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SHRIMP ZIRCON AGE CONSTRAINTS FROM THE LARSEMANN HILLS
REGION, PRYDZ BAY, FOR A LATE MESOPROTEROZOIC TO
EARLY NEOPROTEROZOIC TECTONO-THERMAL EVENT
IN EAST ANTARCTICA

YANBIN WANG*', DUNYI LIU#*, SUN-LIN CHUNG#*, LAIXI TONG*#*,
and LIUDONG REN*

ABSTRACT. This paper reports a geochronological study of granulite-facies rocks
from the Larsemann Hills of Prydz Bay, East Antarctica. SHRIMP zircon ages were
obtained for a total of 14 samples that cover various rock types including felsic gneiss,
mafic gneiss, paragneiss, enderbite, granitic gneiss and leucogneiss. These age results,
combined with zircon geochemical data and cathodoluminescence images, enable us to
explore the morphological complexity in zircons that record polytectonic events.
Features of multiple age zoning, for example, were observed in zircon separates from
three felsic gneiss samples studied, which contain magmatic cores of ca. 1.13 Ga and
metamorphic mantles and rims of ca. 1.0 and 0.53 Ga, respectively. This suggests a
period of magmatism and crust formation in the late Mesoproterozoic and two
subsequent phases of high-grade metamorphism during the early Neoproterozoic and
early Paleozoic, respectively. Similar phenomena of zircon overgrowth were also
observed in other rock types. Although early Paleozoic tectonic activity has been
considered as most significant in Antarctic crustal evolution, our study provides the
first convincing age evidence for the existence of a Prydz Bay late Mesoproterozoic
mobile belt. The ca. 1.0 Ga metamorphic record preserved in diverse rocks from the
study area furthermore supports the proposal of a continuous circum East Antarctica
late Mesoproterozoic (Grenville-age) orogenic belt. Within this framework, the Prydz
Bay orogen is proposed to have been located in the central part of the Rodinia
assembly that brought the Eastern Ghats of India together with Antarctica at ca. 1.0 Ga.

INTRODUCTION

Granulite-facies rocks in the Larsemann Hills, Prydz Bay (fig. 1), represent an
important suite for investigating the development of high-grade metamorphic terrains
in East Antarctica. The tectono-thermal event that produced these granulite-facies
rocks has long been considered to be of late Mesoproterozoic age (Tingey, 1981, 1982,
1991; Black and others, 1987; Stiiwe and others, 1989), based essentially on a Rb-Sr
whole-rock isochron age of 1050 = 109 Ma (Tingey, 1981), obtained on felsic gneisses
in the Rauer Group of Filla Island, Prydz Bay (fig. 1). This event was henceforth termed
the 1100 Ma event, and the idea of a so-called “Prydz Bay Grenville-age mobile belt”
proposed (see Fitzsimons, 2000, for review). These, combined with the widespread
occurrence of ca. 1.1 to 1.0 Ga records over East Antarctica, eventually led to the
inference of a “Circum-East Antarctic mobile zone” that may be linked with metamor-
phic belts of similar age in southern India, part of East Africa, Sri Lanka, and Australia
to form the main suture in a Rodinia configuration. (for example, Moores, 1991;
Dalziel, 1991; Hoffman, 1991; Powell and others, 1993; Torsvik, 2003). However, more
recent studies cast serious doubt on the earlier interpretations by showing time
constraints that suggest the region to have experienced Pan-African granulite-facies
metamorphism in the early Paleozoic (ca. 500 Ma) (Zhao and others, 1992, 1995, 1997,
2003; Hensen and Zhou, 1995, 1997; Carson and others, 1996; Fitzsimons and others,
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Fig. 1. Location and regional geological setting of the Larsemann Hills, East Antarctica (modified from
Stawe and others, 1989).

1997), and led to the widely accepted view that the Pan-African event played a
significant role in the tectonic evolution of the East Antarctic Shield. Given the fact
that the paucity of precise age data hinders geologic correlations and understanding of
the tectonic evolution, we conducted a detailed zircon U-Pb age study of metamorphic
rocks from the Larsemann Hills and adjacent area by using the sensitive high-
resolution ion microprobe (SHRIMP) method. In this paper, we present and discuss
SHRIMP zircon ages from fourteen samples collected from the Larsemann Hills and
adjacent areas. These include three samples of felsic gneiss (samples 9926-5, 9921-14
and K217-3), four mafic gneiss samples (samples 93122-15, F129-1, K217-4 and
V218-5,), three Grt-Sill-Br-gneiss samples (samples 981227-1, S226-4 and V218-4), and
an enderbite (sample 981221-2), two grantic gneiss (samples F127-4 and S204-1), and
one leucogneiss (sample 981230-1).
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Our results constrain the ages of protolith formation as well as subsequent
metamorphism and allow us to refine the temporal framework of magmatic and
metamorphic processes in the region. Along with reporting precise zircon ages
supportive of the notion of widespread early Neoproterozoic tectono-thermal event,
broader implications for the tectonic evolution of East Antarctica are also discussed in
this paper.

REGIONAL GEOLOGY AND PREVIOUS STUDIES

The Larsemann Hills and adjacent areas, from the Vogoy Island, northern Bolingen
Islands to the Steinnes Peninsula (figs. 1 and 2), consist of upper amphibole- to
granulite-facies metamorphic rocks. These areas are dominated by two major lithologi-
cal associations, (1) composite mafic to felsic orthogneiss complexes, and (2) metasedi-
mentary sequences comprising metapelite, semipelite, psammite, felsic paragneiss and
metaquartzite. The rocks are extensively migmatized and/or intruded by magmatic
rocks including granitic gneiss, leucogneiss, enderbite, granite and pegmatite (Fitzsi-
mons and Harley, 1991; Dirks and Hand, 1995; Carson and others, 1995; Fitzsimons
and others, 1997).

Peak metamorphism in the region has been estimated at 7 kbar and 800 to 850 °C
(Wang and others, 1994; Carson and others, 1995), with the post-peak evolution
characterized by decompression. In some garnet-bearing mafic granulites from Sgstrene
Island, two-stage decompression phenomena were observed so that two phases of
high-grade metamorphism are inferred and the earlier one’s P-T condition were
estimated to be ~10 kbar and 980 °C (Thost and others, 1991). Such high P-T
conditions were also reported by: (1) Ren and others (1992) for gneiss from the
Larsemann Hills (9 kbar and 850 °C), (2) Dirks and Hand (1995) for the possible
presence of sillimantite pseudomorphs after kyanite in metapelite from north Bollingen
Islands (>10 kbar and 980 °C), and (3) Tong and Liu (1997) for mafic granulite from
Larsemann Hills (9.5 kbar and 870 °C).

Sheraton and others (1984) reported Rb-Sr and Sm-Nd whole-rock isotopic data
for various rock samples from the Prydz Bay area which include: (1) Rb-Sr whole-rock
isochrons of 1600 +800/-340 Ma for orthopyroxene gneisses from the Rauer Group,
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Fig. 2. Simplified geologic map of the Larsemann Hills and sample localities (modified from Stiiwe and

others, 1989; Carson and others, 1995).
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1360 +330/—190 Ma for garnet gneisses, 560 = 70 Ma for metapelites, and (2) a
Sm-Nd whole-rock isochron of 1470 = 600 Ma for six metapelites. More recently, Zhao
and others (1995) reported Nd Tp,,; model ages of 2200 to 700 Ma for seven samples of
gneisses and granitoids from Larsemann Hills. Carson and others (1995, 1997) argued
that the mafic-felsic composite orthogneiss from Larsemann Hills and adjacent areas
may represent an Archean/Paleoproterozoic basement complex, based on its lithologi-
cal similarity with mafic-fesic orthogneisses from the southeastern Rauer Group and
the Berrneset Peninsula, dated to be of Archean and Paleoproterozoic ages, respec-
tively (Sheraton and others, 1984). Zircon dating from the western and northern
Rauer Group (Kinny and others, 1993) identified a 1000 Ma event. Subsequently, the
basement complex underwent high P-T metamorphism during a late Mesoproterozoic
tectono-thermal event, based on a Rb-Sr isochron age of 1050 = 109 Ma reported by
Tingey (1981), and thus had been considered as part of the extensive high-grade
metamorphic complex of East Antarctica (Tingey, 1982, 1991; Black and others, 1987;
Stiiwe and others, 1989).

However, numerous early Paleozoic (ca. 550 — 500 Ma), rather than early
Neoproterozoic, ages were obtained for mafic-felsic gneiss and paragneiss from the
region (Zhao and others, 1992, 1995; Hensen and Zhou, 1995; Fitzsimons and others,
1997), which led to the suggestion that the granulite-facies metamorphism should have
occurred at ca. 0.5 Ga. Early Paleozoic metamorphism in the Prydz Bay region has
furthermore been related to continental collision, followed by extensional collapse
(Fitzsimons and Harley, 1991; Fitzsimons, 1991, 1996, 2000; Thost and others, 1991).
In such a framework, several ca. 1200 to 600 Ma cores of zircon grains in the Progress
granite and a paragneiss from the Larsemann Hills (Zhao and others, 1995; Carson
and others, 1995), dated by SHRIMP and Pb-Pb evaporation methods, respectively,
were interpreted as reflecting various degrees of inheritance from their sedimentary
source rocks.

The prevailing early Paleozoic record, however, does not preclude the existence
of an earlier high-grade metamorphism, although the latter may have been over-
printed and/or obscured by the former. “Relicts” of older events observed include: (1)
a whole-rock Sm-Nd isochron age of ca. 1.0 Ga for garnet-bearing mafic granulites
from the Sgstrene Island, Prydz Bay (Hensen and Zhou, 1995); (2) upper Concordia
interceptages of 1106 = 11 and 1174 = 450 Ma for zircons and monazites, respectively,
from garnet-biotite-bearing quartzite from the Stornes Peninsula (Zhang and others,
1996); (3) a U-Pb zircon age of 772 +71/-48 Ma for a mafic granulite from the
northern Mirror Peninsula (Tong and others, 1995); (4) two YA Ar plateau ages of
1034 = 14 and 554 = 26 Ma for hornblende in mafic gneiss from Kolloy Island; two
*0Ar*Ar plateau ages of 1059 = 3 and 555 = 16 Ma for orthopyroxene in mafic gneiss
from Stornesbukta; and a *°Ar->Ar plateau age of 774 = 3 Ma for plagioclase in a
garnet-plagioclase-bearing amphibolite from Kolloy Island (Tong and others, 1998,
2002).

SAMPLES AND ANALYTICAL METHODS

14 representative samples from the major rock units were selected for zircon U-Pb
dating. These include: (1) 3 felsic gneisses, (2) 4 mafic gneisses, (3) 3 metasedmentary
rocks, (4) an enderbite, (5) 2 granitic gneisses, and (6) a leucogneiss. Sample localities
are shown in figure 2, with sample descriptions being given in the Appendix.

SHRIMP ZIRCON ANALYSES

Zircons were separated using standard heavy liquid and magnetic techniques.
Grains were hand-picked and selected on the basis of optical clarity and lack of internal
fractures. Zircon grains were mounted in an epoxy disk together with grains of the Sri
Lankan reference zircon SL-13 for U concentration determination (Williams, 1998)
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and the Temora zircon standard (Black and others, 2003) for U-Pb age calibration.
Zircon grains were sectioned approximately in half and polished, and images were
obtained by optical microscopy and cathodoluminenscence (CL) on a scanning
electron microscope. With CL images, it is possible to distinguish the internal structure
of zircons, including igneous and metamorphic crystallization textures, resorption
surfaces, and overgrowths. Analyses were carried out on the SHRIMP II ion micro-
probe in the Beijing SHRIMP Center, Institute of Geology, Chinese Academy of
Geological Sciences. The analytical methods are given by Williams (1998). Each
analysis consisted of seven scans through the mass range, using a spot size of ~20 pwm.
For grains with fine-scale internal structure, a smaller spot size of ~10 to 15 pm was
used. U/Pb ratios were calibrated relative to 417 Ma Temora zircons (Black and others,
2003), with data reduction using the SQUID Excel Macro software by Ludwig (2001).
Common Pb contribution was corrected using the measured ***Pb and modal com-
mon Pb composition (Stacey and Kramers, 1975). Uncertainties in the measured ratios
are given at the one sigma level, whereas weighted mean age uncertainties are reported
at two sigma or 95 percent confidence level. Calculated ages are based on weighted
mean 2°°Pb,/?*%U and 2°’Pb/2"°Pb isotopic ratios for near- concordant zircons (Ireland
and Gibson, 1998). 2°°Pb/?**U ages are reported for zircons younger than 800,
whereas the 2°’Pb/?°°Ph ages are presented for zircons older than 800 Ma.

ZIRCON AGES

The description of field relationships of representative samples are given in the
Appendix.

1. FELSIC GNEISSES

1.1. Sample 9926-5 (plagioclase-orthopyroxene gneiss, Steinnes Peninsula).—The sample
contains small (60 — 120 wm), yellowish, irregularly shaped, and mostly rounded to
stubby zircons with distinct core-rim structures. CL images show that most zircons have
complex internal structures (figs. 3A and 3B). The cores show magmatic growth
zoning with highly variable U concentrations from 185 to 2,462 ppm and Th/U ratios
from 0.20 to 1.25. Some zircons have two generations of overgrowth as manifested by
(1) an inner rim that has high U concentrations of 1,161 to 2,183 ppm and Th/U
ratios < 0.39, and (2) an outer rim that has lower U concentrations (678-1,012 ppm)
and Th/U ratios (< 0.17).

Twenty-three spots on 18 zircons were analyzed (table 1). Eight core analyses are
concordant (fig. 4A) and yielded a weighted mean 207py, /296py, age of 1119 = 13 Ma
(MSWD= 2.4). Slightly discordant cores suggest isotopic disturbance. The above age is
interpreted to date crystallization of the gneiss protolith. Three analyses of the inner
rims (rim 1) are also concordant (fig. 4A) and yielded a weighted mean 2°’Pb/2°°Pb
age of 997 = 13 Ma (MSWD= 0.80). Four spots were measured on the outer rims (rim
2). Three spots (10.1, 10.2, 10.3) are structureless in their CL images and gave variable
205ph /238U ages of 671 * 11 Ma (1o, U= 905 ppm, Th/U= 0.06), 579 + 2 Ma (1o, U=
921 ppm, Th/U= 0.14) and 546 * 7 Ma (lo, U= 1012 pgm, Th/U= 0.17),
respectively, whereas the fourth spot (analysis 4.2) gave a *’°Pb/**®U age of 667 = 13
Ma (1o, U= 678 ppm, Th/U= 0.11). Some outer rims (for example, grain 14, fig. 3A)
were too narrow for SHRIMP analysis. On figure 4A there is a large spread from 1140 to
ca. 980 Ma, and the selected inner rims (rim 1) also spread either side of 1000 Ma,
suggesting profound disturbance at 530 Ma.

In summary, these data indicate a complex history for felsic gneiss sample 9926-5
whose zircons show evidence of magmatism at 1119 = 13 Ma, suggesting primary
crystallization of the gneiss protolith from an igneous melt. The rock was subsequently
overprinted during two phases of high-grade metamorphism with zircon growth at
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Fig. 3. CL images of dominant zircon morphologies from felsic gneiss samples. Numbered ellipsoids
indicate SHRIMP spots. (A) and (B) Images of inherited magmatic cores with a small-volume isometric
high-U zircon overgrowth. (C) Grain 29 shows a core and a complex overgrowth yielding rim1 (ca. 1.0 Ga)
and rim2 (0.55 Ga) ages. (D) Grain 3 shows interior oscillatory growth banding of a euhedral igneous crystal
formed at about 1.15 Ga, truncated by a curved resorption surface, upon which texturally homogeneous
metamorphic overgrowth possibly formed at ca. 1.0 Ga. (E) Cathodoluminescence images of sample K217-3.
Highly luminescent zircon cores are of magmatic origin. Cores are overgrown by two generations of zircon
rims. The first rim has an age of ca. 1.0 Ga and is thought to reflect Grenville-age metamorphism, the second
rim probably reflects 0.5 Ga high-grade reworking of the area.

ca. 1000 Ma and ca. 546 Ma. The oldest metamorphic rim at ca. 1000 Ma is probably
related to metamorphism associated with the older D, deformation (Fitzsimons and
Harley, 1991), whereas the outer rim dated at ca. 546 Ma is likely to be related to late
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Fig. 4. A-C Concordia diagrams of SHRIMP-dated zircons. (A) Felsic gneiss 9926-5 from small Island
north of Steinnes Peninsula; (B) Felsic gneiss 9921-14 from Steinnes Peninsula; (C) Felsic gneiss K217-3
from Kolloy Island. Error ellipses are 1o.

deformation (Fitzsimons and Harley, 1991; Dirks and others, 1993; Carson and others,
1995; Dirks and Hand, 1995).

1.2. Sample 9921-14 (quartz-plagioclase gneiss, Steinnes Peninsula).—Zircons from this
felsic gneiss are dominated by clear to brownish grains, ranging in size between 60 and
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250pm. The zircons population consist of grains with different morphologies, showing
a complete range from prismatic to spherical. Prismatic grains generally have rounded
terminations, suggesting zircon dissolution during high-grade metamorphism. Vari-
able degrees of rounding produced spherical grains that occur in addition to multifac-
eted zircons that grew during granulite-facies metamorphism.

Cathodoluminescence (CL) images exhibit two types of internal patterns. Type 1
occurs in well rounded and multifaceted grains and is characterized by the presence of
patchy zonation within inherited cores (see for example fig. 3C), surrounded by wide
high-U overgrowth; small and discontinuous rims are common for this type. The grains
are not homogeneous but exhibit core-mantle-rim textures with different CL intensi-
ties (for example, fig. 3C). Type 2 (prismatic zircon) consists of inherited cores with
oscillatory zoning surrounded by thin rims (for example, fig. 3D).

We focus on the ~1133 Ma, ~981 Ma and ~529 Ma age groups (fig. 4B). Zircons
of these age groups are distinguished by their CL images (figs. 3C and 3D). Nineteen
core areas of magmatic zircons were analyzed in this study (table 2). These all have
Th/U ratios in the range of 0.3 to 1.0, similar to those determined for late Mesoprotero-
zoic ma(gmatic zircons from sample 9926-5. Twelve analyses provide a weighted mean
207ph /29Ph age of 1133 + 12 Ma (MSWD=1.9). Three weakly luminescent mantle
areas (riml) yielded a weighted mean 206py, /238y age of 981 = 13 Ma (MSWD=0.28).
We interpret ~1000 Ma as the best estimate for the age of late Mesoproterozoic
metamorphism in this sample. We explain the zircon domains as the result of
metamorphic recrystallization because of a lack of igneous growth features, low Th/U
ratios, and general concordance at an age that cannot be produced by simple isotopic
disequilibrium between the ~1133 Ma and ~530 Ma events. Therefore, the ~1000 Ma
zircon domains in this gneiss, like those in sample 9926-5, may reflect high-
temperature metamorphism that was contemporaneous with spatially associated mag-
matic events. Two analyses of zircon rims yielded early Paleozoic ages with a mean of
529 = 8 Ma (MSWD=0.13), Analysis 1.2 is very discordant, and is not further
considered here.

Zircons in this gneiss reveal a multi-stage history beginning with ~1133 Ma
magmatism, followed by ~1000 Ma high-grade metamorphism and ~530 Ma metamor-
phism and partial melting. The age distribution and isotopic behavior of the total
zircon population resemble that of sample 9926-56 with multiple age components
analyzed from discrete domains. We argue that initial ~1133 Ma magmatism and first
metamorphism may reflect the late Mesoproterozoic event at ~1000 Ma whereas the
second metamorphism may reflect the early Paleozoic event at ~530 Ma.

1.3 Sample K217-3 (orthopyroxene-bearing felsic gneiss, Kolloy Island).—The sample
contains round and elongate, clear to honey-yellowish zircons between 100 and 200
pm in length. CL imaging shows cores with magmatic zonation; these cores are
surrounded, entirely or in part, by a structureless, weakly luminescent mantle (riml)
which reflects an early period of zircon growth. All grains have an outermost thin
overgrowth (rim2), attributed to late resorption (fig. 3E). The magmatic cores have
medium U-concentrations (264-772 ppm), whereas the metamorphic rimsl and
resorbed areas are high in U. Twenty nine areas have been analyzed, with both
magmatic cores and metamorphic mantles (riml) tar%eted (fig. 4C and table 3).
Twelve core analyses give a weighted mean 2°’Ph/*°°Pb age of 1124%24 Ma
(MSWD=2.1) which is interpreted to date zircon crystallization close to the time of
emplacement of the orthogneiss precursor. Five analyses of rim1 give a weighted mean
207ph /29°Ph age of 1031 = 29 Ma (MSWD=1.05). One analysis from grain 5 with a
metamorphic mantle yielded a concordant **’Pb/?°°Pb age of 1027 + 24 Ma. This
metamorphic age is identical to that in samples 9926-5 and 9921-14, within error, and
indicates igneous crystallization at ca. 1100 Ma, followed by resorption and new
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584 Y. Wang and others—Shrimp zircon age constraints from the Larsemann Hills region,

metamorphic growth at ca. 1000 Ma. The other mantle (rim1) ages of 736 to 837 Ma
probably reflect isotopic mixtures without geological relevance, because the evolution
of the felsic gneiss involved polyphase reworking of diverse late Mesoproterozoic
crustal precursors during a ca. 1.0 Ga granulite-facies event, and a superimposed
granulite-facies episode at ca. 0.53 Ga in high strain zones. CL images show that
substantial new zircon growths (1.0 Ga and 0.53 Ga) around pre-existing magmatic
zircon core grains occurred twice. Recrystallization in some zircon grains may have
been incomplete, leaving a “memory” of the previous isotopic event. Isotopic analysis
of such an area will yield an age older than the event inducing late recrystallization and
younger than the early recrystallized zircon (Hoskin and Black, 2000). The data points
plot along the concordia curve between 1.0 Ga and 0.5 Ga, and the intermediate ages
are geologically meaningless and probably represent mixtures.

Alternatively, it is possible that the 736 to 837 Ma ages reflect distinct phase in the
P-T evolution. In this context, it is interesting to note that a Sm-Nd mineral isochron
age of 809 to 825 Ma was reported for garnet-bearing assemblages in basement gneisses
of the northern Prince Charles Mountains, East Antarctica (Hensen and Zhou, 1997).
Nichols and Fahey (1996) also reported a Th-Pb monazite age of ca. 800 Ma from a
mylonite located at Wall Peak, suggesting mylonite development at this time, and the
existence of a high-grade event in the western Prince Charles Mountains. The similar
ages obtained on zircons may be interpreted as supporting evidence that a distinct
geological process affected the study area at that time. Some concordant zircons that
spread along Concordia are most likely a result of multistage growth. We therefore
prefer to explain these data as mixed ages. The analytical spots reflect complex zircon
structures. Additionally, highly luminescent rims, although too narrow to be analyzed,
probably represent a reaction zone that formed during the late Pan-African thermal
event.

2. MAFIC GNEISS

2.1. Sample 93122-15 (mafic granulite, Fold Island).—Zircons from sample 93122-15
consist predominantly of a 200 pm size fraction. The grains are clear, but some are pale
yellow. CL images revealed sector zoning, but occasionally fractured and surrounded
by a thin high-luminescent rim. The zircons are anhedral with variable shapes from
rounded with broad sector zoning to more elongate with parallel zoning. No cores
were identified. Representative CL images are presented in figure 5.

Twenty-nine spots were analyzed on 27 grains, and the data are reported in table 4
and are shown on a conventional Concordia diagram (fig. 6A). The concordant to
near-concordant data at ca. 1.0 Ga form a statistically coherent population at 978 = 7
Ma (MSWD=2.2; n=24) (fig. 6A). Most grains show no major age difference except for
spots 6.1 and 21.1. Three analyses of the bright rims are near concordant (fig. 5A), the
bright rim spots (5.1 and 27.2) yielded ages near 959 Ma, the bright rim spot 12.1
produced a near-concordant age of 878 Ma. The internal structures (fig. 5A) consist of
broad parallel zoning common to many diorites and gabbros. The mean age of 978 £ 7
Ma is interpreted to reflect the timing of mafic magmatism, and furthermore there are
bright rims that appear to be slightly younger (see fig. 5A) and may indicate the timing
of metamorphism. No zircon recrystallization or new growth occurred during the 530
Ma event.

2.2 Sample F129-1 (mafic granulite, Steinnes Peninsula)—The sample contains light-
brown, round to short prismatic, partly irregular zircons, some with crevasses, and are
predominantly of a 200 to 300um size fraction. Most zircons show a distinctly striped
character under CL (fig. 5B), whereas some have an outer zone of high luminescence,
indicative of low-U-concentration, which may indicate a reaction zone.

Thirty spots on 28 zircons were analyzed (fig. 5B, table 5), and the analyses cluster
around the concordia curve, yielding a weighted mean 2°’Pb/2°°Pb age of 1007 * 10
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Fig. 5. Characteristic CL images of analyzed zircons from mafic gneiss samples. Numbered ellipsoids
indicate SHRIMP analyses. (A) Image of zircon from mafic gneiss sample 93122-15. (B) Image of zircons
from mafic gneiss sample F129-1. (C) and (D) Metamorphic zircon overgrowth at ca. 950 Ma indicates
timing of Grenville-age metamorphism (K217-4). High-CL reveals inherited low U cores.

Ma (MSWD=0.91; n=14), which resembles that of sample 93122-15. This age is
favored to reflect the timing of mafic magmatism. Minor early Paleozoic Pb-loss caused
some data points to plot below the Concordia curve, but there is no indication of a
strong ca. 530 Ma event.

2.3 Sample K217-4 (mafic gneiss, Kolloy Island).—This sample contains clear to
light-brown, isometric and round zircons consisting predominantly of a 80 pm size
fraction. Many zircons show highly luminescent cores under CL. Zircon overgrowth in
the sample is stubby with internal fir-tree zoning (figs. 5C and 5D), these zircons often
have wide high-U rims (U content from 200 to 1558 ppm), and a few zircons show
typical narrow, highly luminescent low-U rims, too thin to be analyzed on SHRIMP.

Seventeen areas on 16 grains were analyzed (table 6; fig. 6C). The discordant core
ages are Mesoproterozoic (?*’Pb/?°°Pb minimum ages range from 1090 to 1221 Ma),
whereas the overgrowth analyses yielded a spread in ages from 867 to 1000 Ma along
concordia, although there is some scatter along the concordia line. Two spots from
typical grains 2.1 and 3.1 with metamorphic rims yielded 96 percent and 99 percent
concordant ?*’Pb/?°Pb ages of 949 + 37 Ma and 906 * 64 Ma respectively. Some
analyses plot on or slightly below Concordia, but a few plot above Concordia, probably
due to gain of radiogenic Pb during metamorphic disturbance (for example, Williams
and others, 1984). The data cluster mainly around ages of 850 to 1000 Ma (fig. 6C).
The highly luminescent rims probably indicate resorption or dissolution/reprecipita-
tion during the early Paleozoic. Therefore, we argue that metamorphic zircon growth
occured at ~900 to 950 Ma.
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Fig. 6. Concordia diagrams for four zircon samples of the mafic gneiss, indicating Grenville-age
metamorphism at ca.1.0 Ga and a Pan-African overprint at ca. 0.53 Ga. Error ellipses are lo.

2.4 Sample V218-5 (mafic granulite, Vogoy Island).—Zircons are brown and 100 to
280pm long, with rounded metamorphic overgrowth. CL images show that many
grains contain zoned magmatic cores, overgrown by metamorphic zircon (fig. 7).
These CL images are strikingly different from samples 93122-15, F129-2 and K217-4
and imply that the mafic gneiss is possibly derived from a gabbroic protolith. We
analyzed 28 spots on 22 grains (fig. 6D, table 7). For the zoned magmatic components,
some areas are discordant and have lost radiogenic Pb. Six analyses are near-
concordant and produced a weighted mean **’Pb/*°°Pb age of 1126 + 20 Ma
(MSWD=0.78). This age provides the best estimate for the time of emplacement of the
mafic precursor.

Some analyses of the metamorphic overgrowths are characterized by slight
discordancy and lost radiogenic Pb. Two spots from typical grains 4 and 19 with
metamorphic rims have 95 percent concordant 2°’Pb/2°°Ph ages of 990 + 48 Ma and
938 * 49 Ma (fig. 6D). The data indicate igneous crystallization at ca. 1100 Ma,
followed by resorption and new metamorphic growth at ca. 940 to 990 Ma. The rim
ages are interpreted to represent a metamorphic overprint, and twelve zircon over-
growth analyses constitute a concordant population with a mean **°Pb/***U age of
854 = 13 Ma (MSWD=1.7). This, however, is interpreted to represent a mixed age.
From CL images we conclude that substantial new zircon growth must have occurred
twice (at 1.0 Gaand ~0.53 Ga) around pre-existing grains. Progressive recrystallization
in some zircon grains may be partial, leaving a “memory” of the previous isotopic
composition (figs. 7A and 7B). Isotopic analysis of such an area will yield an age older
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Fig. 7. Cathodoluminescence images of typical zircons from mafic gneiss sample V218-5, displaying
inherited cores and broad rims.

than the event inducing late recrystallization and younger than the early magmatic
zircon (Hoskin and Black, 2000). The data points plot along the concordia line
between 1.0 and 0.5 Ga, and the ages are therefore considered geologically mean-
ingless.

Alternatively, it is possible that the ca. 854 Ma date marks the time of a distinct
phase in the P-T evolution. The explanation is the same as for mafic gneiss sample
K217-3, but different from samples 93122-15 and F129-2. This suggests that these rocks
have different protoliths. Sample V218-5 probably originated from a gabbroic intrusive
rock, whereas the occurrence and mineral assemblages suggest that samples 93122-15
and F129-2 were probably derived from dismembered mafic dikes (Dirks and others,
1993; Wang and others, 1994). In fact, the presence of a tight cluster of ages at 854 Ma
is hard to explain merely as a result of two-stage overprinting — one would expect more
of a smear given that ca. 990 Ma rims also occur. This “age” is intriguing and requires
further testing.
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3. PARAGNEISS

3.1 Sample 981227-1 (metapelite, Seal Cove of the Mirror Peninsula).—All zircon grains
are relatively large, 200 to 250 pm in length, and have the rounded forms common to
zircons from high-grade rocks, and many grains are ellipsoidal to spherical. CL
imaging shows that most grains contain inherited cores with oscillatory zoning,
characteristically surrounded, in whole or in part, by a thin, structureless, weakly
luminescent overgrowth (riml) (figs. 8A, 8B, 8C and 8D). Each zircon also exhibits a
thin outer rim (rim2) with relatively bright luminescence in CL images.

U-Th-Pb analyses of the zircons are listed in table 8 and plotted on the Concordia
diagram of figure 9A. The cores with magmatic growth zoning are a little heteroge-
neous in composition, both chemically and isotopically. U-contents range from 245 to
677 ppm, and Th/U range from 0.07 to 0.42. Twelve of the analyzed grains consist of
oscillatory-zoned cores that give 2°’Pb/2°°Pb ages ranging from 1034 to 1769 Ma, with a
main age peak at ca. 1.1 Ga. This confirms that the zircon cores are detrital in origin
from a late Paleoproterozoic to Mesoproterozoic provenance. No Archean grains were
detected. The issue for this sample is whether the range in ages reflects erosion from a
wide range of sources (that is, a paragneiss), or whether the age range was produced
through variable Pb-loss from an igneous protolith (that is, an orthogneiss). Given the
zircon ages alone the paragenesis of this sample (that is, sedimentary vs. magmatic
origin) is difficult to establish. The presence of a Paleoproterozoic age is indicative of
sedimentary input (though it represents a very small fraction of the material analyzed)
and an apparent age peak at 1.1 Ga. However, this peak is similar to that of the felsic
gneiss samples, which are interpreted as orthogneisses. Because of the extensive
production of metamorphic rims in this rock, it is likely that at least some disturbance
in the U-Pb system has occurred. The age data imply that the source of the paragneiss
sequence is possibly a felsic to intermediate igneous rock.

The overgrowths (rim 1) have a wide range in U (368—1765ppm) and low Th/U
(mostly 0.02—0.07). Such extreme Th/U values are a feature of zircons crystallizing at
high metamorphic grade (Williams and others, 1996). The overgrowth analyses (that

100pm e |

(E) S226-4

" | : ‘

) 12“@ ¥

o ‘: %M'iIOMa
LR

rim1 12.1 O

sxzini}"‘-@- 980+£3 1 Ma

2.1 Rim2

Fig. 8. Detrital zircon grains with metamorphic overgrowths of varying width from metasedimentary
samples. A, B, Cand D from Seal Cove; CL image of inherited magmatic core with a small-volume isometric
high-U zircon rim; typical zircons have a very thin, highly luminescent rim that is probably indicative of
metamorphic resorption of Pan-African age. Scale bars are 100 pm. Grain identification numbers include
SHRIMP spot number and ages; E and F from south of Nella Fjord.
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Fig. 9. Concordia diagram for two metasedimentary zircon samples from Seal Cove and south of Nella
Fjord, Mirror Peninsula. Error ellipses are 1o.
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is, spots 4.2, 5.1, 13.1, 15.1, 24.1) cluster near Concordia at ca. 1.0 Ga (fig. 9A).
Thirteen analyses give a weighted mean *’Pb/?°Pb age of 970 = 16 Ma (MSWD=1.5;
fig. 9A). It is possible that the paragneisses were deposited < 1000 Ma but contain
polyphase detrital zircons that record pre-depositional ages of 1130 Ma and/or 1000
Ma. The exceptions are the spots with mixed analyses. The outer rim 2 was analyzed in
one zircon and yielded a *°°Pb/***U age of 582 + 7 Ma.

3.2. Sample S226-4 (paragneiss, Seal Cove of the Mirror Peninsula).—The zircons are
round and stubby, elongate, have round to subrounded terminations, with three
textural types (core, rim 1, and rim 2) distinguished (figs. 8E and 8F). They consist
predominantly of a 60 to 80 pwm size fraction. The cores have a moderate CL response
and show oscillatory zoning (that is, spot 12.2). They are surrounded by multiple
overgrowths. The first (innermost) overgrowth (rim 1) is usually high in U (~1000
ppm), and is only developed around a few cores. Rim1 has a low CL response and
commonly is more homogeneous, it also occurs as wide overgrowth on Mesoprotero-
zoic cores (fig. 8E, spot 12.1). Rim1 shows an absence of oscillatory zoning, consistent
with metamorphic growth. The outer rim 2 is composed of a medium-U generation.

Twenty-four analyses were performed on sixteen grains (table 9 and fig. 9B). Four
analyses of oscillatory-zoned cores (10.2, 12.2, 2.2, 15.1) give Paleoproterozoic to
Mesoproterozoic 207pt, /206p}, ages of 1765 = 17, 1814 = 10, 1065 = 14, 1155 * 14 Ma
respectively. Uranium concentrations range from 221 to 921 ppm, Th from 152 to 337
ppm, and Th/U ratios from 0.35 to 0.97. The systematics of $226-4 are therefore
similar to 981227-1 of Seal Cove. The zircon cores are interpreted as detrital grains and
yielded diverse ages. The discordant nature of some core analyses probably reflects
Pb-loss during metamorphism, the 2°”Pb/2°°Pb ages generally range from 1.8 to 1.1Ga
(fig. 9B), also consistent with the detrital signature from sample 981227-1.

Nine analyses were made of type 1 rims, which have U contents between 498 and
1440 ppm and Th/U ratios between 0.02 and 0.08. These rims yielded 2*’Pb/?*°Pb
ages ranging from 916 = 57 to 997 = 22 Ma. The discordant ages probably indicate
Pb-loss during the second period of zircon overgrowth, mixtures of metamorphic
overgrowths and older core material, and/or multiple periods of metamorphic growth.
Rim 2 was analyzed in four zircons, one older outlier was rejected (9.1), and a weighted
mean of the remaining **°Pb/***U ages is 539 = 11 Ma (MSWD=1.7, 3 analyses).

3.3. Sample V218-4 (paragneiss, Viogoy Island).—Zircon fluoresces yellow in transmit-
ted light. Grains are typically rounded, with aspect ratios of 1:1 to 1:2, and range from
100 to 150 pm in length. Transmitted light and CL imaging shows oscillatory-zoned
cores with wide, homogeneous overgrowths up to 50 wm wide (fig. 10). The cores have
relatively high Th/U ratios (from 0.17—2.49), indicating a magmatic origin, whereas
the wide rims have low Th/U ratios (0.02-0.09), typical of metamorphic overgrowth. In
many cases, for example grain 11 (fig. 10), the rims have an outer zone of relatively
bright luminescence, indicative of medium U-concentration, which may indicate a
reaction zone.

Eighteen spots from cores and rims were analgfzed in 14 zircons (table 10, fig. 11).
Eleven analyses of oscillatory-zoned grains give ?°’Pb/?*°Ph ages ranging from Paleo-
proterozoic (2173 = 8 Ma) to Mesoproterozoic (1110 = 55 Ma) and with significant
peaks at ca. 1.1 to 1.2 Ga. The implication is that the depositional age of the protolith
is < 1110 Ma. Seven analyses of the metamorphic rims provide an early Neoprotero-
zoic age record; three zircon rims (14.1, 15.1, 17.2) confirm a late Grenvillian-age
event with 2°7Pb/2°°Pb ages of 901 * 78 Ma, 948 * 33 Ma, 945 + 98 Ma, respectively
(table 10 and fig. 11). A typical metamorphic rim analysis of spot 11.2 yielded a
207pb,/25Ph age of 1111 + 19 Ma, whereas the core analysis of spot 11.1 is 1655 Ma (fig.
10). The early Neoproterozoic new zircon growth suggests that a metamorphic episode
occurred at ca. 1 Ga. These rims have an outer zone, although too thin (< 10 pm) to
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Fig. 10. Characteristic images of analyzed zircons from Vogoy Island metasedimentary sample V218-4.
(A) Transmitted light image of core-rim textured zircon grain 11. (B) CL image of zircon grain 11 showing
dark Grenville-age metamorphic rim, overgrown on detrital core derived from 1.8 Ga Paleoproterozoic
igneous zircon. (C) Transmitted light image of core-rim texture in zircon grain 17. (D) CL image of zircon
grain 17; note wide, high-U metamorphic overgrowth around inherited core.

be analyzed, possibly representing an early Paleozoic reaction zone that formed during
late geological processes. The discordant nature of some rim analyses probably reflects
Pb-loss during early Neoproterozoic and early Paleozoic metamorphism, or mixed
compositions between the two overgrowth zones.

4. ENDERBITE

4.1 Sample 981221-2 (enderbite, Grovness Peninsula).—The zircons from this sample
form a homogeneous assemblage of slightly elongated, prismatic grains with curvilin-
ear to blunt terminations. Zircons consist predominantly of a 300X60 pm size fraction
and are clear with well developed magmatic growth zoning. CL shows oscillatory zoned
zircon cores (fig. 12) which typically have U-concentrations between ~230 and 1150
ppm. These cores often show strong marginal resorption and are surround by
metamorphic overgrowth (fig. 12B).

Forty spots were analyzed on thirty-eight grains from sample 981221-2, concentrat-
ing on areas exhibiting growth zoning as revealed by CL imaging. A mean **’Pb/2*°Pb
age of 971 = 17 Ma (MSWD=2.5, 15 analyses) obtained for these zircon cores
represents the intrusion age of the enderbite (fig. 13A, table 11). Some analyses
provided discordant ages, probably indicating Pb-loss during zircon overgrowth. The
metamorphic overgrowth analysis of spot 20.1 yielded a **°Pb/***U age of 547 + 5 Ma.

5. GRANITIC GNEISS

5.1 Sample F127-4 (granitic gneiss, south side of Lake Nella, Brokens Peninsula).—This
sample contains elongate zircons between 150 and 210 pm in length, and CL images
show simple magmatic zonation and resorption features, and the latter are attributed
to metamorphism. The magmatic cores have medium U-concentrations (185—424
ppm), whereas the thin, structureless, metamorphic overgrowth areas are high in U
and display weak luminescence (fig. 12). Fourteen areas were analyzed, with magmatic
cores targeted. The age pattern is shown on the Concordia plot of figure 13B. The
analyses (table 12) form a concordant cluster with a mean 2°’Pb/2°°Pb age of 1056 =
24 Ma, consistent with the analyses of magmatic cores from sample S204-1. Grains 3.1
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Fig. 11. Concordia diagram of zircon analyses from sample V218-4. The data indicate different degrees
of Pb-loss during Grenville-age metamorphism and metamorphic zircon overgrow at ca. 1.0 Ga. Error
ellipses are lo.

and 11.1 are strongly discordant and are considered to represent an older, inherited
component that lost radiogenic Pb when the majority of zircon formed around 1000
Ma. Exclusion of these data from the weighted mean provides an age of 1011 = 19 Ma
(MSWD=1.4, 12 analyses), and this is interpreted to represent the intrusion age of the
gneiss protolith.

5.2 Sample S204-1 (granitic gneiss, Stornes Peninsula).—The sample contains light
brown and yellowish, elongated prismatic zircons, and length-width ratios are usually
less than 3. The sample consists predominantly of a 60X250um size fraction, and most
zircons contain many inclusions. CL-images show oscillatory magmatic growth zoning
(figs. 12 E-F), and the zircons have U concentrations between 441 and 1699 ppm and
Th/U ratios of 0.1 to 0.6.

Twelve areas on 11 zircons were analyzed (table 13), and most analyses represent
the main zircon population, scattering at around ca. 1000 Ma. Five analyses show
evidence for radiogenic lead loss (4.1, 6.1, 9.1 11.1). The less dominant age group is
represented by analyses 4.1 and 6.1, and these gave 2°’Pb/2°°Pb ages of ca. 1200 Ma
and represent zircon core inheritance. Excluding the discordant and inherited ages,
the remaining grains of this age group give a weighted mean *°°Pb/?**’Pb age of
1004 = 35 Ma (MSWD=6.8), which is the best estimate for the emplacement age of the
granitic gneiss protolith.

One analysis from a rim outside the poorly luminescent zone (8.1) yielded a
206ph, /207Ph age of 942 + 13 Ma. This young rim has a higher U-concentration than the
core, with a U/Th ratio of 0.11; the high-U rim analysis is therefore interpreted as a
result of resorption.
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Fig. 12. Representative CL images of zircon structures. (A) and (B) are zircons from enderbite sample
981221 with oscillatory zoned magmatic cores and thin CL-bright overgrowths. (C) and (D) are CL images
of sectioned zircons from granitic gneiss sample F127-4 showing a simple zoned magmatic structure.
(E) Transmitted light image of grain 8 from granitic gneiss S204-1. (F) CL image of grain 8 with oscillatory
zoned magmatic characteristics.

6. LEUCOGNEISS

6. Sample 981230 (garnet-bearing leucogneiss, eastern Mirror Peninsula).—The garnet-
bearing leucogneiss described by Carson and others (1995) from the same location is
named the Zhongshan gneiss. Zhao and others (1995) reported a 2°Pb/2°’Pb zircon
age of 940 = 6 Ma, using the Pb-Pb stepwise evaporation technique, and a ca. 1.0 Ga
Rb-Sr whole-rock isochron age for this rock. They correlate these ages with an
intrusion event that pre-dates the deposition of the adjacent metasediments. Dirks and
others (1993) suggested that the leucogneiss body was emplaced during the early
history of the Larsemann Hills. However, Stuwe and others (1989) interpreted this
same leucogneiss as a partial melt derived from the metasediment, whereas Carson and
others (1995) argued that it may have a sedimentary origin.

The sample contains small to medium-sized (60—400 pm), rounded to elongate
and complex zircons. They are yellowish to brownish in color, and CL images show that
many grains are high-U (1010—7642 ppm) zircons with Th/U ratios of 0.02—0.1 (fig.
14). In this case the low-Th/U ratio is a consequence of magmatic processes giving rise
to high U and relatively low Th during high-grade metamorphism. Due to the high U
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Cores, 971+£17Ma
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Fig. 13. Concordia diagrams of dated samples. (A) Zircons from enderbite at Grovness Peninsula. (B)
Zircons from granitic gneiss near the south of Lake Nella. (C) Zircons from granitic gneiss at Stornes
Peninsula. Error ellipses are 1o.

concentrations, the ***Pb-corrected analyses are slightly reversely discordant on a
standard Concordia plot (fig. 15). This reverse discordancy effect is well known for
zircons with U in excess of ~1000 ppm (Williams and others, 1984). Twenty-six grains
from this sample were analyzed (table 14). These zircons show relatively little Pb-loss at
500 Ma, and man anal(yses are concordant within error (fig. 15). The 1025 £ 12 Ma
weighted mean 2°°Pb/* Pb age is interpreted to reflect crystallization of the zircons in
the leucogneiss precursor at the time of intrusion.

Alternatively, the following explanation must be considered: Sample 981230
contains subhedral to round zircons, and the leucogneiss may possibly have been
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981230

Fig. 14. Cathodoluminescence images and SHRIMP spot analyses of selected zircon grains from
leucogneiss rocks from Zhong Shan station. (A): Zircon 15 from sample 981230, showing dark high-U core
age of 1.0 Ga. (B): Zircon 2 from leucogneiss (981230) showing a 0.5 Ga overgrowth rim.

produced from a high-temperature partial melt (Gilotti and Elvevold, 2002). Low
Th/U ratios (0.02—0.1) and weak to no zoning in the zircons suggest a metamorphic
origin for these grains (Rubatto and Gebauer, 2000).

The presence of very thin metamorphic rims on zircons from the leucogneiss that
has undergone a second partial melting event is consistent with the observation that
new zircon growth occurred during the early Paleozoic thermal event in the study area.
The young rim age of 500 Ma probably reflects the second event of granulite-facies
metamorphism and anatexis.

| 981230-1

0.18 +

850
0.14 1 2 ﬂCores, 1025+12Ma

MSWD=0.9 (9 analyses)

206Pb /238U

550

w
| 450 500+1Ma

0.06 : } : } : }
0.4 0.8 1.2 1.6 2.0

207Pb /235U

Fig. 15. Concordia diagrams showing SHRIMP data for sample 981230. Error ellipses are 1o.
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Based on the zircon characteristics, we interpret the leucogneiss as being derived
from melting of a metasediment that experienced two zircon overgrowth events.

IMPLICATIONS OF THE ZIRCON DATA

The intensity of overprinting renders an unambiguous interpretation of late
Meso- to early Neoproterozoic metamorphic ages extremely difficult. It is apparent
that zircons in the study area reflect a ca. 1.13 Ga felsic intrusive event, a ca. 1.0 Ga
metamorphic and igneous emplacement event and a late Pan-African (0.53 Ga)
tectono-thermal event.

The complicated patterns of recrystallization, overgrowths and rims revealed by
CL imagery demonstrate that the zircons of this study are not amenable to conven-
tional analysis. Studies that have used bulk zircon fractions or fragments (Tong and
others, 1995; Zhang and others, 1996) obtained ages that probably reflected mixtures
of different components. Combining CL images and SHRIMP analysis allows different
parts of grains with different U-contents to be examined; therefore, it was possible to
obtain older protolith and thermal event ages. The new ages and information on the
complexity of the zircons have implications for the interpretation of previous whole-
rock isotopic studies. The whole-rock Rb-Sr and Sm-Nd systems previously studied
(Sheraton and others, 1984; Zhao and others, 1995) were most probably disturbed.
The zircon data presented here reveal a record of the Precambrian history in the
Larsemann Hills and adjacent areas. The SHRIMP data demonstrate evidence for a ca.
1.1 Ga minimum age for a felsic gneiss protolith and major disturbances at ca.1.0 Ga
and 0.5 Ga.

The paragneiss samples have detrital zircon age spectra in the range 2.2 to 1.1 Ga
with a prominent peak at 1.1 Ga. Rims give late Mesoproterozoic (ca. 1.0 Ga) and early
Paleozoic ages (dominantly 0.53 Ga), consistent with the age of metamorphism.
Although zircon ages can be notoriously difficult to tie to metamorphic P-T paths, the
zircon ages from this study are interpreted to record the timing of two phases of
high-grade metamorphism. Zircon overgrowth on Mesoproterozoic cores represent
metamorphic and/or anatectic modifications of the host rock at ca. 1000 and 530 Ma.
Cores showing round or embayed shapes indicate resorption via metamorphic mineral
reactions or melting. Wide overgrowths of both ages reflect substantial new zircon
growth at high temperature. Our data for the ~1000 Ma overgrowths on zircons from
paragneisses define a period of late Mesoproterozoic metamorphism in the Larse-
mann Hills and adjacent areas.

A high-grade event at ca. 1000 Ma is also indicated by SHRIMP U-Pb ages for
magmatic zircons in leucogneiss from the Rauer Group (Kinny and others, 1993) and
from Sm-Nd garnet ages for a mafic orthogneiss at Sgstrene Island, immediately
southwest of Bolingen Islands (Hensen and Zhou, 1995). Despite extensive isotopic
evidence for high-grade metamorphism in the Rauer Group at 550 to 500 Ma, the
preservation of monazite U-Pb ages near 1000 Ma in metasedimentary rocks on Filla
Island, Rauer Group, confirm the importance of the 1030 to 1000 Ma event (Harley,
2003). This means that the ca. 1.0 Ga tectono-thermal event in Prydz Bay, East
Antarctica, is now well established.

Peak P-T estimates of ~10 kbar and 900 °C from a garnet-bearing mafic ortho-
gneiss at Sgstrene Island (Thost and others, 1991, 1994; Hensen and Zhou, 1995)
indicate high-grade metamorphism in Prydz Bay, and garnet Sm-Nd ages suggest that
the high-grade assemblages in the mafic orthogneiss formed during the ca. 1000 Ma
event. Two generations of retrograde symplectite occur around garnet in the mafic
orthogneiss at Sgstrene Island, reflecting re-equlibration at progressively lower pres-
sures (Thost and others, 1991). An early coarse-grained orthopyroxene-plagioclase
symplectite probably reflects decompression during the ca. 1000 Ma event (M), at
peak conditions of ~10 kbar and 850 to 900 °C, which resulted in the retrograde
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breakdown of garnet according to Grt + Qtz— Opx + Plag, but P-T estimates of 6 kbar
and 750 °C for a later, fine-grained orthopyroxene-plagioclase-spinel symplectite are
consistent with a ca. 500 Ma (M) overprint on the ca. 1000 Ma orthogneiss assemblage
(Hensen and others, 1995). Our isotopic dating yielded an age of ca. 1000 Ma, close to
the garnet-bearing granulites, and in keeping with a known early Neoproterozoic
granulite-facies event at = 988 Ma, even though the temperatures required for
granulite formation (with strong partial melting) at 550 to 500 Ma should have
obliterated any earlier signal. Our data reveal an important tectono-thermal event at
ca. 1000 Ma and may constrain the true age of the late Meso- to early Neoproterozoic
orogeny as originally conceived by Tingy (1982) and Sheraton and others (1984). We
emphasize, however, that this tectono-thermal event is evident only from the SHRIMP
zircon ages.

The summary of the interpreted age data (fig. 16) shows a 1.1 Ga felsic-mafic
composite gneiss protolith being partially reset by a 1.0 Ga metamorphic event, and
minor recent Pb-loss causing some data to fall below concordia. The 0.53 Ga age
tectono-thermal event overprint mostly caused Pb loss on older ca.l.1 Ga and ca. 1.0
Ga zircons. The early Paleozoic orogeny is related to a major collisional event in East
Gondwanaland.

The above geochronological data support the notion that the study region
experienced a late Meso- to early Neoproterozoic (ca. 1000 Ma) high-grade tectono-
thermal event, and an early Paleozoic (ca. 500 Ma) event.

The metamorphic evolution of the different lithological units as deduced from
SHRIMP zircon dating and geological data is summarized in table 15 (Wang and
others 2003, 2004).

0.20 4
Pb loss
0-18 1 Metamorphism Intrusion of
ca.1.0Ga N protolith
0.16 4
o)
-]
Q0,141
~~
=
B
S 0.12¢
0.10 L Pb-loss at
ca.0.53Ga
0.08 4 ¥ Metamorphism
atca. 0.53Ga
0.06 } . } - t . t
0.4 0.8 1.2 1.6 2.0
207Pb/235U

Fig. 16. Schematic illustration of major events affecting samples from Larsemann Hills and adjacent
areas.
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TaBLE 15

Summary of the litho-tectonic and metamorphic evolution as determined by U-Pb SHRIMP
zircon analyses and Sm-Nd data

Dalkoy granite 501+11 Ma
g Pegmatite 504+17 Ma
é’ Progress granite 516+7 Ma
E Leucogranite 524420 Ma
& D;: N-S extension event

D,: WNW-directed thrusting event, M,: granulite-facies 529+8 Ma
. Enderbite intrusion 97117 Ma
& | Granitic gneiss intrusion ca. 1000 Ma
:ég gDrla Jgfﬁz{?zzizf of mafic-felsic gneiss and sedimentary rocks, M;: a.1000 Ma
§ Metasedimentary rocks (pelite, psammite, quartzite, etc.)
© felsic intrusives ca.1100 Ma

REGIONAL GEOLOGICAL COMPARISONS AND IMPLICATIONS

Several reconstructions have been proposed for the assembly of Rodinia, based on
geological, isotopic and paleomagnetic data (see review in Unrug, 1997; Fitzsimons,
2000; Torsvik, 2003). The Prydz Bay ca. 1.0 Ga age mobile belt, as a part of the Circum
East Antarctica mobile zone, was assumed to be related to the assembly of Rodinia
(Moores, 1991; Dalziel, 1991; Hoffman, 1991; Powell and others, 1993; Torsvik, 2003).
However, recent work has cast doubt on the Rodinia paleogeography and on the
timing of its assembly and break-up (Fitzsimons, 2000). The recent recognition of
intense high-grade metamorphism and deformation at ca. 0.5 Ga in Prydz Bay and
Lutzow-Holm Bay refutes the notion of a coherent circum-East Antarctic “early
Neoproterozoic” orogenic belt (Shiraishi and others, 1992, 1994; Fitzsimons, 2000;
Harley, 2005) and suggests that India and Antarctica did not fuse until the early
Paleozoic. Thus, the origin of ca. 1 Ga age metamorphism in India and Antarctica
needs to be reassessed.

Magmatism and metamorphism at 1000 Ma is well established in the Eastern
Ghats belt of India (Paul and others, 1990) and in much of the Antarctic crust adjacent
to the Prydz Bay region (Black and others, 1987; Kinny and others, 1993, 1997; Boger
and others, 2000; Carson and others, 2000, Wang and others, 2007). SHRIMP zircon
ages of various rocks from Larsemann Hills and adjacent areas indicate that metamor-
phic assemblages are composed of late Mesoproterozoic to early Neoproterozoic rocks
that most likely were part of the Eastern Ghats belt-Northern Prince Charles Mountains-
Mawson Coast-Rayner Complex orogenic belts in East Antarctica and India (fig. 17;
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) Albany-Fraser belt and
Eastern Ghats(990-950 Ma) ;. &0 ave block(1300-1050 Ma)

Ross-Delamerian Orogeny
Maud-Provine Larsemann Hills and

€ — ] .
SRR e

Namaqua-Natal Province

(1130-1070 Ma) overprint at ca.500 Ma

Archean/Paleoproterozoic Lgrsemann

*.*.*.Y cratonic blocks Hills
Meso-Neoproterozoic Paleozoic aged orogenic
orogenic belts (1300-900 Ma) belts (600-500 Ma)

Fig. 17. Tectonic map of East Antarctica and adjacent parts of Gondwana showing Archean-
Paleoproterozoic cratonic blocks, and Meso-Neoproterozoic and Paleozoic orogenic belts (after Boger and
others, 2000). The disparate ages of the Meso-Neoproterozoic orogenic belts, which have previously been
correlated, and the recently recognized intervening Paleozoic belts in Prydz Bay are illustrated. G, Gawler
craton; K, Kalahari craton; sPCMs, southern Prince Charles Mountains; V, Vestford Hills; LHB, Luzow-Holm
Bay; P, Prydz Bay; nPCMs, northern Prince Charles Mountains.

Kinny and others, 1993, 1997; Young, and others, 1997; Boger and others, 2000;
Carson and others, 2000, 2007). Northern Prince Charles Mountains-Mawson Coast
were deformed and metamorphosed between ca. 990 and 920 Ma and accompanied by
widespread emplacement of voluminous granites and charnockites, periods of magma-
tism and metamorphism that, in part, coincides with that recorded for the orthogneis-
ses in Prydz Bay. It is possible that ca. 1130 to 1100 Ma intrusions from pre-orogenic
orthogneiss proliths, similar to those observed in Prydz Bay, are present in the
northern Prince Charles Mountains but remain unrecognized (Carson and others,
2007).

Regional zircon geochronology of East Antarctica shows that voluminous magma-
tism in northern Prince Charles Mountains, the Rauer Group and Larsemann Hills
and adjacent areas was broadly synchronous during the late Meso- to early Neoprotero-
zoic period (Kinny and others, 1993, 1997; Carson and others, 2000; Boger and others,
2000). The Rayner experienced key events at 1000 to 980 Ma, and 925 Ma, with
magmatism at ca. 960 Ma. The Rauer Group preserves a magmatic — metamorphic
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record from ca. 1080 Ma to 990 Ma, and the Maud Province has 1130 Ma magmatic
rocks overprinted at 1030 to 990 Ma (Harley, 2003). Regional metamorphism (ca. 1000
Ma) in the Eastern Ghats belt, northern Prince Charles Mountains, Rauer Group,
Mawson Coast, Rayner, Maud Province and Larsemann Hills are broadly synchronous.
However, other aspects of their geological records were apparently not synchronous,
for example, the ca. 960 Ma Rayner magmatic event and northern Prince Charles
Mountains magmatism were prolonged over an extended period from ca. 980 Ma to ca.
910 Ma (Kinny and others, 1997; Boger and others, 2000; Carson and others, 2000).
There appear to be some tens to near one hundred million year age differences within
the Circum-East Antarctic Orogen. However, it may be pointed out that a large orogen
should not necessarily exhibit the same peak orogenic ages throughout (Yoshida,
2007). In fact, almost all early Paleozoic areas of tectono-metamorphic activity (for
example, Prydz Bay and Lutzow-Holm Bay) carry distinct evidence of late Meso- to
early Neoproterozoic components at ca. 1 Ga (Shiraish and others, 1994). Further-
more, these terrains are characterized by superimposed deformations and metamor-
phisms and by a lack of ophiolites. Such evidence supports the view that the early
Paleozoic orogens were intracratonic rather than intercratonic; that is, they were not
the result of suturing (Yoshida, 2007).

On the basis of structural and argon thermochronology, Wilson and others (2007)
proposed that the ca. 550 to 500 Ma high-grade event in the Rauer Group, Prydz Bay,
should be attributed to an intracratonic deformation regime. We suggest that the
regional magmatic and metamorphic events were spatially linked within a single block
during assembly of the late Mesoproterozoic-early Neoproterozoic Rodinia superconti-
nent. Evidence for Rodinia assembly is provided by widespread late Mesoproterozoic
orogenic belts that record the terminal phases of orogenesis at ca. 1100 to 1000 Ma
(Hanson and others, 2004). However, models proposed for the assembly of Prydz Bay
and other Mesoproterozoic continental blocks remain the subject of debate. The
absence of blueschists, accretionary complexes or mélange zones, belts of magmatic
arc-type rocks, and ophiolite complexes in different Mesoproterozoic blocks has been
used to support other models. Perhaps the 1100 to 1000 Ma event reflects an arc
accretion event rather than the final consolidation of East Gondwana.

Further work is required to reassess current models for the assembly of a
Proterozoic supercontinent in the light of new zircon evidence for the late Meso- to
early Neoproterozoic and early Paleozoic events within East Gondwana.

CONCLUSIONS

1. SHRIMP ages show that zircons from gneissic Mesoproterozoic protoliths in the
Larsemann Hills experienced metamorphic overgrowths at ca. 1000 Ma; a paragneiss
contains zircons with metamorphic crystallization ages of ca. 1000 Ma; a syntectonic
enderbite and granitic gneiss yielded concordant zircon crystallization ages of ca. 1000
Ma. These isotopic ages provide the first direct evidence for the recognition of a late
Mesoproterozoic to early Neoproterozoic high-grade event in the Larsemann Hills and
is in agreement with a Sm-Nd mineral isochron age for mafic granulites presented by
Hensen and others (1995).

2. Our age data provide good time constraints for crystallization ages around 1.1
Ga for felsic gneisses in the study area. Multiple episodes of zircon growth in these
rocks suggests that the Larsemann Hills region was subjected to at least two major
tectono-thermal events, one at ca. 1000 Ma, the other at ca. 530 Ma. There is no
conclusive evidence for the maficfelsic composite orthogneiss to represent an Ar-
chean basement complex to the metasedimentary sequence of the Larsemann Hills.

3. Our data confirm the East Gondwana nature of early ca. 1 Ga zircon growth in
the Larsemann Hills and adjacent areas, suggesting that this event is widespread in the
Prydz Bay region. This provides important constraints on the evolution of the Rodinia
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and Gondwana supercontinents. The Larsemann Hills and adjacent areas are inter-
preted to have experienced a major metamorphic event at ~1.0 Ga, possibly as part of
a ~1.0 Ga mobile belt (Dalziel, 1991; Hoffman, 1991; Tingey, 1991; Powell and others,
1993; Yoshida, 1995; Yoshida and others, 2003), which is exposed throughout the
northern Prince Charles Mountains-Mawson Coast-Rayner Complex and is part of the
Eastern Ghats belt, eastern Antarctica and India (fig. 17). The newly defined chronol-
ogy also fits with the Maud region (magmatism at 1130 Ma, metamorphism at
1050—990 Ma). The ~1.0 Ga event was overprinted by an intense early Paleozoic
thermal event at ca. 0.53 Ga.

4. The depositional age of the paragneiss sequences is Mesoproterozoic at ca. 1.1
Ga. The paragneisses preserve isotopic ages that are consistent with an immature
source and are derived from orthogneisses prior to the 1.0 Ga event.
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APPENDIX: SAMPLE DESCRIPTIONS
On Steinnes Peninsula, Kolloy Island and Vogoy Island, felsic-mafic composite orthogneisses are well

exposed (Fitzsimons and Harley, 1991, 1992, 1997; Thost and others, 1992, 1994; Carson and others, 1995).
These rocks largely consist of felsic gneiss with discontinuous pods, boudins and layers of mafic units that
generally comprise around 10 to 20 percent, but locally up to 50 percent of the total rock volume (Carson
and others, 1995). Felsic-mafic composite gneiss samples were selected to determine the age of both
emplacement and metamorphism in the study area, and to determine the polyphase metamorphic overprint
by dating complex metamorphic zircon overgrowths. On Grovness Peninsula, a massive but well-foliated
non-megacrystic orthopyroxene- tonalite body is exposed in the southern part; an intrusive origin is
preferred, based on the massive, homogenous nature of this unit (Carson and others, 1995). On Stornes
Peninsula and south of Nella Lake, a granitic intrusive contact is exposed between a granitic gneiss and a
paragneiss sequence. At this locality both enderbite and granitic gneiss samples were collected to determine
the age of emplacement and late metamorphism.

Samples of paragneiss were collected from Broknes Peninsula and on Vogoy Island to determine the
detrital zircon signature and the age of metamorphism associated with tectono-thermal events. On Mirror
Peninsula, a leucogneiss was collected to obtain an estimate for the timing of metamorphism and partial
melting.

1. FELSIC GNEISS

Composite orthogneiss is exposed on Steinnes Peninsula and on the northern offshore islands. The
orthogneiss comprises interleaved mafic and felsic material in variable proportions, and felsic orthogneiss is
typically more abundant (Fitzsimons and Harley, 1991, 1992; Thost and others, 1992, 1994; Carson and
others, 1995). The gneiss is inferred to represent a “basement” to the metasedimentary sequences of the
Larsemann Hills. Felsic rocks typically comprise quartz, plagioclase, orthopyroxene, and biotite, whereas
mafic compositions comprise hornblende, orthopyroxene, clinopyroxene and plagioclase = quartz with
variable amounts of garnet. Several workers have also suggested a tentative correlation between the
orthogneiss, the Archean orthogneiss complex of the Vestfold Hills and tectonically reworked Archean
orthogneiss in the Rauer Group. However, isotopic evidence suggests that these crustal fragments are
temporally unrelated.

Three representative felsic gneiss samples were selected for SHRIMP analysis, two samples (9926-5;
9921-14) from Steinnes Peninsula and a neighboring non-named small island, one (K217-3) from Kolloy
Island, The felsic gneiss largely comprises orthopyroxene, quartz, plagioclase, ilmenite and biotite and
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locally garnet. The felsic mineralogies are dominated by plagioclase with little or no K-feldspar and suggest
tonalitic to granodioritic protoliths (Sheraton and Collerson, 1983).

Sample 9926-5 was collected on Penguin Island, to the north of Steinnes Peninsula, The small outcrop
has not been described before in a formal report. A thick unit of felsic-mafic gneisses is exposed from which
felsic gneiss sample 9926-5 was taken. The gneiss mineralogy is dominated by plagioclase and orthopyrox-
ene, with biotite and ilmenite as minor components, and zircon and apatite as accessories, suggesting a
tonalitic protolith.

Sample 9921-14 was collected on the northern side of Steinnes Peninsula where a strongly deformed
sequence of felsic gneisses is interlayered with rafts and schlieren of dark, mafic granulite. The felsic gneiss
sample consists of the assemblage quartz-plagioclase-K-feldspar- orthopyroxene-biotite-ilmenite.

Sample K217-3 was collected in the north of Kolloy Island and is an orthopyroxene-bearing felsic gneiss
previously interpreted to represent a basement complex (Carson and others, 1995).

2. MAFIC GNEISS

Mafic gneisses occur as dismembered oriented distributed lenses, pods, layers and occur in felsic gneiss
and metapelite in the Larsemann Hills and adjacent areas. Their intrusive origin is apparent from their
abundance within the felsic gneiss, in which they occur as boudinaged and isoclinally folded layers. Within
the paragneiss, mafic boudins commonly display contacts parallel to the compositional layering (Dirks and
others, 1993). For example, in Steinnes Peninsula outcrops, the mafic gneisses occur as parallel, long,
narrow (1X15m?) lenses within felsic gneiss, suggesting that they were originally mafic dikes (Dirks and
others, 1993; Wang and others, 1994). This indicates that the mafic granulite protoliths were emplaced in an
extensional environment. A combined cathodoluminescence (CL) and SHRIMP single zircon study re-
vealed relict igneous zoning and metamorphic overgrowths. Four samples (93122-15, 98129-1, K217-4,
V218-5) were selected for ion microprobe analysis.

Sample 93122-15 appears as a lens within the basement composite orthogneiss on Fold Island and is a
mafic granulite composed of orthopyroxene + clinopyroxene + plagioclase * biotite.

Sample F129-1, from Steinnes Peninsula, is a raft of dark mafic granulite, enclosed within pale brown
felsic orthogneiss. It is dominated by hornblende, plagioclase orthopyroxene, clinopyroxene, and ilmenite.

Sample K217-4, from northern Kolloy Island, is a mafic gneiss occurring as a layer within the felsic
gneiss. It was interpreted as a basement orthogneiss (Fitzsimons and Harley, 1991; Carson and others, 1995;
Fitzsimons, 1997). The sample is composed of orthopyroxene, hornblende, and plagioclase, biotite, minor
magnetite and quartz, with zircon as accessory mineral.

Sample V218-5 was collected from a mafic granulite in the west of Vogoy Island, North Bolingen Islands,
northwest of Larsemann Hills (GPS: 69°26'300S, 75°43'854E). It consists of biotite gneiss with abundant
remnants of an orthopyroxene-hornblende-plagioclase-bearing precursor (Dirks and Hand, 1995). The
mafic gneiss was intruded by pegmatite veins up to 5 m in width and occurs as blocks and discontinuous
layers (ca. 200X250m). The primary nature of the orthogneiss—paragneiss contact is difficult to determine
due to subsequent deformation and transposition. The origin of the protolith is not clear. Rocks on Végoy
Island are nearly identical to those in the Larsemann Hills immediately to the northeast (Sheraton and
others, 1984; Stiiwe and others, 1989; Dirks and others, 1993). The D3 domain on Végoy Island can be traced
into the southwest Larsemann Hills. The sample has a mafic composition, containing orthopyroxene,
hornblende, plagioclase, biotite = quartz;

3. PARAGNEISS

The paragneiss sequence comprises a range of lithologies, including metapelite, semi-pelite, psammite
and metaquarzite, with minor metabasite and calc-silicate (Stiiwe and others, 1989; Dirks and others, 1993;
Thost and others, 1994; Carson and others, 1995; Dirks and Hand, 1995; Fitzsimons, 1997). The depositional
age of the paragneiss sequences is controversial in the Larsemann Hills and adjacent areas. Fitzsimons
(1997) reported that the paragneiss preserves no conclusive evidence of earlier metamorphism. To obtain
accurate information on the timing of metamorphism, zircons were separated from metasedimentary rocks
at Seal Cove, south of Nella Lake and Vogoy Island.

Sample 981227-1 was collected at Seal Cove, Mirror Peninsula. The metapelite contains quartz, biotite,
cordierite, alkali feldspar, sillimanite, garnet, plagioclase, spinel, magmatite, zircon, monazite and apatite.

Sample $226-4 is a Sill-Cord-Magnetite-P1-Qtz-gneiss and was collected from the west of Seal Cove. It is
one of the major lithological associations.

Sample V2184 is a Grt-Sil-Bt-P1-Qtz-Mt-gneiss from Vogoy Island, North Bolingen Islands, northwest of
the Larsemann Hills.
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4. ENDERBITE
Enderbite is exposed as massive bodies in Grovness. It is dominated by plagioclase and quartz with
orthopyroxene. Small amounts of magnetite, monazite, zircon and apatite are accessory phases. Primary
contact relations amongst enderbite and granitic gneiss are obscured by strong ductile deformation, but an
intrusive origin is preferred (Carson and others, 1995). Sample 981221-2 was collected from Grovness.

5. GRANITIC GNEISS

On the northwest shore of Mirror Peninsula, west of Broknes Peninsula, Stornes Peninsula and
Storneskola, some large body granitic orthogneiss are exposed (fig. 2) which contain mafic pods and lenses
and are strongly deformed. The mafic pods and lenses carry relicts of a hornblende-plagioclase- orthopyrox-
ene-biotite-clinopyroxene *garnet assemblage that indicates medium pressure at granulite-facies metamor-
phic conditions (Wang and others, 1994). Intrusive relationships are rarely seen; these granitic gneisses
contain gneissic layering concordant with the foliation in the surrounding sill-bearing gneiss, where intrusive
boundaries are transposed within the gneissic layering. It generally forms a homogeneous unit with
equigranular granitic appearance (Carson and others, 1995). Two samples were analyzed, S204-1 and F127-4
(fig. 2).

Sample F127-4 was collected on the south side of Lake Nella (fig. 2) and is a medium-grained granitic
gneiss that occurs within Grt-Sill-Sp-PI-Qtz* Bt gneiss with sharp lithological boundaries. The sample consists
of plagioclase, quartz, K-feldspar, and variable amounts of garnet and biotite.

Sample S204-1 was collected from the north of Stornes Peninsula and is composed of quartz,
plagioclase, K-feldspar and variable amounts of garnet and biotite. Accessory minerals are apatite, ilmenite,
monazite and zircon.

6. LEUCOGNEISS

Grt-bearing leucogneiss sample 981230 was collected on eastern Mirror Peninsula (fig. 2). The rock was
described by Carson and others (1995) from the same location and named as Zhongshan gneiss. It preserves
a foliation defined by stringers of garnet, rare biotite and a compositional banding defined by quartz-
feldspar leucosomes (Carson and others, 1995). The leucogneiss is concordant with the surrounding
Grt-Sill-Cord-Bt-P1-Qtz gneiss (Stiiwe and others, 1989).
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