 992 ± 10 Dunkley et al., 2002
F felsic dyke SHRIMP zircon 937 ± 19 Dunkley et al., 2002
D pegmatite SHRIMP zircon 909 ± 7 Dunkley et al., 2002

(continued on next page)

X
.Liu

et
al./Precam

brian
R
esearch

299
(2017)

15–
33

27



Ta
bl
e
3
(c
on

ti
nu

ed
)

Lo
ca
ti
on

Sa
m
pl
e

R
oc

k
ty
pe

D
at
in
g
m
et
h
od

M
ag

m
at
ic

ag
e
(M

a)
M
et
am

or
ph

ic
ag

e
(M

a)
R
ef
er
en

ce

M
aw

so
n
St
at
io
n

90
03

0
ch

ar
n
oc

ki
te

LA
-I
C
P-
M
S
zi
rc
on

98
2
±
33

M
a

H
al
pi
n
et

al
.,
20

05
C
ap

e
B
ru

ce
A
C
34

pa
ra
gn

ei
ss

C
H
IM

E
m
on

az
it
e

93
0
±
12

;
92

4
±
10

;
91

5
±
13

H
al
pi
n
et

al
.,
20

07
Fo

rb
es

G
la
ci
er

90
02

4
pa

ra
gn

ei
ss

C
H
IM

E
m
on

az
it
e

96
9
±
14

;
93

9
±
12

;
90

9
±
6

H
al
pi
n
et

al
.,
20

07
M
ac
ey

Is
la
n
d

LM
01

ch
ar
n
oc

ki
te

LA
-I
C
P-
M
S
zi
rc
on

11
45

±
11

M
a

H
al
pi
n
et

al
.,
20

12
A
u
st
sk
je
ka

M
L1

1
ch

ar
n
oc

ki
te

LA
-I
C
P-
M
S
zi
rc
on

11
40

±
22

M
a

H
al
pi
n
et

al
.,
20

12
C
h
ap

m
an

R
id
ge

R
W

28
ch

ar
n
oc

ki
te

LA
-I
C
P-
M
S
zi
rc
on

10
78

±
17

M
a

H
al
pi
n
et

al
.,
20

12
M
ac
kl
in

Is
la
n
d

LM
12

ch
ar
n
oc

ki
te

LA
-I
C
P-
M
S
zi
rc
on

10
48

±
39

M
a

H
al
pi
n
et

al
.,
20

12
M
aw

so
n
St
at
io
n

LM
53

ch
ar
n
oc

ki
te

LA
-I
C
P-
M
S
zi
rc
on

98
4
±
14

M
a

H
al
pi
n
et

al
.,
20

12
M
t
H
or
de

n
LF

60
ch

ar
n
oc

ki
te

LA
-I
C
P-
M
S
zi
rc
on

96
1
±
16

M
a

H
al
pi
n
et

al
.,
20

12
D
av

id
R
an

ge
JF
37

fe
ls
ic

gn
ei
ss

LA
-I
C
P-
M
S
zi
rc
on

98
6
±
32

H
al
pi
n
et

al
.,
20

13
C
ap

e
B
ru

ce
A
C
34

pa
ra
gn

ei
ss

LA
-I
C
P-
M
S
zi
rc
on

94
1
±
9
M
a

H
al
pi
n
et

al
.,
20

13
Fo

rb
es

G
la
ci
er

90
02

4
pa

ra
gn

ei
ss

LA
-I
C
P-
M
S
zi
rc
on

96
1
±
17

M
a

H
al
pi
n
et

al
.,
20

13

Pr
ot
ol
it
h
s
of

fe
ls
ic

or
th
og

n
ei
ss
es

w
er
e
fo
rm

ed
at

ca
.1

17
0–

10
70

M
a.

28 X. Liu et al. / Precambrian Research 299 (2017) 15–33
oscillatory bands in some zircon cores. The other three age popula-
tions were obtained from well-preserved oscillatory-zoned zircon
cores and therefore reflect three magmatic episodes in the source
region. The ca. 2130–1850 Ma detrital zircons have been identified
in paragneisses from Mount Meredith, the Foster Nunatak, the
Mawson Coast and the Grove Mountains (Young and Black, 1991;
Kinny et al., 1997; Liu et al., 2007b; Halpin et al., 2013;
Mikhalsky et al., 2016; Wang et al., 2016). This points to the exis-
tence of the Paleoproterozoic crust in the source region, and the
low eHf(t) values (�10.8 to +2.0) and old TDM2

Hf ages (2.50–
3.18 Ga) indicate a derivation of Archean source components for
this crust. The ca. 1800–1600 Ma detrital zircons were also found
in metasedimentary rocks in the Larsemann Hills, the Grove Moun-
tains and the EGB of India (Wang et al., 2008; Bose et al., 2011;
Grew et al., 2012; Wang et al., 2016). Furthermore, it has been
shown that some charnockitic and anorthositic intrusives from
the EGB were emplaced during the period ca. 1760–1630 Ma
(Kovach et al., 2001; Bose et al., 2011; Dharma Rao et al., 2012).
Thus, the EGB may have provided the source materials for parag-
neisses from the Rayner Complex. The ca. 1480–1140 Ma detrital
zircons comprise almost two-third of the dataset and correspond
with the main period of magmatism in the Rayner Complex
(Black et al., 1987; Liu et al., 2007a, 2009, 2014, 2016; Wang
et al., 2008; Grew et al., 2012; Halpin et al., 2012; Mikhalsky
et al., 2013). This seems to suggest that most detritus of the parag-
neisses were derived directly from the active Indian continental
margin/the Rayner continental magmatic arc. However, the bimo-
dal TDM2

Hf ages (2.3–1.9 and 3.0–2.4 Ga) of these detrital zircons
indicate an addition of remelted products of an older Archean/early
Paleoproterozoic source region. The mean age of ca. 1200 Ma
obtained for the 12 youngest detrital zircon grains defines the sed-
imentation occurring before arc magmatism (ca. 1170–1020 Ma) in
the northern PCM.

Detrital zircons from sample BL15-3 collected from the Else
Platform show a major age population at ca. 1180–830 Ma and a
subordinate age population at ca. 1370–1230 Ma. The subordinate
age population coincides with the major age population of sample
BL14-1 (ca. 1480–1140 Ma), and the TDM2

Hf ages (2.8–2.1 Ga for sam-
ple BL15-3) of the two samples are also comparable. This suggests
that some detrital materials from these two samples share the
same provenance. The major age population of sample BL15-3
overlaps with the age range of magmatism and metamorphism
in the northern PCM, suggesting partial or even complete Pb loss
for some zircon grains during metamorphism. In support of this
inference, the oscillatory bands in many zircon cores from this
sample have been thickened, blurred, or even entirely homoge-
nized, reflecting varying degrees of solid-state recrystallization.
Thus, care should be taken in determining the depositional ages
of metasedimentary rocks in the high-grade metamorphic ter-
ranes. In the present case, considering the age population peaks
at ca. 1020 Ma, we infer that deposition of the paragneiss precursor
took place after the arc magmatism (ca. 1170–1020 Ma) and
immediately before metamorphism (ca. 945–915 Ma; see below),
much like the metaquartzite from the Larsemann Hills (Grew
et al., 2012). However, a clear difference in zircon Hf isotopic com-
positions between the paragneiss and the associated felsic orthog-
neisses (and potentially contemporaneous mafic granulites)
(negative eHf(t) values and older TDM2

Hf ages versus positive eHf(t)
values and younger TDM2

Hf ages; see Fig. 10) demonstrates that the
latter was not the direct source of the former.

In summary, the paragneisses from the Rayner Complex may
have received detritus mainly from the active Indian continental
margin/the Rayner continental arc, and deposition was approxi-
mately contemporaneous with the late Mesoproterozoic arc mag-
matism. The depositional environment may have been intra-arc
basins (Liu et al., 2014, 2016), or a back-arc basin as inferred for



Fig. 12. Cumulative probability histogram of published zircon and monazite U–Pb
age data from the northern Prince Charles Mountains and adjacent Mawson Coast.
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equivalent paragneisses from the Mawson Coast (Halpin et al.,
2013) and for boron- and phosphate-rich paragneisses from the
Larsemann Hills (Grew et al., 2013).

8.3. Emplacement ages of charnockites

Charnockites are widely distributed along the Mawson Coast
(called the Mawson Charnockite) and were previously dated at
985 ± 29 to 935 + 3700/�12 Ma using zircon U–Pb geochronology
(Black et al., 1987; Young and Black, 1991; Halpin et al., 2005)
(see Table 3). A similar age of 980 ± 21 Ma was also obtained for
charnockites from the Loewe Massif of the northern PCM (Kinny
et al., 1997). Considering the nature of their deformation, the intru-
sion of these charnockites was commonly thought to be nearly
contemporaneous with regional high-grade metamorphism
(Young and Black, 1991; Kinny et al., 1997; Boger et al., 2000;
Carson et al., 2000). The subsequent dating of charnockites from
the Reinbolt Hills and the Gillock Island of the eastern Amery Ice
Shelf (955 ± 13 and 979 ± 11 Ma, respectively; Liu et al., 2009;
Mikhalsky and Kamenev, 2013) supports this interpretation. How-
ever, recent LA–ICP–MS U–Pb zircon dating on the Mawson
Charnockite revealed three emplacement episodes at ca. 1145–
1140, ca. 1080–1050 and ca. 985–960 Ma (Halpin et al., 2012),
indicating a complexity in the timing and nature of charnockitic
magmatism in the Rayner orogen.

Our new SHRIMP U–Pb zircon dating for two charnockite sam-
ples from the Loewe Massif also gave dissimilar results. The differ-
ent textural domains in zircons from massive sample BL01-1 yield
an indistinguishable age of 949 ± 9 Ma. This age broadly brackets
the younger age group mentioned above and is commonly inter-
preted to represent the minimum emplacement age of the
charnockite. However, based on the criteria proposed by Halpin
et al. (2012), the minimum emplacement age for this sample might
be as old as ca. 970 Ma, whereas the weighted mean age is likely to
reflect the effect of late metamorphism. In contrast, the different
textural domains in zircons from foliated sample BL04-1 yield
two distinct weighted mean ages: 1050 ± 11 Ma for the
oscillatory-zoned cores and 930 ± 9 Ma for the overgrowth rims.
In general, the former is regarded as a protolith emplacement
age and the latter as a metamorphic age. The growth of garnet
clearly indicates a metamorphic overprint on this sample and
appears to support this interpretation. Moreover, sample BL04-1
contains several older zircon inner cores of ca. 1490–1240 Ma,
which are probably xenocrysts from the country rocks.
Given that both samples BL01-1 and BL04-1 were collected
from the northern Loewe Massif and that they are only 6 km apart,
it is anomalous that their emplacement ages differ by nearly
100 Myr. The most likely explanation for this is that the two sam-
ples represent two different charnockite bodies. The minor differ-
ence in Hf isotopic compositions between the charnockites and
surrounding felsic orthogneisses suggests that they were gener-
ated within a similar Paleoproterozoic source region, but that the
partial melting to generate charnockitic magma probably occurred
at deeper levels (Young et al., 1997). If this is the case, it would be
worth investigating whether the two earlier episodes of charnocki-
tic magmatism, which are virtually contemporaneous with two
phases of felsic magmatism (1150 and 1050 Ma; Fig. 12), were also
intruded in a continental arc setting. Another possibility for the age
difference between the two samples is that sample BL04-1 was
taken from the margin of the charnockite body, where it may have
suffered strong assimilation/contamination with country rocks
during magma generation or intrusion. In such a case, all older
oscillatory-zoned zircon grains would likely to be xenocrysts and
therefore have Hf isotopic signatures similar to those of the coun-
try rocks. The oldest age of 981 ± 24 Ma from 3 younger
oscillatory-zoned zircon grains may represent the actual emplace-
ment age of the charnockite (Halpin et al., 2012).

8.4. Reappraisal of the timing of late Mesoproterozoic/early
Neoproterozoic metamorphism

The U–Pb dating of zircon overgrowth domains from felsic
orthogneisses and paragneisses as well as individual zircons from
mafic granulites from the Beaver Lake area yield weighted mean
207Pb/206Pb or 206Pb/238U ages between 946 ± 13 and 914 ± 5 Ma.
The dated zircon domains commonly show weak or strong lumi-
nescence with relatively homogeneous internal structure or
sector/fir-tree zoning. Thus, we interpret the resulting ages (ca.
945–915 Ma) to represent the timing of zircon growth during
metamorphism in the northern PCM. With the exception of a few
zircon rims from felsic orthogneiss sample BL07-3 and paragneiss
sample BL14-1, most zircon overgrowth domains have high Th/U
ratios (generally > 0.20) that are similar to the Th/U ratios of meta-
morphic zircons from other granulite terranes (Vavra et al., 1999;
Mӧller et al., 2003). Previously available U–Pb zircon data for the
Rayner Complex suggest a wide spread of ages between ca. 930
and 900 Ma (Grew and Manton, 1981; Young and Black, 1991;
Boger et al., 2000; Carson et al., 2000; Liu et al., 2009, 2014,
2016; Mikhalsky et al., 2013), whereas in situ U–Th–Pb monazite
ages of metapelites from the northern PCM and the Mawson Coast
are also concentrated at ca. 940–900 Ma (Halpin et al., 2007a;
Morrissey et al., 2015). Our new SHRIMP U–Pb zircon geochronol-
ogy for the various metamorphic rock types from the Beaver Lake
area produces similar results, suggesting that both zircons and
monazites of metamorphic origin in the Rayner Complex grew
more concentratedly in the period ca. 940–900 Ma.

However, previous geochronological studies on the Rayner
Complex conclude that a protracted late Mesoproterozoic/early
Neoproterozoic high-grade metamorphic event continued from
ca. 1000 to ca. 900 Ma (Black et al., 1987; Sheraton et al., 1987;
Grew et al., 1988; Young and Block, 1991; Boger et al., 2000;
Dunkley et al., 2002; Halpin et al., 2007a). In these studies, the peak
metamorphic ages of ca. 1000–980 Ma were mainly speculated
from earlier deformation [D1 and D2 of Boger et al. (2000)] and
the U–Pb zircon dating of structurally constrained charnockites,
granites, leucosomes and pegmatites (Young and Black, 1991;
Kinny et al., 1997; Carson et al., 2000; Boger et al., 2000;
Dunkley, 1998; Dunkley et al., 2002) (see Table 3), whereas meta-
morphic zircon overgrowths of >945 Ma were only identified in a
felsic gneiss and a paragneiss from the Mawson Coast (Halpin
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et al., 2013) and in some felsic orthogneisses from the eastern
Amery Ice Shelf–southwestern Prydz Bay area (Liu et al., 2009,
2014). Although an upper intercept age of 1000 + 14/�11 Ma
obtained for a felsic gneiss from the Else Platform was interpreted
as a metamorphic age (Manton et al., 1992), this interpretation was
not constrained by zircon internal structure or chemistry. How-
ever, an earlier monazite growth episode at ca. 1020 Ma was
recently recognized from paragneisses from both the northern
PCM and EGB (Bose et al., 2011; Morrissey et al., 2015), suggesting
the onset of metamorphism as early as ca. 1020 Ma. In any case,
two remarkable age populations at ca. 1020–970 Ma (peak at
980 Ma) and ca. 945–900 Ma (peak at 930 Ma) (see Fig. 12) and
the distinction of deformation features in each of those periods
(Carson et al., 2000; Boger et al., 2000) imply that late Mesopro-
terozoic/early Neoproterozoic high-grade metamorphism might
have taken place episodically.

As previously reported, two-stage reaction textures in meta-
morphic rocks from the northern PCM and the Mawson Coast doc-
ument late Mesoproterozoic/early Neoproterozoic medium- to
low-pressure granulite facies metamorphism followed by a near-
isobaric cooling path (Clarke et al., 1989; Fitzsimons and Harley,
1992, 1994; Thost and Henson, 1992; Hand et al., 1994a; Nichols,
1995; Scrimgeour and Hand, 1997; Stephenson and Cook, 1997;
Dunkley, 1998; Boger and White, 2003; Halpin et al., 2007a;
Morrissey et al., 2015). However, it is unclear whether the two-
stage metamorphism and the two age populations correspond
one-to-one. Garnet-hosted monazites from metapelites along the
Mawson Coast yield an age of ca. 970 Ma, whereas monazites
hosted by other mineral grains and in the matrix produce ages of
ca. 940–910 Ma (Halpin et al., 2007a). In combination with the dat-
ing of nearby structurally constrained felsic intrusives, peak meta-
morphism was thought to have occurred at ca. 990–970 Ma, and
subsequent near-isobaric cooling were slow, sustaining for ca.
80 Myr (Halpin et al., 2007a). Similar results led to similar interpre-
tations for metapelites from the northern PCM, although the
garnet-hosted monazites in this area yield somewhat older ages
of ca. 1020 Ma (Morrissey et al., 2015). A comparable two-stage
metamorphic evolution was developed in mafic granulites and
paragneisses from Mount Brown. However, zircon U–Pb dating
suggest the commencement of metamorphism no earlier than ca.
920–900 Ma (Liu et al., 2016). Monazites from different textural
sites, including those enclosed in garnet, in paragneisses from this
area also yield similar age results (Liu et al., in prep.). This implies
that the ca. 920–900 Ma metamorphism represent a single gran-
ulite facies metamorphic episode that was accompanied by a
near-isobaric cooling P–T path. In fact, the two-stage growth of
garnet observed in charnockite sample BL04-1 probably also
occurred in this time.

8.5. On late Neoproterozoic/Cambrian reworking

Unlike the area east of the Lambert Graben, late Neoprotero-
zoic/Cambrian reworking in the northern PCM was thought to be
of only minor importance and was assumed to be restricted to dis-
crete NE-trending mylonitic zones that commonly occur on the
margins of the ca. 550–500 Ma pegmatites (Manton et al., 1992;
Carson et al., 2000; Boger et al., 2002). The metamorphic reworking
is lower grade, with P–T conditions of 524 ± 20 �C and 7.6 ± 4 kbar
(Fitzsimons and Thost, 1992; Boger et al., 2002). The renewed
growth of zircon during this period has not been described in
metamorphic rocks (Manton et al., 1992; Kinny et al., 1997). How-
ever, recent phase equilibrium modelling and in situ LA–ICP–MS
U–Pb dating of microstructurally controlled monazites from some
metapelites in the northern PCM clearly show a patchy high-
temperature (800–870 �C at 5.5–6.5 kbar) metamorphic overprint-
ing of the basement during the Cambrian (532 ± 5 to 504 ± 3 Ma;
Morrissey et al., 2016). Our new SHRIMP U–Pb zircon dating indi-
cates no or only very little Pb loss for zircon grains from most sam-
ples. An exception is paragneiss sample BL15-3 from Else Platform,
in which a single sector-zoned zircon grain of 531 ± 13 Ma and an
overgrowth rim of 520 ± 5 Ma were recognized. Since the CL fea-
tures and Th/U ratios of these zircon domains are similar to those
of the ca. 945–915 Ma zircon overgrowths described above, it is
difficult to determine whether the young ages resulted from the
complete isotopic resetting of early Neoproterozoic zircons or
new zircon growth. Nevertheless, late Neoproterozoic/Cambrian
metamorphic reworking in the northern PCM has been verified
by U–Pb zircon geochronology.

8.6. Implications for the Rayner orogeny

The timing and sequence of magmatic, sedimentary and meta-
morphic events in the northern PCM are comparable to those in
other parts of the Rayner Complex. Regionally, the earliest mag-
matic episode at ca. 1490–1400 Ma occurred in Enderby Land adja-
cent to the Archean Napier Complex (Black et al., 1987), and Mount
Brown east of Archean/early Paleoproterozoic Vestfold Block
(Mikhalsky et al., 2015; Liu et al., 2016). A subsequent magmatic
episode at ca. 1380–1320 Ma was identified in the Munro Kerr
Mountains and the Luff Nunatak of the eastern Amery Ice Shelf
(Liu et al., 2009, 2014) and the Mount Lanyon in the northern
PCM (Mikhalsky et al., 2013; unpublished data). Considering that
the Kanigiri ophiolite mélange discovered in between the Dharwar
craton and the EGB has been dated at ca. 1330–1300 Ma (Dharma
Rao et al., 2011), we infer that these two arc-related magmatic epi-
sodes occurred on the active Indian continental margin during the
early Mesoproterozoic. The magmatic episode at ca. 1210–
1020 Ma dominates the northern PCM-Prydz Bay region and was
accompanied by charnockite intrusion in the northern PCM and
on the Mawson Coast. The tectonic setting for this magmatism
has converted from an Andean-type active continental margin to
a continental arc system (i.e., the Rayner continental arc) separated
by an oceanic or back-arc basin from the Indian craton. Detritus
derived mainly from the active continental margin/continental
arc was deposited in intra-arc or back-arc basins before, during
or after magmatism. At the same time, an isotopically juvenile
Fisher arc and a slightly younger Clemence arc may have formed
to the south of the Rayner continental arc (Mikhalsky et al.,
1996, 2006a,b; Liu et al., 2013, 2014). Together, the events outlined
above document the activity of a long-lived (ca. 1490 to ca. 1020
Ma) subduction–accretion system between the Indian craton and
East Antarctica.

As mentioned before, zircon and monazite growth episodically
at ca. 1020–970 and ca. 940–900 Ma seems to be consistent
throughout much of the Rayner Complex. Except for a protracted
metamorphic model as advocated by some workers (e.g., Boger
et al., 2000; Halpin et al., 2007a; Morrissey et al., 2015), an alterna-
tive episodic metamorphic model that is related to two-stage col-
lision between the Indian craton and East Antarctica can or should
be taken into account in the interpretation of the present age data
(e.g., Kelly et al., 2002; Liu et al., 2013, 2014). The ca. 1020–970 Ma
metamorphic episode was accompanied by the development of
contemporaneous compressional deformation and the intrusion
of charnockitic and granitic magmas, and is therefore likely to be
the result of the collision of the three island arcs (i.e., the Rayner,
Fisher and Clemence arcs) with East Antarctica (Liu et al., 2013,
2014). The ca. 940–900 Ma metamorphic episode dominates the
Rayner Complex and is the only metamorphic episode observed
in the reworked Napier Complex in Kemp Land (Kelly et al.,
2002; Halpin et al., 2007b). This signifies the closure of the ocean
or back-arc basin and the final amalgamation of the Indian craton
and the newly accreted East Antarctic continental margin. Overall,
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the tectonics of the Rayner orogeny evolved from arc accretion,
through arc-continent collision to continent–continent collision
during the period ca. 1500–900 Ma. The absence of high- or
ultrahigh-pressure metamorphic rocks reflects soft collision during
convergent orogeny. Therefore, like the Neoproterozoic–Paleozoic
Central Asian Orogenic Belt between the Siberian and North China
cratons (Sengör et al., 1993; Jahn, 2004; Kröner et al., 2014), the
Rayner orogen seems to represent another long-lived accretionary
orogen that the orogenic root was exposed on the Earth’s surface.

9. Conclusions

(1) The protoliths of the felsic orthogneisses from the Beaver
Lake area of the northern PCM formed at ca. 1170–1070
Ma, followed by two separate episodes of charnockite
emplacement at ca. 1050 and ca. 950 Ma or a single episode
at ca. 980 Ma. Similarities in the Hf isotopic compositions of
these two rock types suggest that they were derived from the
same Paleoproterozoic source, but that the partial melting to
generate charnockite magma occurred at deeper levels.

(2) Detrital zircons from two paragneiss samples yield slightly
different age spectra, indicating their deposition before and
after the intrusion of felsic orthogneisses protoliths, respec-
tively. The metasedimentary precursors received detritus
mainly from the active Indian continental margin/the Ray-
ner continental arc, but have not been derived from the sur-
rounding felsic orthogneisses and mafic granulites.

(3) The late Mesoproterozoic/early Neoproterozoic high-grade
metamorphism of the Rayner Complex was probably episo-
dic at ca. 1020–970 and 940–900 Ma. The late metamorphic
episode led to the extensive growth of zircon and monazite,
and probably represents the main period of regional meta-
morphism. The zircon record for Cambrian metamorphic
reworking was only observed in a single paragneiss samples
from the Else Platform.

(4) The timing and sequence of magmatic, sedimentary and
metamorphic events in the northern PCM are comparable
with those in other parts of the Rayner Complex. The avail-
able data demonstrate the tectonic evolution of the Rayner
orogen between ca. 1500 and 900 Ma from accretion to col-
lision. Therefore, the Rayner orogen essentially represents a
long-lived accretionary orogen that the orogenic root was
exposed on the Earth’s surface.
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