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ABSTRACT. The high-grade metamorphic rocks from the eastern Amery Ice Shelf
and southwestern Prydz Bay of East Antarctica represent reworked Rayner Complex
during the late Neoproterozoic/Cambrian metamorphism. These Mesoproterozoic
basement rocks can provide important information for the earlier tectonic evolution
of the Rayner orogen. Chemical compositions of the mafic granulites from the
Søstrene Island and Munro Kerr Mountains area suggest that their protoliths resemble
Nb-enriched arc basalts, whereas those from the McKaskle-Mistichelli Hills, Reinbolt
Hills and Manning Nunataks show typical characteristics of island arc basalts. Nd
isotopic analyses yielded initial Nd isotope compositions, expressed as �Nd(T) values,
ranging from �4.1 to �0.4 for the former, and mostly from �3.2 to �4.7 for the latter.
The felsic orthogneisses have the characteristics of volcanic arc granites, and one fifth
of the samples belong to high Sr/Y types. The felsic orthogneisses yielded �Nd(T)
values of �2.4 to �7.6 and Nd depleted-mantle model ages of 2.2 to 1.9 Ga, implying
an important episode of crustal formation in the Paleoproterozoic. The high Sr/Y
orthogneisses have high K2O/Na2O ratios (>1), positive Eu anomalies, significant
HREE depletion and negative �Nd(T) values, suggesting their derivation from partial
melting of garnet-bearing K-rich mafic sources at the lower crust of the continental arc.
Geochronological data give protolith ages ranging from 1380 to 1020 Ma for these
arc-related rocks, indicating a long-lived magmatic accretion in the Rayner continental
arc for �360 Ma. In addition, a younger island arc (<1080 Ma) was probably formed in
the south of the Fisher oceanic arc. Coupled with the available data for the adjacent
areas, we propose that the tectonic process of the Rayner orogen involved the collision
of several island arcs with East Antarctica (the Lambert Terrane or the Ruker craton),
followed by the closure of ocean and final collision of the Indian craton with the newly
accreted Antarctic margin.

Key words: Mesoproterozoic, basement rock, magmatic accretion, continental arc,
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introduction
The Prince Charles Mountains-Prydz Bay region in East Antarctica provides a

relatively well-exposed section (compared to much of Antarctica) of metamorphic
Mesoproterozoic basement rocks, known as the Rayner Complex. This complex
extends more than 1000 km from Enderby Land in the west to Princess Elizabeth Land
in the east. The Rayner Complex is probably continuous with the Eastern Ghats Belt of
India, forming a unified Rayner orogen through the collision of the Indian craton with
East Antarctica during the late Mesoproterozoic/early Neoproterozoic (Yoshida, 1995;
Mezger and Cosca, 1999; Kelly and others, 2002). However, the tectonic setting and
oceanic subduction-accretion processes operating before continental collision remain
little known. Previous geochemical studies indicate that the felsic orthogneisses from
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the northern Prince Charles Mountains have the characteristics of I- and S-type
granites (Sheraton and others, 1996; Stephenson, 2000; Mikhalsky and others, 2001).
Some workers considered that their protoliths were formed in an Andean-type active
continental margin (Munksgaard and others, 1992; Sheraton and others, 1996; Mikhal-
sky and others, 2001), but others argued that an intracontinental setting could not be
ruled out (Stephenson, 2000; Wang, ms, 2002). Moreover, geochemical and isotopic
data on mafic granulites suggest that the development of this active continental margin
could have involved remnants of plume-related oceanic plateau and backarc basins
(Mikhalsky and Sheraton, 2011). This complicates the understanding of the tectonic
evolution of the Rayner orogen.

The high-grade metamorphic rocks from the eastern Amery Ice Shelf and
southwestern Prydz Bay (that is, the Prydz Belt) represent reworked Rayner Complex
during the late Neoproterozoic/Cambrian metamorphism and deformation. The area
is dominated by felsic orthogneisses and mafic granulites. Some of these rocks,
particularly those from larger outcrops, have been dated with the SHRIMP zircon U-Pb
method (Liu and others, 2007a, 2009a; Wang and others, 2008; Grew and others,
2012). Four major magmatic episodes at 1380, 1210 to 1170, 1130 to 1120 and 1060 to
1020 Ma have been recognized. The three older episodes are mainly recorded in the
Prydz Bay coastline and McKaskle-Mistichelli Hills, and the youngest is found in the
Reinbolt Hills and Manning Nunataks. However, the limited age data available from
isolated exposures are insufficient to properly characterize the time frame of magmatic
episodes and the regional trends of age distribution. Thus, a comprehensive geochrono-
logical investigation is still required, which can also provide a solid base for the
geochemical study.

In this contribution we present new geochemical and U-Pb zircon age data for the
mafic granulites and felsic orthogneisses from the eastern Amery Ice Shelf-southwest-
ern Prydz Bay area. We present evidence that the protoliths of the metamorphic rocks,
including some mafic granulites with geochemical characteristics of Nb-enriched
basalts, were formed in a continental arc setting. A long-lived magmatic accretion in
the continental arc during the Mesoproterozoic may have lasted for �360 Ma. Coupled
with the available data from adjacent areas, a new tectonic model will be presented to
illustrate our view of tectonic processes, involving arc-continent collision followed by
continent-continent collision between the Indian craton and East Antarctica (the
Lambert Terrane or the Ruker craton) during the early Neoproterozoic.

geological setting
The Prince Charles Mountains-Prydz Bay region is located in Kemp, MacRobert-

son and Princess Elizabeth Lands of East Antarctica. The region comprises four
Archean/Paleoproterozoic cratonic blocks, a late Mesoproterozoic Fisher Terrane, an
early Neoproterozoic Rayner Complex and a late Neoproterozoic/Cambrian Prydz
Belt (fig. 1). Four Archaean/Paleoproterozoic blocks include the Ruker Terrane in the
southern Prince Charles Mountains, the Lambert Terrane in the northern Mawson
Escarpment, the Vestfold Block and the Rauer Group in Prydz Bay. Each preserves
distinct crustal histories and therefore do not form remnants of a single unified craton
(Harley, 2003; Boger, 2011). The Fisher Terrane crops out in the southern sector of
the northern Prince Charles Mountains, where mafic-felsic volcanism and intrusion
occurred at 1300 to 1020 Ma, followed by amphibolite facies metamorphism at 1020 to
940 Ma (Beliatsky and others, 1994; Kinny and others, 1997; Mikhalsky and others,
1999, 2001). All these igneous rocks have calc-alkaline affinities and Nd model ages
(TDM) of 1.8 to 1.6 Ga (Mikhalsky and others, 1996, 2006). The Rayner Complex is
mainly exposed in the northern Prince Charles Mountains and adjacent Mawson
Coast. It is characterized by regional granulite facies metamorphism accompanied by
widespread charnockitic and granitic magmatism at 1000 to 900 Ma (Kinny and others,
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1997; Boger and others, 2000; Carson and others, 2000; Halpin and others, 2007,
2012). The protolith ages of mafic granulites and felsic orthogneisses dominating the
Rayner Complex are not well-constrained. Their TDM ages range from 2.2 to 1.6 Ga
(Young and others, 1997; Zhao and others, 1997a).

The Prydz Belt is exposed in Prydz Bay, eastern Amery Ice Shelf and the Grove
Mountains. The high-grade metamorphic rocks in Prydz Bay and eastern Amery Ice
Shelf comprise two lithological associations: mafic-felsic composite orthogneisses and
migmatitic paragneisses, which are attributed to the basement and cover sequences,
respectively (Fitzsimons and Harley, 1991; Carson and others, 1995; Fitzsimons, 1997).
Geochronological studies suggest that the basement orthogneisses were originally
emplaced during the period 1380 to 1020 Ma, with TDM ages of 2.4 to 1.7 Ga (Sheraton
and others, 1984; Zhao and others, 1995, 2003; Liu and others, 2007a, 2009a; Wang
and others, 2008; Grew and others, 2012), while the cover sequences might have been
deposited during the late Mesoproterozoic (Dirks and Wilson, 1995; Wang and others,
2008; Grew and others, 2012) or Neoproterozoic (Hensen and Zhou, 1995; Zhao and

Fig. 1. Geological sketch map of the Prince Charles Mountains-Prydz Bay region and its relation to the
Eastern Ghats Belt of India (modified after Mikhalsky and others, 2001; Rickers and others, 2001; Fitzsimons,
2003; Dasgupta and others, 2013). Inset shows its location in Gondwana at �500 Ma. Domains 1A, 1B, 2, 3
and 4 of the Eastern Ghats Belt were divided based on isotopic (Nd model age) characters (Rickers and
others, 2001).
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others, 1995; Kelsey and others, 2008). The major tectonothermal events, including
deformation, high-grade metamorphism and emplacement of syn- to post-orogenic
granites, took place between 550 and 490 Ma (Zhao and others, 1992, 1995, 1997b;
Hensen and Zhou, 1995; Carson and others, 1996; Fitzsimons and others, 1997; Grew
and others, 2013a). However, a widespread metamorphic event accompanied by the
charnockite intrusion at 990 to 900 Ma was also recognized (Hensen and Zhou, 1995;
Wang and others, 2008; Liu and others, 2009a; Grew and others, 2012). In contrast, the
rocks from the Grove Mountains yielded young protolith ages of 920 to 910 Ma, with
two TDM age groups of 1.8 to 1.6 and 2.5 to 2.3 Ga (Liu and others, 2007b). These rocks
experienced only a single metamorphic cycle at 570 to 500 Ma (Liu and others, 2006,
2007b, 2009b).

samples and analytical techniques

Sample Description
Twenty-five mafic granulite and 35 felsic orthogneiss samples from the Søstrene

Island, Munro Kerr Mountains area (including the Hamm Peak, Svarthausen Nunatak
and Meknattane Nunataks), McKaskle-Mistichelli Hills, Reinbolt Hills and Manning
Nunataks in the eastern Amery Ice Shelf-southwestern Prydz Bay area were chosen for
major and trace element analyses. Of them 30 samples were also analyzed for Nd
isotopic compositions. In addition, 4 felsic orthogneisses from the above outcrops and
2 others from the Statler Hills and Jennings Promontory were selected for sensitive
high-resolution ion microprobe (SHRIMP) U-Pb zircon analyses. The sample localities
are shown in figure 2. The mineral assemblages of the samples are presented in table 1.

Mafic granulites occur as continuous layers or lenses within felsic orthogneisses.
The granulite layers are typically a few meters to several tens of meters wide. Rarely, a
layer may reach 2 km wide as that occurring in the Reinbolt Hills. Most granulite
samples exhibit an equilibrium paragenesis of clinopyroxene � orthopyroxene �
hornblende � plagioclase � opaque, with or without minor biotite and/or quartz.
However, sample 23-23 has no plagioclase, whereas sample 149-3 contains olivine and
spinel. Samples 23-10 to 23-34 were taken from a large mafic granulite body about
100 � 300 m2 in size from Søstrene Island, and 24-2 and 24-6 were collected from a
folded dike-like layer from the same outcrop. Some of these samples contain garnet
porphyroblasts, which exhibit two-stage retrograde decompression (Thost and others,
1991). Another garnet-bearing sample 80-1 was taken from a folded mafic granulite
layer 1.5 m wide in the McKaskle Hills. This thin layer might be a deformed dike
intruded in felsic orthogneisses.

Felsic orthogneisses are the dominant rock type of the eastern Amery Ice
Shelf-southwestern Prydz Bay area. They show weak, moderate to strong foliations and,
in many cases, are interleaved with mafic granulites. All primary magmatic minerals
and fabrics have been obliterated by the granulite facies metamorphism. Thus, it is
difficult to determine whether these felsic orthogneisses are metamorphosed intrusive
or extrusive rocks (Sheraton and others, 1996). Most samples consist of orthopyrox-
ene, biotite, plagioclase, K-feldspar, quartz and opaque, with or without garnet. The
intermediate type commonly contains minor clinopyroxene and hornblende. Some
samples, particularly those from the Munro Kerr Mountains area, do not contain
orthopyroxene. Their mineral assemblage is garnet � biotite � plagioclase � K-feld-
spar � quartz � opaque. Samples 41-1 and 41-4 are dike rocks from the Hamm Peak,
whereas sample 117-2 was collected from a small enclave about 45 � 80 cm2 in the
Jennings Promontory charnockite.

Analytical Techniques
Whole-rock chemical analyses were carried out at the National Research Center

for Geoanalysis, Chinese Academy of Geological Sciences. Major element abundances,
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except FeO and LOI, which were determined by a wet chemical method, were
measured by XRF (3080E) after fusion of sample powder with lithium tetraborate.
Relative standard deviations are better than 5 percent. Trace element concentrations
were measured by inductively coupled plasma-mass spectrometry (ICP-MS) (TJA PQ
ExCell), following the method of Wang and others (2003). Sample powders were
digested with HF � HNO3 mixture in high-pressure Teflon bombs on a hot-plate for
24 h. After complete digestion, sample solution was evaporated to incipient dryness,
refluxed with 6N HNO3, and heated again to incipient dryness to remove organic
matter. The sample was then dissolved in 2 ml of 3N HNO3 and diluted with Milli-Q
water (18 MX) to a final dilution factor of 2000. The detection limit for trace elements
is about 0.1 ppm. Analytical uncertainties are less than 5 percent for trace elements
with concentrations �20 ppm and 5 to 10 percent for concentrations �20 ppm. The
analytical results are presented in tables 2 and 3. The chondritic values used in
construction of REE patterns and the primitive mantle (PM) values used in spider-
grams are from Sun and McDonough (1989).

Nd isotopic analyses were performed at the Institute of Geology and Geophysics,
Chinese Academy of Sciences. The analytical procedures are the same as reported by

Fig. 2. Geological sketch map of the eastern Amery Ice Shelf and southwestern Prydz Bay (modified
after Mikhalsky and others, 2001; Liu and others, 2009a). The localities of the studied samples and their
protolith ages obtained with SHRIMP U-Pb zircon dating (Liu and others, 2007a, 2009a; this paper) are
indicated.
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Table 1

Locations, mineral assemblages and protolith ages of the studied samples

Abbreviations: Bt � biotite; Cpx � clinopyroxene; Grt � garnet; Hbl � hornblende; Kfs � K-feldspar;
Ol � olivine;Opx � orthopyroxene; Oq � opaque; Pl � plagioclase; Qtz � quartz; Rt � rutile; Spl � spinel.
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Table 2

Chemical compositions of mafic granulites
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Table 2

(continued)
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Table 3

Chemical compositions of felsic orthogneisses
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Table 3

(continued)
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Table 3

(continued)
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Liu and others (2006). Powdered samples were spiked with 149Sm and 150Nd and
dissolved in acid (HF � HNO3). Dissolution was done in Teflon bombs at about 100 °C
for 10 days. Sm and Nd were separated with the conventional ion exchange techniques.
Nd isotope ratios were measured with a Finnigan MAT 262 multi-collector mass
spectrometer. Total procedural blanks were �100 pg for Sm and Nd. Nd isotopic
fractionations were corrected against 146Nd/144Nd � 0.7219. Within-run precision
(2�m) for Nd was estimated to be �0.000015. During the period of data acquisition,
the measured isotope ratio for Jndi-1 Nd standard was 143Nd/144Nd � 0.512124 �
0.000012 (2�m). The USGS standard BCR-2, prepared with the same procedures as the
samples, yielded Sm � 6.67, Nd � 29.20, 147Sm/144Nd � 0.1382, and 143Nd/144Nd �
0.512645 � 0.000012 (2�). The analytical results are shown in table 4. Nd depleted-
mantle model ages (TDM) were calculated assuming a linear isotopic evolution of the
depleted mantle reservoir from εNd(T) � 0 at 4.56 Ga to �10 at the present.

U-Th-Pb zircon analyses were performed using the SHRIMP II ion microprobe at
the Beijing SHRIMP Centre, Chinese Academy of Geological Sciences. Zircon was
extracted with conventional techniques, including crushing, sieving, heavy liquid and
hand picking. Zircon grains were mounted in an epoxy disc along with the TEMORA

Table 4

Sm-Nd isotopic analyses for mafic granulites and felsic orthogneissess
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zircon standard and polished to expose their centre. Internal structures of zircon
grains were revealed by cathodoluminescence (CL) imaging. Instrumental conditions
and data acquisition procedures were similar to those described by Williams (1998). A
primary ion beam of 4.5 nA, 10 kV O2

	 and �30 
m spot was used. The measured
206Pb/238U ratios were corrected with reference zircon TEMORA (416.75 � 0.24 Ma;
Black and others, 2003). Correction for common Pb was made with the measured
204Pb. Ages were calculated using the programs SQUID 1.03 and ISOPLOT 3.23. The
age uncertainties for individual analyses represent one standard deviation (1�), but
the calculated weighted mean 206Pb/238U or 207Pb/206Pb ages are quoted at the 95
percent confidence level. The analytical data are listed in table 5.

results

Major and Trace Elements
Mafic granulites.—Mafic granulites show a range of SiO2 contents from 42 to 53

weight percent and a large variation of total alkalis (Na2O � K2O) from 0.5 to 4.6
weight percent. Most samples are classified as basalts to picrobasalts in the total alkali
versus silica (TAS) classification by Middlemost (1994), but those from the Reinbolt
Hills are basaltic andesites (fig. 3A). According to the Nb/Y versus Zr/Ti discrimina-
tion diagram of Winchester and Floyd (1977), most of them belong to subalkaline
basalts and andesites/basalts, whereas those from the Reinbolt Hills mainly fall in the
andesite and dacite fields (fig. 3B). In the Alkali-FeO*-MgO (AFM) diagram (Irvine
and Baragar, 1971), all samples display a tholeiitic trend, except for sample 142-1 from
the Reinbolt Hills, which has a calc-alkaline trend (fig. 3C). The Mg# values of the
rocks are highly variable, ranging from 39 to 78, suggesting their derivation from
different evolved mafic magmas.

The chondrite-normalized rare earth element (REE) patterns and primitive
mantle (PM) normalized spidergrams of mafic granulites are shown in figures 4A–4J.
The REE patterns of samples from Søstrene Island (named Group I mafic granulites)
are weakly fractionated, with (La/Yb)N between 1.29 and 3.48 (fig. 4A). They have total
REE contents of 54 to 102 ppm and negligible Eu anomalies (Eu/Eu* � 0.85-0.93). In
the spidergrams (fig. 4F), the most distinguishing feature is the enrichment of Nb and
Ta relative to K and La (Nb � 5.51-18.9 ppm, Nb/La � 0.88-2.28). The overall trace
element abundances resemble enriched mid-ocean ridge basalts (E-MORB) except the
more pronounced depletion in large ion lithophile elements (LILE) such as Rb, Ba
and K, as well as high-field strength elements (HFSE) such as Th and Zr.

Samples from the Munro Kerr Mountains area (Group II mafic granulites) have
nearly flat REE Patterns [(La/Yb)N � 1.23-1.76] (fig. 4B), with total REE contents of 28
to 58 ppm and almost no Eu anomalies (Eu/Eu* � 0.90-1.10). In the spidergrams (fig.
4G), no noticeable Nb and Ta anomalies relative to La were observed, but two samples
(33-10 and 41-16) are considerably enriched in K and Rb. The overall patterns are also
comparable with those of E-MORB.

Samples from the McKaskle-Mistichelli Hills, Reinbolt Hills and Manning Nunat-
aks (Group III mafic granulites) displays slightly or moderately LREE-enriched pat-
terns [(La/Yb)N � 1.48-13.44] (figs. 4C-4E), with total REE contents of 45 to 459 ppm
and weakly negative Eu anomalies (Eu/Eu* � 0.61-0.93). Their trace element abun-
dances are characterized by variable enrichment of LILE and significant depletion in
Nb-Ta, Zr (Hf) and Ti (figs. 4H-4J). Sr abundances also show negative anomalies for
most samples.

Felsic orthogneisses.—The SiO2 contents of felsic orthogneisses range from 56 to 75
weight percent, Na2O � K2O from 3.2 to 8.5 weight percent, and K2O/Na2O ratios vary
from 0.26 to 3.90. They cover the andesite-dacite-rhyolite field in the TAS and
Nb/Y-Zr/Ti classification diagrams (see figs. 3A and 3B). All samples plot in the
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calc-alkaline trend except two (samples 35-1 and 38-7) from the Munro Kerr Moun-
tains area in the tholeiitic trend (see fig. 3C). The rocks are metaluminous to
peraluminous, with ASI values [molar Al2O3/(CaO � Na2O � K2O)] less than 1.1 for
most samples, which match the compositions of I-type granites (fig. 5A). However, 6
garnet-rich samples (31-2, 35-1, 38-7, 43-8, 41-1 and 41-4) from the Munro Kerr
Mountains area have ASI � 1.1, analogous to S-type granites. The 104Ga/Al ratios of
the rocks range from 1.71 to 2.92, with an average of 2.45. Although the Na2O � K2O
contents and FeO*/MgO ratios (1.01-5.32, except sample 150-1) of most samples are
consistent with their being I- and S-type granites, some samples nevertheless fall in the
A-type granite field due to the enrichment of Ga, Zr, Nb and Y (Whalen and others,
1987) (fig. 5B). Since these samples, except two with relatively lower SiO2 contents
(56.02 and 57.31 wt%), are highly fractionated (fig. 5C), we infer that they were
fractionated I- or S-type granites. In addition, 7 samples, including the oldest 38-1 from
the Hamm Peak, 72-7 and 81-7 from the McKaskle-Mistichelli Hills, and 129-1, 135-1,
136-1 and 141-1 from the Reinbolt Hills, are strongly depleted in Y (1.33-10.8 ppm).
They have Sr/Y ratios �40 (except 81-7 with Sr/Y � 33), belonging to high Sr/Y
granites (fig. 5D). In particular, 4 such samples from the Reinbolt Hills typically show a
partial melting trend (see fig. 5C).

Fig. 3. (A) Total alkali vs. SiO2 (TAS) diagram for classification of mafic granulites and felsic
orthogneisses (after Middlemost, 1994). The dashed line represents the boundary between alkaline (upper)
and subalkaline (lower). (B) Zr/Ti vs. Nb/Y diagram for classification of mafic granulites and felsic
orthogneisses (after Winchester and Floyd, 1977). (C) Alkali-FeO*-MgO (AFM) diagram of mafic granulites
and felsic orthogneisses (after Irvine and Baragar, 1971). Solid symbols indicate mafic granulites and open
symbols indicate felsic orthogneisses.
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The REE patterns of high Sr/Y orthogneisses are moderately or strongly fraction-
ated [(La/Yb)N � 13-88] and typically depleted in HREE. They have total REE
contents of 30 to 117 ppm and all show marked positive Eu anomalies (Eu/Eu* �

Fig. 4. Chondrite-normalized REE patterns (A-E) and primitive mantle (PM) normalized spidergrams
(F-J) of mafic granulites. OIB, E-MORB and N-MORB data and chondrite and PM values used for
normalization are from Sun and McDonough (1989).
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1.47-5.05). Other felsic orthogneisses display moderately LREE-enriched patterns
(figs. 6A-6E), with (La/Yb)N ratios of 4 to 33 and total REE contents of 103 to 452 ppm.
Most samples have negative Eu anomalies (Eu/Eu* � 0.38-0.90), but some (samples
41-1, 72-5, 74-8 and 79-1) show no Eu anomalies (Eu/Eu* � 0.96-1.10), or even a
positive Eu anomaly (sample 37-3: Eu/Eu* � 1.37). In the spidergrams (figs. 6F-6J), all
the felsic orthogneisses exhibit high abundances of Rb, Ba, K, Zr and La (REE), and
relative depletion in Nb, Ta, P, Ti and Sr, except for the high Sr/Y gneisses. The high
Sr/Y orthogneisses commonly show no depletion in Sr, or even show a small positive Sr
anomaly.

Nd Isotopes
Based on the available zircon U-Pb age data (Liu and others, 2007a, 2009a; Grew

and others, 2012; this paper), the initial εNd values [εNd(T)] were calculated at 1350,
1200, 1150, and 1050 Ma for samples from different localities. Overall, Group I-II mafic
granulites display εNd(T) values from �4.1 to 	0.4, whereas most Group III mafic
granulites show negative εNd(T) values from 	3.2 to 	4.7 (fig. 7). However, three
Group III samples (71-5, 149-1 and 150-4) have higher εNd(T) values (�3.4, �0.6 and
	1.2). Nd model ages (TDM) of samples with negative εNd(T) values are mainly
between 2.25 and 1.89 Ga (except sample 78-1 with TDM � 2.48 Ga). Other samples

Fig. 5. Diagrams illustrating the chemical characteristics of felsic orthogneisses. (A) ASI [molar
Al2O3/(CaO � Na2O � K2O)] vs. SiO2 diagram. (B) 104Ga/Al vs. Zr � Nb � Ce � Y diagram (after Whalen
and others, 1987). (C) La/Yb-La diagram. (D) Sr/Y-Y diagram.

530 Xiaochun Liu and others—Geochemistry and geochronology of Mesoproterozoic basement



yielded insignificant TDM ages since their fSm/Nd values are greater than 	0.2 (Jahn
and others, 2000). Felsic orthogneisses have εNd(T) values from 	2.4 to 	7.6, and TDM
model ages of 2.23 to 1.85 Ga (except samples 32-1 and 38-7 yielding slightly older
ages).

Fig. 6. Chondrite-normalized REE patterns (A-E) and primitive mantle (PM) normalized spidergrams
(F-J) of felsic orthogneisses. Chondrite and PM values used for normalization are from Sun and McDonough
(1989).
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U-Pb Zircon Ages
Zircon grains from sample 24-10 are prismatic, with lengths of 200 to 400 
m and

length to width ratios of 2 to 4. The CL images reveal that most grains have core-rim
structures, characterized by oscillatory zoning in the core and bright homogeneous or
planar zoning in the rim. However, the oscillatory bands of some cores have been
thickened and even homogenized as a consequence of solid-state recrystallization.
Twenty-six core analyses yielded a very large range of 206Pb/238U ages from 1178 � 8 to
597 � 4 Ma (fig. 8A), with Th/U ratios ranging from 0.18 to 5.19. Of them 11 old data
points produced a weighted mean 207Pb/206Pb age of 1117 � 37 Ma (MSWD � 2.8).
This age is considered to be the minimum protolith age of the felsic orthogneiss.
Fifteen rim analyses also yielded scattered 206Pb/238U ages from 1159 � 10 Ma to
719 � 5 Ma. Most of these ages are discordant, with Th/U ratios varying from 0.34 to
6.12. Among them, 4 relatively young data points gave a weighted mean 206Pb/238U age
of 922 � 10 Ma (MSWD � 0.86). This age may reflect the time of metamorphism.

Zircon grains from sample 31-2 are ovoid or short prismatic, with lengths ranging
from 100 to 250 
m. Most grains show an oscillatory-zoned core, a dark planar- or
sector-zoned mantle and a very narrow bright rim, which cannot be analyzed. Two
analyses of cores produced old 207Pb/206Pb ages of 1971 � 10 and 1580 � 18 Ma.
Sixteen other core analyses, except for 1 deviated spot, plot on or near a discordia,
yielding an upper intercept age of 1327 � 29 Ma and a lower intercept age of 542 �
190 Ma (MSWD � 2.1) (fig. 8B). Their Th/U ratios vary from 0.33 to 1.03. Fifteen rim
analyses are mostly discordant and show low Th/U ratios (0.01-0.13). Of them 8 data
points gave a weighted mean 207Pb/206Pb age of 997 � 27 Ma (MSWD � 1.4). Taking
into account the CL features and Th/U ratios of the dated zircon domains, we
interpret the age of 1327 � 29 Ma as a protolith age, and the age of 997 � 27 Ma as a
metamorphic age.

Larger zircon grains from sample 41-1 are prismatic, whereas smaller grains are
rounded to ovoid. The sizes of all grains range from 100 to 300 
m. All grains show
simple zoning with oscillatory-zoned core and bright planar- or sector-zoned rim, but
most cores have been homogenized and, in some cases, partially blurred. Among 15
core analyses, 3 fine-scale oscillatory-zoned cores yielded an upper intercept age of
1079 � 29 Ma (MSWD � 0.16) (fig. 8C). Six homogenous cores produced a weighted

Fig. 7. Nd evolution diagram for mafic granulites and felsic orthogneisses.
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mean 207Pb/206Pb age of 920 � 13 Ma (MSWD � 0.79). The remaining 6 spots gave
highly discordant ages. Th/U ratios for different cores are variable from 0.01 to 0.74.
Ten rim analyses are tightly clustered with a weighted mean 206Pb/238U age of 884 � 4
Ma (MSWD � 1.7). Two other spots show younger ages due to Pb loss. Th/U ratios for
the rims range from 0.18 to 0.53. The age of 1079 � 29 Ma is interpreted as the
emplacement age of the felsic orthogneiss protolith, whereas the ages of 920 � 13 and
884 � 4 Ma as a recrystallization age and a metamorphic age, respectively.

Zircon grains from sample 82-1 are ovoid or prismatic, with lengths varying from
100 to 450 
m. All grains display oscillatory zoning. Some of them have a bright planar-
or fir-tree-zoned overgrowth rim. Eighteen core analyses fall on or near a discordia
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Fig. 8. Zircon U-Pb concordia diagrams of felsic orthogneisses, with inset showing CL images of zircon.
Circles on zircon represent SHRIMP analytical spots, with diameters of �30 
m.
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with upper and lower intercept ages at 1160 � 48 and 655 � 210 Ma, respectively
(MSWD � 1.6) (fig. 8D). Their Th/U ratios are between 0.47 and 1.07. Of them 6 old
data points produced a concordant age of 1161 � 6 Ma (MSWD � 0.17). The age is
interpreted as the protolith age of the felsic orthogneiss. Among 5 rim analyses, except
for 1 spot shows a slightly older age, others yielded a weighted mean 206Pb/238U age of
528 � 3 Ma (MSWD � 1.05). Th/U ratios for these zircon domains range from 0.16 to
0.34. This age is taken to date the time of metamorphism.

Zircon grains from sample 117-2 are long prismatic, 150 to 400 
m in length, and
length to width ratios of 2 to 5. Almost all grains show typical core-rim structures.
Eighteen analyses on oscillatory-zoned cores yielded 206Pb/238U ages from 1156 � 38
to 519 � 4 Ma, with Th/U ratios of 0.09 to 2.52. Excluding 4 deviated spots, the others
fall on a discordia with an upper intercept age of 1132 � 43 Ma and a lower intercept
age of 520 � 69 Ma (MSWD � 2.4) (fig. 8E). The data for 14 bright fir-tree-zoned
overgrowths are tightly grouped, yielding a mean 206Pb/238U age of 512 � 3 Ma
(MSWD � 1.03). Their Th/U ratios are concentrated to 1.37 to 1.66. The ages of
1132 � 43 and 512 � 3 Ma are considered to represent the protolith age and
metamorphic age, respectively.

Zircon grains from sample 150-1 are ovoid or short prismatic, with sizes ranging
from 100 to 300 
m. Most grains have an oscillatory-zoned core and a bright planar- or
sector-zoned rim. However, many cores have been severely blurred due to solid-state
recrystallization. Among 18 core analyses, 12 form a discordant array with an upper
intercept age of 1347 � 22 Ma (MSWD � 1.8). This is in agreement within error with
the weighted mean 207Pb/206Pb age of 1344 � 12 Ma (MSWD � 1.7) (fig. 8F). Six
others gave a scattered age pattern from 1415 � 13 Ma (207Pb/206Pb age) to 723 � 4
Ma (206Pb/238U age). Th/U ratios for core domains range from 0.27 to 0.70. The age
of 1347 � 22 Ma is interpreted as the protolith age of the felsic orthogneiss. Among 12
rim analyses, except for 2 outliers and spot 25.1, 9 data points fall on a discordia, with
an upper intercept age of 968 � 97 Ma (MSWD � 0.23), slightly older than the
weighted mean 207Pb/206Pb age of 931 � 37 Ma (MSWD � 0.39). Their Th/U ratios
vary from 0.33 to 1.75. The age of 968 � 97 is taken as the time of early Neoproterozoic
metamorphic event. Spot 25.1 yielded the youngest 206Pb/238U age of 529 � 4 Ma, with
Th/U ratio of 0.16, probably reflecting the effect of Cambrian metamorphism.

discussion

Element Mobility During Granulite Facies Metamorphism
The behavior of trace elements during high-grade metamorphism has received

much attention. It has been widely accepted that most granulite facies rocks are
variably depleted in LILE, particularly K, Rb, Th and U, with concurrent increases in
K/Rb and Th/U ratios (for example, Heier, 1973; Tarney and Windley, 1977; Jahn and
Zhang, 1984; Sheraton and Collerson, 1984; Rudnick and others, 1985; Jahn, 1990;
Rudnick and Presper, 1990). However, some post-Archean granulite terranes were also
documented to have not experienced significant LILE depletion, with the possible
exception of U (for example, Barbey and Cuney, 1982; Sheraton and Black, 1983;
Stephenson, 2000). Mafic granulites and felsic orthogneisses from the eastern Amery
Ice Shelf-southwestern Prydz Bay area have undergone two granulite facies metamor-
phic cycles during the periods �1000 to 900 and �550 to 500 Ma (Liu and others,
2013). Therefore, we need to understand the trace element mobility during metamor-
phism before discussing petrogenesis and tectonic setting.

Most felsic orthogneisses, except samples 126-1, 126-2 and 127-1 from the Reinbolt
Hills, have K/Rb ratios between 100 and 390, with an average of 215. This matches the
main trend of continental granitoids (MT; Shaw, 1968) (fig. 9A). Their Rb/Sr ratios
are more than 0.1 (fig. 9B). The 3 exceptional samples show slightly higher K/Rb
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ratios (560-600) and lower Rb/Sr ratios (�0.1), probably implying some, but not
much, loss of Rb relative to K and Sr during metamorphism. Therefore, the data do not
follow the depleted granulite trend (DGT, fig. 9A) reported by Jahn (1990). The
average K/Ba and Rb/Ba ratios for all felsic orthogneisses are 30 and 0.14, respectively
(fig. 9C), further suggesting little mobility of K, Rb and Ba. The case is very similar to
granulite facies rocks from the northern Prince Charles Mountains (Sheraton and
Black, 1983; Munksgaard and others, 1992; Sheraton and others, 1996; Stephenson,
2000). However, La/Th and Th/U ratios for the felsic orthogneisses from the studied
area do not lie within the normal range of igneous rocks (fig. 9D), indicating that both
Th and U were depleted during metamorphism.

In contrast, mafic granulites show highly variable concentrations of K, Rb, Sr and
Ba, with K/Rb � 60–1310, Rb/Sr � 0.002–1.45, K/Ba � 7–250, and Rb/Ba �
0.02–2.52 (see figs. 9A-9C). For the low-K (K2O � 0.06-0.36 wt%) Group I mafic
granulites, although their average K/Rb, Rb/Sr, K/Ba and Rb/Ba ratios (647, 0.016,
101, and 0.17) resemble the oceanic trend of MORB (OT; Shaw, 1968), the marked
depletion of Rb, Ba and possible K relative to HFSE and REE is unusual. It is difficult to
deduce whether this depletion is resulted from the evolution of the source magma or
the loss of these elements during metamorphism. For two K- and Rb-enriched Group II
mafic granulites, because their LREE abundances are very low, the enrichment of K
and Rb does not reflect the protolith geochemistry, but may be caused by metamor-

Fig. 9. Diagrams illustrating the element mobility during granulite facies metamorphism. (A) K-Rb
diagram. OT (oceanic trend of MORB) and MT (main trend of continental granitoids) are given by Shaw
(1968). DGT (depleted granulite trend) is given by Jahn (1990). (B) Rb-Sr diagram. (C) K-Ba diagram. (D)
Th/U-La/Th diagram. The box represents the field of common igneous rocks (after Rudnick and Presper,
1990). Solid symbols indicate mafic granulites and open symbols indicate felsic orthogneisses.
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phic processes. In addition, different degrees of Th and U loss were also found in most
mafic granulites (see fig. 9D). Consequently, the LILE cannot be used to discuss the
origin and tectonic setting of protoliths of mafic granulites. The abundances and ratios
of immobile REE and HFSE as well as Nd isotopic compositions are the basis for the
following discussion.

Origin and Tectonic Setting of Mafic-Felsic Igneous Rocks
As mentioned previously, Group I-II mafic granulites from the Søstrene Island and

Munro Kerr Mountains area exhibit REE distribution patterns and trace element
spidergrams similar to E-MORB despite the unusual depletion or enrichment in some
LILE. In the tectonic discrimination diagrams in terms of HFSE and REE such as Nb,
Ta, Zr, Ti, P, La, Ce, Yb and Y as well as transition element Mn, most samples also fall in
the E-MORB field (figs. 10A-10D), although some samples deviate towards the Ti-rich
trend in the Zr-Ti-Y diagram (Pearce and Cann, 1973) and Group II samples are
plotted in the field of backarc basin basalts in the La-Y-Nb diagram (Cabanis and
Lecolle, 1989). The slightly evolved isotopic signatures with εNd(T) values of �4.1 to

Fig. 10. Trace element discrimination diagrams for mafic granulites. (A) Zr-Ti-Y diagram (after Pearce
and Cann, 1973). (B) MnO-TiO2-P2O5 diagram (after Mullen, 1983). (C) La-Y-Nb diagram (after Cabanis
and Lecolle, 1989). 1A—calc-alkali basalts; 1C—volcanic arc basalts; 1B—an area of overlap between 1A and
1C; 2A—continental basalts; 2B—backarc basin basalts; 3A—alkali basalts from intercontinental rift;
3B–C—E-MORB; 3D—N-MORB. (D) Ce/Yb-Ta/Yb diagram (after Pearce, 1982). SH—shoshonitic; CA—
calc-alkali; TH—tholeiitic.
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	0.4 correspond to weakly enriched mantle source regions. In field relations, however,
mafic granulites are mainly interlayered with arc-related felsic orthogneisses (see
below) and minor paragneisses, or present as large lenses or blocks in them, different
from the typical occurrences of remnants of oceanic crust. In fact, these mafic
granulites, especially for Group I, are geochemically similar to Nb-enriched basalts,
which were commonly associated with adakites in some modern and ancient island arc
systems (for example, Defant and others, 1992; Kepezhinskas and others, 1996; Sajona
and others, 1996; Aguillón-Robles and others, 2001; Wang and others, 2007; Sorbadere
and others, 2013). With a few exceptions (for example, Castillo, 2008), most authors
consider these Nb-enriched arc basalts to have originated from melting of mantle
wedge peridotites, which has been metasomatized by slab-derived melts (for example,
Defant and others, 1992).

Group III mafic granulites from the McKaskle-Mistichelli Hills, Reinbolt Hills and
Manning Nunataks are variably enriched in LILE and significantly depleted in Nb-Ta,
Zr and Ti, which are characteristic of island arc basalts. The assumption of island arc
tectonic setting may be validated by trace element discrimination diagrams—almost all
data points fall in the field of volcanic arc basalts/island arc tholeiites and calc-alkali
basalts (see figs. 10A-10D). Therefore, these rocks are subduction-related, and the
magma was derived from a mantle wedge above the subducted slab. These mafic
granulites commonly have weakly negative Eu anomalies (see figs. 4C-4E), probably
resulted from plagioclase fractionation during the crystallization of the protolithic
magma. The εNd(T) values of these rocks mostly have a small range from 	3.2 to 	4.7,
suggesting that the primary magma was derived from partial melting of an enriched
subarc lithospheric mantle. Alternatively, participation of old crustal rocks in the
magma generation is possible. In view of the similar TDM ages between the mafic
granulites and felsic orthogneisses, crustal contamination might have played an
important role in the magma process.

Major and trace element geochemistry has indicated that felsic orthogneisses
from the studied area have the characteristics of I-type or S-type granites. In the
tectonic discrimination diagrams based on Rb-Y-Nb and Rb-Yb-Ta variations (Pearce
and others, 1984), most samples fall in the field of volcanic arc granites (figs. 11A-11D).
In general, arc-related I-type igneous rocks were generated by melting of mantle-
derived or lower crustal basaltic (for intermediate compositions) and andesitic rocks
(for acid compositions), or by fractional crystallization of basaltic and andesitic
magma, whereas S-type granitic rocks were likely derived from partial melting of
sedimentary rocks. The negative εNd(T) values of 	3.1 to 	7.6 for the felsic orthog-
neisses (excluding high Sr/Y type) indicate less importance of input of mantle-derived
materials, and appear to favor a lower crustal melting for the generation of granitic
magmas. The TDM ages of 2.23 to 1.91 Ga suggest that the most important crustal
formation in the eastern Amery Ice Shelf-southwestern Prydz Bay area took place in the
Paleoproterozoic.

The high Sr/Y orthogneisses have trace element geochemical characteristics
roughly similar to adakites (Defant and Drummond, 1990). Higher Sr/Y and La/Yb
ratios and significant HREE depletion indicate melting of a mafic source where garnet
and/or hornblende are residual phases (Martin, 1999). However, these rocks also
show higher K2O contents (3.2-5. 6 wt%) and K2O/Na2O ratios (1.49-2.21), pro-
nounced positive Eu anomalies (Eu/Eu* � 1.47-5.05), and negative εNd(T) values
(	2.4 to 	5.5), suggesting that they were not generated by partial melting of
subducted oceanic crust. Such K-rich adakites have been reported from the Himalayan
collisional zone of Tibet and were thought to be derived from partial melting of mafic
materials in a thickened lower continental crust (for example, Chung and others,
2003; Hou and others, 2005; Wang and others, 2005; Zeng and others, 2011).
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Accordingly, we infer that the high Sr/Y orthogneisses from the studied area is
probably produced by partial melting of amphibole eclogitic, garnet amphibolitic or
garnet-amphibole granulitic source with a K-rich mafic bulk composition, in the deep
base of the continental arc. Because of relatively lower contents of Al2O3 (12.7-15.2
wt%), CaO (2.0-3.8 wt%) and Sr (165-460 ppm) in the rocks, their positive Eu
anomalies cannot be simply explained by accumulation of plagioclase, but reflect
characteristics of the source region.

Ages of Protoliths and Metamorphism
Our new SHRIMP zircon U-Pb dating on felsic orthogneisses from the eastern

Amery Ice Shelf-southwestern Prydz Bay area reveals their protolith ages: 1347 � 22 Ma
for sample 150-1, 1327 � 29 Ma for sample 31-2, 1161 � 6 Ma for sample 82-1, 1132 �
43 Ma for sample 117-2, 1117 � 37 Ma for samples 24-10, and 1079 � 29 Ma for sample
41-1. All the age data fall in the range of 1380 to 1020 Ma (Liu and others, 2007a,
2009a; Wang and others, 2008; Grew and others, 2012) (table 6). This suggests the
Mesoproterozoic magmatism in the area lasting for �360 Ma. Although the precise
ages of the late Mesoproterozoic/early Neoproterozoic metamorphism were not
obtained because of the effect of variable Pb loss, two groups of age data at �1000 to
970 and 930 to 880 Ma could be distinguished, which are similar to the results (�970
and 930-900 Ma) reported by Liu and others (2009a). In addition, the 930 to 900 Ma
overgrowths on the �970 Ma zircon domains have also been observed (Liu and others,
2009a). This distinction is important because it implies two episodes (or two stages) of

Fig. 11. Trace element discrimination diagrams for felsic orthogneisses (after Pearce and others, 1984).
(A) Nb-Y diagram. (B) Ta-Yb diagram. (C) Rb-(Y � Nb) diagram. (D) Rb-(Yb � Ta) diagram.
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high-grade metamorphism in the late Mesoproterozoic/early Neoproterozoic in the
Prydz Belt. The ages of 529 � 4, 528 � 3 and 512 � 3 Ma were obtained for overgrowth
rims of zircon from samples 150-1, 82-1 and 117-2, respectively, which are also
comparable with the youngest age group reported from the same area (Liu and others,
2007a, 2009a; Wang and others, 2008; Grew and others, 2012). This indicates that at
least the major outcrops in the eastern Amery Ice Shelf-southwestern Prydz Bay area
have undergone the late Neoproterozoic/Cambrian metamorphism.

Implications for Accretion-Collision Processes of the Rayner Orogen
Broadly, the geochemical and Nd isotopic characteristics of mafic granulites and

felsic orthogneisses from the eastern Amery Ice Shelf and southwestern Prydz Bay can
be compared with those from the northern Prince Charles Mountains (Munksgaard
and others, 1992; Sheraton and others, 1996; Stephenson, 2000; Mikhalsky and others,
2001; Mikhalsky and Sheraton, 2011). The similarity further supports the suggestion
that much of the basement in the Prydz Belt is an eastward extension of the Rayner
Complex. Recent studies suggest that the different crustal domains of the Eastern
Ghats Belt in India preserve distinct magmatic and metamorphic histories (Bose and
others, 2011; Dasgupta and others, 2013, and references therein), but at least the
isotopic Domain 3 (Rickers and others, 2001) resembles the Rayner Complex based on

Table 6

Summary of SHRIMP zircon U-Pb age data of metamorphic rocks from the eastern Amery Ice
Shelf and southwestern Prydz Bay
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the similar Nd model ages (2.2-1.8 Ga). If the Rayner Complex and the Domain 3 of
the Eastern Ghats Belt constitute a single continental arc, this arc would extend more
than 500 km in width. As mentioned above, the SHRIMP zircon U-Pb dating in the
eastern Amery Ice Shelf-southwestern Prydz Bay area indicates a prolonged period of
formation of the continental arc over �360 Ma. Regionally, the major magmatic
episode of 1210 to 1120 Ma occurred in the Prydz Bay coast, McKaskle-Mistichelli Hills
and their vicinity (see table 6). An older magmatic episode of 1380 to 1330 Ma was only
observed in the Munro Kerr Mountains area and Luff Nunatak. By contrast, a younger
episode of 1080 to 1020 Ma mainly took place in the Reinbolt Hills and Manning
Nunataks, albeit this latest magmatic episode could have been more widespread in the
Rayner Complex.

Rocks from the Fisher Terrane also have a calc-alkaline affinity and are inferred to
have formed in island arc setting (Mikhalsky and others, 1996, 2001). In particular,
some mafic rocks even show geochemical features of N-MORB and E-MORB, similar to
those from the Søstrene Island and Munro Kerr Mountains area. However, both mafic
and felsic igneous rocks from the Fisher Terrane have positive εNd(T) values of �3.5 to
�1.6, with TDM ages of 1.8 to 1.6 Ga (Mikhalsky and others, 1996, 2006). This may
imply the presence of a more juvenile oceanic arc south of the Rayner continental arc
during the period 1300 to 1020 Ma (fig. 12A). Such isotopically juvenile rocks have
been recently reported from the Robertson Nunatak (Mikhalsky and others, 2013),
suggesting that this small-scale oceanic arc extends eastward across the Lambert
Graben. On the other hand, protolith ages older than 1080 Ma were not obtained from
the central nunataks of the Prince Charles Mountains, including the Shaw Massif,
Clemence Massif and northern end of the Mawson Escarpment (Corvino and others,

Fig. 12. Schematic cartoon showing the tectonic evolution between the Indian craton and East
Antarctica (the Lambert Terrane or the Ruker craton). For explanation see text.
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2005; Corvino and Henjes-Kunst, 2007; Maslov and others, 2007). Considering that
these outcrops are located in the southeast of the Fisher Terrane and the rocks show
geochemical and isotopic signatures similar to the Rayner Complex (Mikhalsky and
others, 2001), we infer that a younger island arc (termed the Clemence arc) might
have existed to the south of the Fisher oceanic arc (fig. 12B).

Apart from a distinct Archean complex exposed in the Rauer Group, crystalline
basement older than 1400 Ma is absent in the above island arcs. Consequently, it is
difficult to determine their tectonic association, that is, whether these island arcs are
derived from the Indian craton (including the Napier Complex and Vestfold Block) or
from the Lambert and/or Ruker Terranes. Detrital zircons from metasedimentary
rocks from the Larsemann Hills and Bolingen Islands show an age population of �1.8
to 1.6 Ga (Kelsey and others, 2008; Wang and others, 2008; Grew and others, 2012).
The inherited zircon cores of �1.6 to 1.5 Ga have also been recognized in felsic
orthogneisses from the eastern Amery Ice Shelf (Liu and others, 2009a; this paper).
Such ages have been frequently reported from the Domains 1A and 2 of the Eastern
Ghats Belt (Bose and others, 2011; Dasgupta and others, 2013, and references
therein), as well as from Kemp Land adjacent to the Napier Complex (Kelly and
others, 2002; Halpin and others, 2005). However, they are almost absent in the
Lambert and Ruker Terranes. Therefore, the Rayner continental arc is likely to have
evolved from the Indian cratonic margin, as suggested by many authors (for example,
Corvino and others, 2011; Grew and others, 2012). The development of mafic dike
swarms of �1.4 to 1.2 Ga in the Napier Complex (Sheraton and Black, 1981; Suzuki
and others, 2008) and Vestfold Block (Black and others, 1991; Lanyon and others,
1993) and roughly coeval rift-related mafic to alkaline plutons (dikes) in the Domain
1A of the Eastern Ghats Belt (Upadhyay and others, 2006; Vijaya Kumar and others,
2007; Vijaya Kumar and Rathna, 2008) lends support to this conclusion. However, a
recent discovery of 1.33 Ga ophiolitic mélange in the Domain 1A of the Eastern Ghats
Belt (Dharma Rao and others, 2011) does not support the suggestion that the Rayner
Complex was formed in an Andean-type active continental margin, but in a continental
arc separated by an ocean basin from the Indian craton. Based on the geochemical
data of paragneisses from the Larsemann Hills, Grew and others (2012, 2013b)
suggested that the paragneiss precursors were deposited in a backarc basin located
inboard of a continental arc that was active along the leading edge of the Indo-
Antarctic craton. If the argument for the late Mesoproterozoic basin is correct, we
would follow these authors to suggest an inner arc basin for it. This suggestion is
consistent with the presence of the Eastern Ghats Belt north of the Larsemann Hills.

The formation of the Rayner orogen has been generally considered as resulting
from the final collision between the Indian craton and a portion of East Antarctica (the
Lambert Terrane or the Ruker craton including the Lambent Terrane). Since the ages
of regional granulite facies metamorphism and syn/post-collisional charnockite and
granite intrusion are bracketed between 1000 and 900 Ma, some workers proposed a
protracted collision model for the Rayner orogen (Boger and others, 2000; Carson and
others, 2000). However, as stated previously, the detailed SHRIMP U-Pb zircon dating
may suggest two episodes (or two stages) of �970 and 930 to 900 Ma of high-grade
metamorphism in the Prydz Belt. On the other hand, the granulite facies metamor-
phism, deformation and emplacement of syn-tectonic pegmatites in Kemp Land
occurred only at 940 to 900 Ma. Coupled with the contrasting metamorphic P-T paths
in Kemp Land (clockwise) and MacRobertson Land (counterclockwise), a two-stage
collision model was advocated (Kelly and others, 2002; Halpin and others, 2007; Liu
and others, 2013). It is inferred that several island arcs first collided with a portion of
East Antarctica during 1000 to 970 Ma (fig. 12C), then followed by the closure of ocean
and final collision between two continental blocks during 940 to 900 Ma (fig. 12D).
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The latter tectonic process might have affected the entire Rayner orogen, leading to
widespread metamorphism, deformation and pegmatite intrusion.

conclusions
1. Mafic granulites from the Søstrene Island and Munro Kerr Mountains have the

geochemical characteristics of E-type MORB, with εNd(T) values ranging from �4.1 to
	0.4. They were inferred to be Nb-enriched arc basaltic rocks derived from a weakly
enriched mantle wedge. By contrast, mafic granulites from the McKaskle-Mistichelli
Hills, Reinbolt Hills and Manning Nunataks show typical characteristics of island arc
basalts. Their εNd(T) values mostly range from 	3.2 to 	4.7, with TDM ages of 2.3 to 1.9
Ga, suggesting their derivation from partial melting of a subarc lithospheric mantle
accompanied by crustal contamination.

2. The felsic orthogneisses have the characteristics of volcanic arc granites, and
one fifth of the samples belong to high Sr/Y types. They yielded εNd(T) values of 	2.4
to 	10.1 and TDM ages of 2.2 to 1.9 Ga, implying an important episode of crustal
formation in the Paleoproterozoic. The high K2O/Na2O ratios, positive Eu anomalies,
significant HREE depletion and negative εNd(T) values for high Sr/Y orthogneisses
suggest that they were not generated by partial melting of subducted oceanic crust, but
by partial melting of garnet-bearing K-rich mafic sources at the lower crust of the
continental arc.

3. The new SHRIMP zircon U-Pb dating on felsic orthogneisses reveals their
protolith ages within the previously reported range of 1380 to 1020 Ma, and further
confirms the existence of �1300 Ma arc-related rocks in the eastern Amery Ice
Shelf-Prydz Bay area. These rocks subsequently experienced two episodes (or two
stages) of high-grade metamorphism at �970 Ma and �930 to 880 Ma. Furthermore,
half of the dated samples record the ages of �530 to 510 Ma, suggesting the effect of
the late Neoproterozoic/Cambrian high-grade metamorphic event over much of the
Prydz Belt.

4. There may exist three island arcs between the Napier Complex and Lambert
Terrane in the Mesoproterozoic. The Rayner continental arc and the Fisher oceanic
arc underwent a long-lived magmatic accretion for �360 Ma. A younger island arc, that
is, the Clemence arc, is inferred to have formed to the south of the Fisher arc after 1080
Ma. The tectonic evolution of the Rayner orogen may have involved an initial
arc-continent collision, followed by a continent-continent collision between the Indian
craton and East Antarctica (the Lambert Terrane or the Ruker craton) during the late
Mesoproterozoic/early Neoproterozoic.

acknowledgments
We sincerely acknowledge Biao Song for assistance in the SHRIMP U-Pb zircon

analyses. Edward Grew, Yanbin Wang and an anonymous reviewer are thanked for
their critical reviews for improving the manuscript. The field work was carried out
during the 2004–2005 and 2007–2008 Chinese National Antarctic Research Expedi-
tion. Logistic support by the Antarctic Administration of China and financial support
by the Geological Investigation Project of China Geological Survey (1212011120176,
12120113019000), the National Natural Science Foundation of China (40872052) and
the Chinese Polar Environment Comprehensive investigation & Assessment Pro-
grammes (CHINARE2012-02-05) are gratefully acknowledged. Bor-ming Jahn acknowl-
edges the support of National Research Council (Taiwan) through grants NSC-100-2116-
M-002-024 and NSC-101-2116-M-002-003.

References

Aguillón-Robles, A., Caimus, T., Benoit, M., Maury, R. C., Cotten, J., Bourgois, J., and Michaud, F., 2001, Late
Miocene adakites and Nb-enriched basalts from Vizcaino Peninsula, Mexico: Indicators of East Pacific

542 Xiaochun Liu and others—Geochemistry and geochronology of Mesoproterozoic basement



Rise subduction below southern Baja California: Geology, v. 29, n. 6, p. 531–534, http://dx.doi.org/
10.1130/0091-7613(2001)029�0531:LMAANE
2.0.CO;2

Barbey, P., and Cuney, M., 1982, K, Rb, Sr, Ba, U and Th geochemistry of the Lapland Granulites
(Fennoscandia). LILE fractionation controlling factors: Contributions to Mineralogy and Petrology,
v. 81, n. 4, p. 304–316, http://dx.doi.org/10.1007/BF00371685

Beliatsky, B. V., Laiba, A. A., and Mikhalsky, E. V., 1994, U-Pb zircon age of the metavolcanic rocks of Fisher
Massif (Prince Charles Mountains, East Antarctica): Antarctic Science, v. 6, n. 3, p. 355–358, http://
dx.doi.org/10.1017/S0954102094000544

Black, L. P., Kinny, P. D., and Sheraton, J. W., 1991, The difficulties of dating mafic dykes: an Antarctic
example: Contributions to Mineralogy and Petrology, v. 109, n. 2, p. 183–194, http://dx.doi.org/
10.1007/BF00306478

Black, L. P., Kamo, S. L., Allen, C. M., Aleinikoff, J. N., Davis, D. W., Korsch, R. J., and Foudoulis, C., 2003,
TEMORA 1: a new standard for Phanerozoic U-Pb geochronology: Chemical Geology, v. 200, n. 1–2,
p. 155–170, http://dx.doi.org/10.1016/S0009-2541(03)00165-7

Boger, S. D., 2011, Antarctica—Before and after Gondwana: Gondwana Research, v. 19, n. 2, p. 335–371,
http://dx.doi.org/10.1016/j.gr.2010.09.003

Boger, S. D., Carson, C. J., Wilson, C. J. L., and Fanning, C. M., 2000, Neoproterozoic deformation in the
northern Prince Charles Mountains, East Antarctica: evidence for a single protracted orogenic event:
Precambrian Research, v. 104, n. 12, p. 1–24, http://dx.doi.org/10.1016/S0301-9268(00)00079-6

Bose, S., Dunkley, D. J., Dasgupta, S., Das, K., and Arima, M., 2011, India-Antarctica-Australia-Laurentia
connection in the Paleoproterozoic-Mesoproterozoic revisited: Evidence from new zircon U-Pb and
monazite chemical age data from the Eastern Ghats Belt, India: Geological Society of America Bulletin,
v. 123, n. 9–10, p. 2031–2049, http://dx.doi.org/10.1130/B30336.1

Cabanis, B., and Lecolle, M., 1989, Le diagramme La/10-Y/15-Nb/8: un outil pour la discrimination des
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