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The Liitzow-Holm Complex (LHC) of East Antarctica has been regarded as a collage of Neoarchean (ca.
2.5 Ga), Paleoproterozoic (ca. 1.8 Ga), and Neoproterozoic (ca. 1.0 Ga) magmatic arcs which were amal-
gamated through the latest Neoproterozoic collisional events during the assembly of Gondwana su-
percontinent. Here, we report new geochronological data on detrital zircons in metasediments
associated with the magmatic rocks from the LHC, and compare the age spectra with those in the
adjacent terranes for evaluating the tectonic correlation of East Antarctica and Sri Lanka. Cores of detrital
zircon grains with high Th/U ratio in eight metasediment samples can be subdivided into two dominant
groups: (1) late Meso- to Neoproterozoic (1.1—0.63 Ga) zircons from the northeastern part of the LHC in
Prince Olav Coast and northern Séya Coast areas, and (2) dominantly Neoarchean to Paleoproterozoic
(2.8—2.4 Ga) zircons from the southwestern part of the LHC in southern Liitzow-Holm Bay area. The ca.
1.0 Ga and ca. 2.5 Ga magmatic suites in the LHC could be proximal provenances of the detrital zircons in
the northeastern and southwestern LHC, respectively. Subordinate middle to late Mesoproterozoic (1.3
—1.2 Ga) detrital zircons obtained from Akarui Point and Langhovde could have been derived from
adjacent Gondwana fragments (e.g., Rayner Complex, Eastern Ghats Belt). Meso- to Neoproterozoic
domains such as Vijayan and Wanni Complexes of Sri Lanka, the southern Madurai Block of southern
India, and the central-western Madagascar could be alternative distal sources of the late Meso- to
Neoproterozoic zircons. Paleo- to Mesoarchean domains in India, Africa, and Antarctica might also be
distal sources for the minor ~2.8 Ga detrital zircons from Skallevikshalsen. The detrital zircons from the
Highland Complex of Sri Lanka show similar Neoarchean to Paleoproterozoic (ca. 2.5 Ga) and Neo-
proterozoic (ca. 1.0 Ga) ages, which are comparable with those of the LHC, suggesting that the two
complexes might have formed under similar tectonic regimes. We consider that the Highland Complex
and metasedimentary unit of the LHC formed a unified latest Neoproterozoic suture zone with a large

block of northern LH—Vijayan Complex caught up as remnant of the ca. 1.0 Ga magmatic arc.
© 2017, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Previous petrological, geochemical

African—Antarctic Orogen, suggest that the region was formed
through a sequence of complex subduction—accretion—collision

and geochronological processes of various arc and continental components during the

studies on East Africa—India—Sri Lanka—East Antarctica region, latest Neoproterozoic to Cambrian Gondwana amalgamation

which corresponds to the

part of the East (e.g., Meert, 2003; Jacobs and Thomas, 2004; Collins and
Pisarevsky, 2005; Collins et al., 2007ab, 2014; Meert and
Lieberman, 2008; Santosh et al., 2009, 2014, 2015, 2016, 2017,
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Antarctica has been regarded as one of the examples of Neo-
proterozoic to Cambrian high-grade metamorphic terranes
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formed during this orogenic event (e.g., Hiroi et al., 1991;
Shiraishi et al., 1994). Recent geochemical and geochronological
studies proposed that the LHC is composed of at least three
Neoarchean (ca. 2.5 Ga), Paleoproterozoic (ca. 1.8 Ga), and Neo-
proterozoic (ca. 1.0 Ga) magmatic arcs and was formed by colli-
sion of these terranes (e.g., Dunkley et al., 2014; Takahashi et al.,
2017). The LHC has been correlated with other Gondwana frag-
ments, particularly the Sri Lankan basement which is composed
of two Neoproterozoic magmatic arcs (Wanni and Vijayan Com-
plexes) and a suture zone (Highland Complex) between them.
Yoshida et al. (1992) proposed that the sedimentary units of the
LHC along the Liitzow-Holm Bay (LHB) region (Ongul and Skallen
Groups) could be correlated to those of the Highland Complex
based on structural patterns and lithological similarities.
Shiraishi et al. (1994) also regarded the LHC as a supracrustal
basin developed in a suture zone with the Highland Complex
during the final phase of Gondwana assembly. Kazami et al.
(2016) discussed geochemical and geochronological similarities
of meta-igneous rocks from the LHC and the Kadugannawa
Complex of Sri Lanka. Similar metamorphic P—T conditions from
the two regions are also discussed (e.g., Yoshida et al., 1992;
Takamura et al., 2015; Osanai et al., 2016a,b). In contrast, there
are also some major differences between the two regions,
particularly with regard to geochronology. For example, the LHC
contains remnants of Neoarchean (ca. 2.5 Ga) magmatic arcs (e.g.,
Shiraishi et al., 1994, 2008; Dunkley et al., 2014; Tsunogae et al.,
2014, 2016), which have not been reported from Sri Lanka. In this
study, we will therefore compare geological, petrological, and
geochronological features of the LHC and Sri Lanka and evaluate
the correlation of the two regions for further unraveling the
tectonic evolution and terrane assembly during Gondwana
amalgamation.

Zircon is a common accessory mineral in crustal rocks, and
possesses the properties of physical and chemical durability
against weathering and metamorphism. Therefore, geochrono-
logical investigations of detrital zircon and comparison of their
age spectra with those of adjacent terranes are common ap-
proaches to understand the evolution of orogens and recon-
struction of continental fragments (e.g., Gebauer et al., 1989;
Cawood et al,, 2003; Tsutsumi et al., 2009; Kuznetsov et al.,
2014). The detrital zircon ages from the Highland Complex have
been well studied. For example, dominant Paleoarchean to Pale-
oproterozoic (ca. 3.5—1.7 Ga) detrital zircons have been obtained
from the Highland Complex (Kroner et al., 1987; Holzl et al., 1994;
Dharmapriya et al., 2016; Takamura et al., 2016). Recent studies
also reported early to middle Neoproterozoic (ca. 1.0—0.7 Ga) ages
for detrital zircons from the complex (Sajeev et al, 2010;
Dharmapriya et al,, 2015, 2016). Kitano et al. (2015a,b) argued
the difference of dominant detrital zircon ages between the
eastern (ca. 2.0—1.5 Ga) and western (ca. 1.0—0.7 Ga) parts of the
Highland Complex. In contrast, only a few report of Neoarchean
to Neoproterozoic detrital zircon ages have been presented from
the LHC (e.g., Shiraishi et al., 1994, 2003; Dunkley et al., 2014),
and they are restricted only from the LHB region. No data are
available from the region along Price Olav Coast in the eastern
part of the complex. Systematic correlation of age spectra of the
LHC with those from other Gondwana fragments has not been
done so far.

This study reports new geochronological data on detrital zircon
grains in metasediments from eight localities in the LHC, compares
their age spectra with available geochronological data from other
Gondwana fragments such as Sri Lanka, southern India, and
Madagascar, and evaluates their implications on paleogeographic
correlations.

2. Geological background
2.1. General geology and metamorphism

The Liitzow-Holm Complex is located from southwest to
northeast along the Prince Harald and Séya Coasts of Liitzow-Holm
Bay, and Prince Olav Coasts of East Antarctica (Fig. 1). It is bordered
with the western Rayner Complex to the east, and the Yama-
to—Belgica Complex and the Ser Rondane Mountains to the west
and south, although the boundaries are not exposed. The LHC is
dominantly composed of felsic to intermediate orthogneisses (e.g.,
charnockite, biotite-hornblende gneiss) with various metasedi-
mentary rocks (pelitic and psammitic rocks, quartzite, and marble)
and metabasites (mafic to ultramafic granulites and amphibolite)
(e.g., Shiraishi et al., 1989). Metamorphic grade of the complex in-
creases from amphibolite-facies in the northeast to granulite-facies
in the southwest (e.g., Hiroi et al.,, 1991) (Fig. 1). The highest-grade
metamorphic rocks are exposed at Rundvagshetta in the south-
ernmost part of the complex where peak P—T condition is as high as
1040 °C and 13—15 kbar (e.g., Kawasaki et al., 2011). Similar
ultrahigh-temperature (UHT) metamorphic conditions have been
reported from granulites in adjacent localities, such as Skallen and
Skallevikshalsen (Osanai et al., 2004; Yoshimura et al., 2008). In
contrast, Tsunogae et al. (2014) estimated peak P—T condition for
charnockites from Rundvagshetta and adjacent Vesleknausen as
800—850 °C, and suggested that the UHT event is a local and only
recorded in dry Mg—Al-rich pelitic rocks in this region. Lower peak
metamorphic P—T conditions have been estimated for the transi-
tion zone between granulite- and amphibolite-facies zones such as
750 °C at 7.2—7.5 kbar for Tenmondai Rock (Hiroi et al., 1983), and
770—-790 °C at 7.7—9.8 kbar for Akarui Point (Kawakami et al.,
2008). In Akarui Point, however, higher temperatures of
825—900 °C were obtained by the application of ternary-feldspar
geothermometry (Nakamura et al,, 2013). Iwamura et al. (2013)
reported peak UHT metamorphism (900—920 °C at 5—6 Kkbar)
and clockwise P—T path from sapphirine- and spinel-bearing
metagabbro from Akarui Point, and proposed that the LHC might
be separated into several crustal blocks by shear zones as inferred
from geophysical data of Nogi et al. (2013).

2.2. Geochronology

Available geochronological data from the LHC suggest late
Neoproterozoic to early Cambrian (600—520 Ma) high-grade
metamorphism (e.g., Shiraishi et al., 1994, 2003, 2008; Asami
et al,, 1997; Hokada and Motoyoshi, 2006; Tsunogae et al., 2014,
2015, 2016). Shiraishi et al. (1994) performed systematic SHRIMP
zircon U—Pb dating for ortho- and paragneisses from several lo-
calities in the LHC (e.g., Austhovde, Rundvdgshetta, Telen, Ongul,
Akarui Point) and obtained peak metamorphic ages as
550—520 Ma. Asami et al. (1997) reported CHIME ages for monazite
in biotite gneiss from East Ongul and Mt. Vechernyaya as
537—-533 Ma. Hokada and Motoyoshi (2006) also performed CHIME
monazite age dating for pelitic granulites from Skallen and ob-
tained two age groups; 650—580 Ma of prograde metamorphic age
and 560—500 Ma of peak metamorphic age. Dunkley (2007) re-
ported a spread of SHRIMP zircon age from ca. 600 to 500 Ma in the
LHC, and concluded that the 550—530 Ma event corresponds to
retrograde metamorphism of the LHC after the peak meta-
morphism at >550 Ma. Tsunogae et al. (2014) obtained 591 + 3 Ma
and 548 + 7 Ma SHRIMP zircon ages from partially molten feld-
spathic rock from Vesleknausen, and interpreted the ages corre-
sponding to prograde partial-melting stage and retrograde
metamorphic stage, respectively, suggesting that the peak
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Figure 1. Generalized geological framework of the Liitzow-Holm Complex, East Antarctica (after Hiroi et al.,, 1991), with sample localities shown by star notations.

metamorphism took place between 591 Ma and 548 Ma. Kawakami
et al. (2016) identified older (~650—580 Ma) and younger
(~560—500 Ma) age populations from both zircon and monazite in
pelitic gneiss from Skallevikshalsen and interpreted that the rocks
might have experienced polymetamorphism. Fraser et al. (2000)
reported K/Ar and “°Ar/*°Ar ages of hornblende and biotite in
granulites from Rundvdgshetta, and inferred this region cooled to
350—-300 °C by ca. 500 Ma. Rb—Sr mineral isochron age obtained
for hornblende-biotite gneiss from Oku-iwa Rock (431 414 Ma) has
also been regarded as a cooling age (Kawano et al., 2006).
Protolith magmatic ages have also been reported for meta-
igneous rock in the LHC. The Nd-model ages from the north-
eastern (Prince Olav Coast and northern Soya Coast) and western
LHC (Prince Harald Coast) show late Meso- to early Neoproterozoic
ages of ca. 1.25—1.0 Ga (Shiraishi et al., 2008 and references
therein). In contrast, Nd-model ages from the southern LHC
(southern Sdya Coast) indicate Neoarchean to early Paleoproter-
ozoic ages (ca. 2.70—2.29 Ga). Shiraishi et al. (2003) reported early
Neoproterozoic zircon U—Pb ages from orthogneisses including
trondhjemite from Cape Hinode (1040—913 Ma) and hornblende-
biotite gneiss from Innhovde (1028, 992 and 924 Ma), and pro-
posed possible arc magmatism during early Neoproterozoic.
Tsunogae et al. (2015) also reported early Neoproterozoic zircon
U—Pb ages (999—965 Ma) for felsic orthogneisses from Kasumi
Rock, Tama Point, Innhovde and Hutatu Iwa as the timing of pro-
tolith magmatism. Kazami et al. (2016) obtained slightly younger
but nearly consistent magmatic ages (847 Ma) with some older

xenocrysts (1026—881 Ma) and ages of subsequent thermal events
(807—667 Ma) for felsic orthogneiss from Akarui Point. On the
other hand, Shiraishi et al. (1994, 2008) reported Neoarchean (ca.
2.5 Ga) magmatic zircons from Ongul and Rundvdgshetta regions.
Similar 2.5 Ga magmatic ages were obtained from Vesleknausen,
Sudare Rock, and Botnutten (e.g., Dunkley et al., 2014; Tsunogae
et al.,, 2014, 2016), suggested Neoarchean crustal growth. Recent
studies reported Paleoproterozoic magmatic zircon ages of ca.
2.1-1.8 Ga for orthogneisses from Austhovde, Skallevikshalsen,
Skallen, and Telen (Dunkley et al., 2014; Takahashi et al., 2017).
Detrital zircon ages were also reported from metasediments in
the LHC. Shiraishi et al. (1994, 2003) analyzed zircon grains in
metasediments and obtained Archean to Paleoproterozoic ages
(2887—1855 Ma) from West Ongul, Telen, and Rundvagshetta, and
Neoproterozoic (1064—966 Ma) ages from Telen. Dunkley et al.
(2014) also reported Archean to Paleoproterozoic (ca. 3.3—1.8 Ga)
detrital zircon ages from Botnutten, Rundvagshetta, Skallevik-
shalsen, Telen, and Skarvsnes, and Meso- to Neoproterozoic
(1.3—0.62 Ga) ages from Skarvsnes and East Ongul, although
detailed petrological and U—Pb isotopic data are not provided.

3. Description of samples

Eight samples of metasediments were collected by the second
author from different localities in the LHC during the 52nd Japanese
Antarctic Research Expedition (JARE—52) in 2010—2011. The sam-
ple localities are shown in Fig. 1. A brief description of the localities
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and their geological features as well as salient petrographic char-
acters of the examined samples are given below from northeast to
southwest. Among the eight localities, no detrital zircon age has
been obtained from Tenmondai Rock, Akarui Point, Langhovde,
Sudare Rock, and Austhovde.

3.1. Tenmondai Rock (Ts11021107B)

Sample Ts11021107B is a garnet—biotite—sillimanite gneiss from
Tenmondai Rock (S68°26' 45”; E41°43'15”) in the transition zone of
the LHC in Prince Olav Coast (Fig. 1). The sample shows obvious
foliation defined by thin (several millimeters) alternation of gar-
net—biotite-rich and quartzo-feldspathic layers probably formed by
migmatization (Fig. 2a). The rock is composed of quartz (30%—40%),
plagioclase (30%—40%), garnet (10%—15%), biotite (10%—15%),
muscovite (5%—10%), sillimanite (5%—10%), and accessory apatite,
monazite, rutile, zircon, pyrite, and Fe—Ti oxide (Fig. 3a). Xeno-
blastic and fine- to coarse-grained quartz (0.5—5 mm) shows weak
wavy extinction. Plagioclase is xenoblastic, fine to coarse grained
(0.3—4 mm), and slightly altered. It often coexists with sub-
idioblastic to xenoblastic garnet which is fine to coarse grained
(0.3—3 mm) and contains inclusions of apatite, plagioclase, and
quartz. Biotite is xenoblastic and fine to medium grained
(0.3—1.5 mm). Muscovite often occurs as medium-grained
(1-2 mm) flakes together with plagioclase. Sillimanite is idio-
blastic to subidioblastic and fine to coarse grained (0.3—3 mm).
Idioblastic to subidioblastic and fine-grained (0.5 mm) rutile is
often included in quartz or biotite. Zircon is also fine grained
(0.1-0.2 mm) and rounded, and often included in quartz (Fig. 3a).

3.2. Akarui Point (Ts11021309F)

Sample Ts11021309F (garnet-bearing quartzite) was collected
from Akarui Point (S68°30'15”; E41°24'09”) in the transition zone
in Prince Olav Coast (Fig. 1). It is alternating with band of pelitic
gneiss (Fig. 2b), and composed of quartz (30%—40%) and garnet
(30%—40%) with accessory apatite, biotite, rutile, zircon, and opa-
que minerals (Fe—Ti oxide with minor pyrite) (Fig. 3b). The
quartzite also contains secondary limonite (5%—10%) that often
occurs around biotite, garnet, and Fe—Ti oxide. Quartz is xeno-
blastic and coarse grained (1-5 mm), and shows weak wavy
extinction. Idioblastic to subidioblastic garnet is coarse grained
(2—3 mm) and contains inclusions of apatite, biotite, limonite,
quartz, rutile, and Fe—Ti oxide. Biotite is xenoblastic and fine to
medium grained (0.3—1 mm). Rutile is subidioblastic to xenoblastic,
medium grained (1 mm), and present as inclusions in garnet. Zircon
is fine grained (0.1—0.2 mm) and rounded, and mostly present in
quartz (Fig. 3b).

3.3. West Ongul (Ts11020606B)

Sample Ts11020606B is a garnet-bearing pelitic gneiss from
West Ongul Island (S69°01'16”; E39°30'25") in the northern Séya
Coast (Figs. 1 and 2c). The sample consists of quartz (30%—40%),
plagioclase (30%—40%), garnet (10%—15%), biotite (5%—10%), and K-
feldspar (5%—10%) with accessory apatite, graphite, rutile, and
zircon (Fig. 3c). Quartz is xenoblastic, fine to coarse grained
(0.5—2 mm), and shows weak wavy extinction. Plagioclase is also
xenoblastic and fine to coarse grained (0.5—2 mm). Some plagio-
clase grains contain small quartz inclusions showing simultaneous
extinction. Subidioblastic to xenoblastic garnet is medium to coarse
grained (1-2 mm), and contains many fine-grained inclusions of
apatite and zircon. Xenoblastic and fine- to medium-grained biotite
(0.3—1 mm) often coexists with garnet and/or graphite. K-feldspar
is xenoblastic and fine to medium grained (0.5—1 mm). Graphite

occurs as elongated flakes (0.2—1 mm), some of which coexist with
biotite. Idioblastic to subidioblastic rutile is fine grained
(0.1—0.8 mm) and occurs as columnar mineral associated with
garnet and/or biotite. Rounded and fine-grained zircon (~0.1 mm)
occurs as inclusion in quartz, plagioclase, biotite, and garnet
(Fig. 3c).

3.4. Langhovde (Ts11013101A)

Sample Ts11013101A from Langhovde (S69°10'43"; E39°37/30")
in the northern Soya Coast, is a garnet-bearing pelitic gneiss
commonly contains boudins of mafic granulite (Fig. 2d). Foliation is
defined by alteration of thin (several millimeters) garnet—biotite-
rich and quartzo-feldspathic layers. The sample comprises quartz
(30%—40%), plagioclase (30%—40%), garnet (10%—15%), and biotite
(5%—10%) with minor apatite, rutile, zircon, and pyrite (Fig. 3d).
Xenoblastic and fine- to coarse-grained quartz (0.3—5 mm) shows
weak wavy extinction. Plagioclase is also xenoblastic and fine to
coarse grained (0.3—3 mm). Garnet is subidioblastic to xenoblastic,
fine to medium grained (0.3—1 mm), and contains plagioclase and
zircon as inclusions. Subidioblastic and fine- to medium-grained
biotite (0.3—1 mm) has inclusions such as plagioclase and rutile.
Rutile often occurs adjacent to garnet and/or biotite. Zircon is fine
grained (~0.1 mm), rounded, and included in quartz, plagioclase,
and biotite (Fig. 3d).

3.5. Skallevikshalsen (Ts10122707F)

Sample Ts10122707F is a quartzite collected from Skallevik-
shalsen (569°41'43"; E39°18’30”) in the central part of S6ya Coast. It
is mostly composed of quartz (>95%) with accessory biotite, calcite,
muscovite, and zircon (Figs. 2e and 3e). The quartzite occurs as
thick layer alternating with boudinaged garnet amphibolite
(Fig. 2e). Xenoblastic and coarse-grained (2—5 mm) quartz exhibits
weak wavy extinction. Biotite is subidioblastic and fine to medium
grained (0.2—1 mm). Calcite is xenoblastic and fine grained
(0.5—0.8 mm). Very fine-grained (<0.1 mm) muscovite often occurs
as aggregates and coexists with biotite and calcite. Zircon in the
matrix is subidioblastic or rounded, and fine grained (<0.5 mm)
(Fig. 3e).

3.6. Sudare Rock (Ts11011004F)

Sample Ts11011004F from Sudare Rock (S69°43'00”;
E39°11'49”), located immediately southwest of Skallevikshalsen,
corresponds to well-foliated garnet-bearing pelitic gneiss alter-
nating with quartzite layers (Fig. 2f). The rock comprises garnet
(30%—40%), plagioclase (40%—50%), biotite (15%—20%), Fe—Ti oxide
(5%—10%), and accessory apatite and zircon (Fig. 3f). Garnet is
idioblastic to subidioblastic, coarse grained (1—5 mm), and contains
abundant inclusions of plagioclase, quartz, Fe—Ti oxide, apatite,
zircon, and biotite. Xenoblastic and fine- to medium-grained
(0.3—1 mm) plagioclase occurs in matrix or as inclusions in
garnet. Some plagioclase grains show granoblastic texture. Biotite is
subidioblastic to xenoblastic and fine to medium grained
(0.3—1.5 mm). It often coexists with fine- to medium-grained
(0.1—1 mm) Fe—Ti oxide. Quartz is fine grained (0.5 mm) and oc-
curs only in garnet as inclusions. Rounded and fine-grained
(0.1-0.2 mm) zircon occurs along grain boundaries of garnet, bio-
tite, and plagioclase, or as inclusions in these minerals (Fig. 3f).

3.7. Rundvdgshetta (Ts110120020)

Sample Ts110120020 is a quartzite alternating with garnet
—spinel—sillimanite-bearing pelitic gneiss in Rundvdgshetta
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Figure 2. Field photographs of the samples from the Liitzow-Holm Complex. (a) Ts11021107B from Tenmondai Rock (pelitic gneiss), (b) Ts11021309F from Akarui Point (quartzite),
(c) Ts11020606B from West Ongul (pelitic gneiss), (d) Ts11013101A from Langhovde (pelitic gneiss), (e) Ts10122707F from Skallevikshalsen (quartzite), (f) Ts11011004F from Sudare
Rock (pelitic gneiss), (g) Ts110120020 from Rundvagshetta (quartzite), (h) Ts11011702G from Austhovde (quartzite). GAm: garnet amphibolite, MG: mafic granulite, PG: pelitic
gneiss, Qt: quartzite.
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Figure 3. Photomicrographs of thin sections of the samples from the Liitzow-Holm Complex, East Antarctica. (a) Ts11021107B, (b) Ts11021309F, (c) Ts11020606B, (d) Ts11013101A,
(e) Ts10122707F, (f) Ts11011004F, (g) Ts110120020, (h) Ts11011702G. Bt: biotite, Cal: calcite, Grt: garnet, Gr: graphite, Lm: limonite, Ms: muscovite Pl: plagioclase, Py: pyrite, Qtz:
quartz, Rt: rutile, Sil: sillimanite, Zrn: zircon.
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(569°54'44"; E39°01'28") from the southern Liitzow-Holm Bay area
(Fig. 2g). The sample consists of quartz (>90%), plagioclase (5%—
10%), and accessory graphite and zircon (Fig. 3g). Quartz is xeno-
blastic and coarse grained (2—5 mm), and shows weak wavy
extinction. Xenoblastic and coarse-grained plagioclase (2—4 mm) is
altered along many secondary cracks. Graphite occurs as medium-
to coarse-grained flakes (1—3 mm). Zircon is rounded and fine
grained (0.2—0.5 mm), and often included in quartz (Fig. 3g).

3.8. Austhovde (Ts11011702G)

Sample Ts11011702G (quartzite) from Austhovde (S69°42'09”;
E37°46/10”) in Prince Harald Coast of the western part of Liitzow-
Holm Bay (Figs. 1 and 2h) is composed of quartz (85%—90%) and
minor garnet (5%—10%), plagioclase (5%), and accessory sillimanite,
zircon, pyrite, and Fe—Ti oxide (Fig. 3h). Quartz is xenoblastic and
coarse grained (>5 mm), and shows weak wavy extinction. Sub-
idioblastic to xenoblastic garnet is medium to coarse grained
(1-3 mm) and contains inclusions of quartz, zircon, pyrite, and
Fe—Ti oxide. Xenoblastic and fine- to coarse-grained plagioclase
(0.3—2 mm) often coexists with garnet, although it is often strongly
altered. Accessory sillimanite is fine to medium grained
(0.5—1 mm), subidioblastic, and mostly included in quartz. Zircon is
rounded and fine grained (0.1—-0.2 mm), and occurs in quartz and
garnet (Fig. 3h).

4. Analytical method

Zircon U—Pb dating was performed by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS).
Detailed procedures for zircon separation and U—Pb analyses are
summarized in Tsutsumi et al. (2012). Zircon grains were sepa-
rated by heavy liquid (diiodo-methane) and magnetic separation
from crushed rock samples, and then purified by hand picking
under a binocular microscope. Zircon grains from the studied
samples and standard materials were mounted in epoxy resin disc
and polished until the surface was flattened with the center of the
grains exposed. The FC1 zircon (?°°Pb/?38U = 0.1859; Paces and
Miller, 1993) and NIST SRM 610 standard glass were used
as standard materials. Backscattered electron and cath-
odoluminescence (CL) images were obtained using scanning
electron microprobe — cathodoluminescence (SEM—CL) equip-
ment, JSM-6610 (JEOL) and a CL detector (SANYU electron),
installed at National Museum of Nature and Science, Japan.
U—Th—Pb isotopic analyses were carried out using LA-ICP-MS
(Agilent 7700x with ESI NWR213 laser ablation system) installed
at the National Museum of Nature and Science, Japan. A Nd—YAG
laser with a 213 nm wavelength and 5 ns pulse was used for the
analysis. A 25-micron spot size and 4—5 J/cm? laser power were
adopted in this study. He gas was used as the carrier gas instead of
Ar gas to enhance a higher transport efficiency of ablated mate-
rials (e.g., Eggins et al, 1998). Common Pb corrections for the
concordia diagrams and for each age were made using 2°®Pb
(Williams, 1998), on the basis of the model for common Pb com-
positions proposed by Stacey and Kramers (1975). The upper and
lower intercepts in the concordia diagram were calculated using
the Isoplot4.15/Ex software (Ludwig, 2008). The degree of discor-
dancy for each analyzed spot was calculated using the method of
Song et al. (1996).

5. Results
The results of zircon U—Pb analyses of the metasediment sam-

ples are given in Supplementary Table 1. CL images of representa-
tive zircons are shown in Fig. 4 together with analyzed spots and

U—Pb ages. Concordia diagrams, probability density diagrams with
histograms of ages, and Th/U versus age diagrams are shown in
Fig. 5. In the following text and figures, ages older or younger than
1.3 Ga are discussed based on 297Pb/2%6Pb or 206Pb/>38U ages,
respectively. The error levels are 1c.

5.1. Tenmondai Rock (Ts11021107B)

Zircon grains from sample Ts11021107B are translucent and
colorless, and show subidioblastic and rounded in habit. The grains
show a size range of 50—200 pum and aspect ratios of 2:1 to 1:1
(Fig. 4a). In CL images, most of them show oscillatory-zoned (grain
50), sector-zoned, irregular concentric-zoned, or structureless
cores (grains 16 and 45) surrounded by homogeneous and thin rims
(grain 14). Some grains also have homogeneous and CL-dark mantle
(Fig. 4a). Totally 110 spots were analyzed from 90 zircon grains.
Most of the spots are discordant, with 35 spots showing <10%
discordance (Fig. 5a). The ages with <10% discordance vary from
2018 £ 17 Ma (*°’Pb/?°®Pb age) to 528 + 6 Ma (*°°Pb/?38U age)
(Fig. 5b). Their Th and U contents and Th/U ratio display ranges of
11-5506 ppm, 94—3813 ppm, and 0.01—2.7, respectively (Fig. 5c).
Most of the concordant ages of cores are distributed from late
Mesoproterozoic to early Neoproterozoic (1141 + 15 Ma,
207pp206pp age to 701 + 8 Ma, 2°°Pb/228U age) with minor Paleo-
proterozoic and Mesoproterozoic grains (2018 + 17 Ma,
1627 + 27 Ma and 1468 + 80 Ma, 2°Pb/?38U age), whereas
206pp 238 ages of rims, mantles and some cores with <10%
discordance vary from 608 + 6 Ma to 528 4+ 6 Ma (Fig. 53, b). Th/U
ratios of older late Mesoproterozoic to early Neoproterozoic spots
show a range of 0.01—0.9 and most of them are higher than 0.1,
suggesting their magmatic origin. The Th/U ratios of nine late-
Neoproterozoic spots are lower than 0.1 (Fig. 5c¢) probably sug-
gesting their metamorphic origin. The ratios of other spots are
scattered from 0.01 to 2.7.

5.2. Akarui Point (Ts11021309F)

Zircon grains from sample Ts11021309F are translucent, color-
less or light brown, and partly rounded. They are subhedral and
show ellipsoidal to elongate features with a size range of
50—300 um and aspect ratios of 3:1 to 1.5:1. Most of the grains have
oscillatory-zoned (grains 20 and 50) or irregular concentric-zoned
cores surrounded by homogeneous and CL-dark rims in CL images
(grains 39 and 50). Some grains show CL-dark homogeneous tex-
tures (grain 2) (Fig. 4b). Among 100 analyzed spots on 96 zircon
grains, 48 spots show <10% discordance and their ages vary from
1212 £ 17 Ma to 510 £ 5 Ma (2°6Pb/?38U age) (Fig. 5d, e). Th and U
contents and Th/U ratio of the spots show ranges of 16—532 ppm,
208—1690 ppm, and 0.01—0.8, respectively (Fig. 5f). Most of cores
show late Mesoproterozoic to Neoproterozoic ages (1212 4+ 17 Ma to
631 & 12 Ma, 2°6Pb/?38U age), whereas the concordant ages of rims
and some cores are distributed from 607 + 7 Ma to 510 4+ 5 Ma
(Fig. 5d, e). Th/U ratios of older cores are scattered from 0.1 to 0.8,
and most of them are higher than 0.3 (Fig. 5f), suggesting their
magmatic origin. In contrast, late Neoproterozoic zircons show
lower Th/U ratios of 0.01—0.1, suggesting metamorphic overgrowth.

5.3. West Ongul (Ts11020606B)

Zircon grains from sample Ts11020606B are translucent and
colorless. They display spherical to elongate features and their size
range and aspect ratios are 50—150 pm in lengths and 2:1 to 1:1,
respectively. In CL images, most of the grains exhibit core-rim or
core—mantle—rim textures. Core of the grains are oscillatory-zoned
(grain 70), concentric-zoned (grain 44), or structureless (grain 64)
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Figure 4. Cathodoluminescence (CL) images of zircon grains from metasediment samples from the Liitzow-Holm Complex, East Antarctica. Circles show the spots of U—Pb analysis
with age value in Ma and spot number (parentheses). Ages older than 1.3 Ga are shown in 207Pb/2°°Pb age, whereas ages younger than 1.3 Ga are shown in 2°°Pb/?38U age. Ages with
asterisk indicate discordant (>10% discordance) data. (a) Ts11021107B, (b) Ts11021309F, (c) Ts11020606B, (d) Ts11013101A, (e) Ts10122707F, (f) Ts11011004F, (g) Ts110120020, (h)

Ts11011702G.

(Fig. 4c). Most of them are surrounded by homogeneous and CL-
dark mantles with homogeneous, thin, and CL-bright rims
(Fig. 4c). 81 spots were analyzed from 71 grains with 39 spots
showing <10% discordance (Fig. 5g). The results show that the spot
ages with <10% discordance vary from 1199 + 14 Ma to 524 + 6 Ma
(?%6pb238y age) (Fig. 5h). Th and U contents and Th/U ratio of the
spots are 10—897 ppm, 38—2701 ppm, and 0.01—1.2, respectively
(Fig. 51). Most of the cores and a few homogeneous grains show late
Mesoproterozoic to Neoproterozoic ages as 1199 + 14 Ma to
697 + 9 Ma (%°°Pb/?38U age) (Fig. 5h) with the highest peak at ca.
1.0 Ga. Their Th/U ratios show a range of 0.2—1.2, suggesting their
magmatic origin. Only three spots on structureless cores display
late Neoproterozoic ages (618 + 12 Ma, 555 + 8 Ma, and
524 + 6 Ma, 2%6Pb/?38U age) with low Th/U ratios of 0.08—0.01,
suggesting their metamorphic origin (Fig. 5i).

5.4. Langhovde (Ts11013101A)

Zircon grains from sample Ts11013101A are translucent, color-
less, subhedral, and show ellipsoidal to elongate features with a
size range of 50—300 um in length and aspect ratios of 3:1 to 1.5:1.
CL images show that most of the zircon grains have oscillatory-
zoned (grain 80), concentric-zoned (grain 20), sector-zoned (grain
56), or structureless cores (grain 14) with homogeneous rims and/
or homogeneous and CL-dark mantles (Fig. 4d). Totally 88 spots on

80 grains were analyzed, and the ages of 54 spots with <10%
discordance vary from 1827 + 44 Ma (?°/Pb/?%°Pb age) to
521 + 6 Ma (2°6Pb/?38U age) (Fig. 5j, k). Their Th and U contents and
Th/U ratio show ranges of 8—439 ppm, 67—1553 ppm, and 0.01-1.2,
respectively (Fig. 51). Most of the core ages vary from late Meso-
proterozoic to middle Neoproterozoic ages (1283 + 17 Ma to
839 + 19 Ma, 2%6Pb/?38U age) with the highest peak at ca. 1.0 Ga
(Fig. 5j, k). One Paleoproterozoic grain with 2°’Pb/?2%°Pb age of
1827 + 44 Ma was also identified. In contrast, CL-dark rims, man-
tles, and a few structureless cores exhibit late Neoproterozoic ages
as 579 + 17 Ma to 521 + 16 Ma. Th/U ratios of late Mesoproterozoic
to middle Neoproterozoic spots scatter from 0.06 to 1.2 and most of
them are higher than 0.1, whereas Th/U ratios of late Neo-
proterozoic grains are lower than 0.06 (Fig. 51). These values clearly
suggest that the grains with late Mesoproterozoic to middle Neo-
proterozoic cores are detrital magmatic zircons, whereas late
Neoproterozoic spots are metamorphic zircons.

5.5. Skallevikshalsen (Ts10122707F)

Zircon grains from sample Ts10122707F are translucent and
colorless, and show ellipsoidal to elongate features with a size
range of 50—300 pm in lengths and aspect ratios of 3:1 to 1.5:1. In
CL images, oscillatory-zoned (grain 92), concentric-zoned (grain
86), and structureless cores (grain 10) are present in most zircon
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Figure 5. Tera-Wasserburg concordia diagrams (a, d, g, j, m, p, s, v), histograms with probability density plots (b, e, h, k, n, q, t, w), and Th/U versus age diagrams (¢, f, 1,1, o, 1, u, x) of
the samples from the Liitzow-Holm Complex, East Antarctica. Red and gray circles in concordia diagrams imply concordant (<10% discordance) and discordant (>10% discordance)
data, respectively. Histograms show only concordant data. Inset figures exhibit Th/U ratio versus age in Ma. (a—c) Ts11021107B, (d—f) Ts11021309F, (g—i) Ts11020606B, (j—I)
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grains, and they are often surrounded by homogeneous rims
(Fig. 4e). Some grains have thin and CL-dark rims (Fig. 4e). Totally
96 spots were analyzed from 92 grains. Most of them are discor-
dant, and 33 spots show <10% discordance (Fig. 5m). The ages with

<10% discordance vary from 2796 + 19 Ma (2°’Pb/?°6Pb age) to
545 + 6 Ma (*°®Pb/?38U age) (Fig. 5n). Th and U contents and Th/U
ratio of these spots are 25—490 ppm, 49—1211 ppm, and 0.03—1.3,
respectively (Fig. 50). The ages of oscillatory-zoned, concentric-
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Figure 5. (continued).

zoned, and some structureless cores range from Neoarchean to
Paleoproterozoic (2796 + 19 Ma to 1971 + 92 Ma, 2°7Pb/?%6Pb age)
and most of them show Neoarchean to Paleoproterozoic ages (ca.
2.8—2.4 Ga) (Fig. 5m, n). On the other hand, many homogeneous
cores and CL-dark rims exhibit late Neoproterozoic ages
(606 + 7 Ma to 545 =+ 6 Ma, 296Pb/>38U age) (Fig. 4e). Th/U ratios of
older grains display a range of 0.3—1.3, suggesting their magmatic
origin, whereas late Neoproterozoic grains were probably formed

or overprinted during high-grade metamorphism because of their
lower Th/U ratios (0.03—0.25) (Fig. 50).

5.6. Sudare Rock (Ts11011004F)
Zircon grains from sample Ts11011004F are translucent, color-

less or light brown, and subhedral. The grains exhibit spherical to
elongate features and their size range and aspect ratios are



Y. Takamura et al. / Geoscience Frontiers 9 (2018) 355—375

Skallevikshalsen (Ts10122707F)
*
a T
o ©
© o
o N
S PN
a T
0. ~
g <
o~
238U/206pb*
. [n]
b Py
0}
3 =1
a6 3
5 =2
5 | &
Q o
E 4 =
= g
2
I |
0 500 1000 1500 2000 2500 3000 3500
Age (Ma)
14
% [o]
1.2 * S
L 4
1 s
> *
kel *®
§08 * £
= RS .q.’ e
£06 ¢ ® £
0.4
®
0.2 i
0
0 500 1000 1500 2000 2500 3000
Age (Ma)

365

0.19
. | Sudare Rock (Ts11011004F) IEI
0.17
2 - Intercepts at
015 |2 229069 Ma&548+8 Ma
N MSWD=6.3
0.13 | :
0.11
0.09 F
0.07 +
0.05
]
238U/206Pb*
9
: [a]
7+ po— o
5 2
g5 [MHH 3
B 3
Ke] =]
E S
> (=%
Z 3+ =
Z
2
1 -
0 — — PR
480 530 580 630 680 730 780
Age (Ma
0.9 ge (Ma)
L 4
0.7 ®
06 = ¢
05 ,: o“ AN
0.4 .’o:“w
0.3 ” L 4 ®
0 | * *s | |
400 450 500 550 600 650 700 750
Age (Ma)

Figure 5. (continued).

50—350 pm and 3:1 to 1:1, respectively. Most of the grains have
concentric-zoned (grains 1 and 25) and structureless cores (grain
56) surrounded by homogeneous rims (grain 35) in CL images
(Fig. 4f). A few grains show oscillatory-zoned cores. Totally 98 spots
on 86 grains were analyzed with 44 spots showing <10% discor-
dance (Fig. 5p). These spots with <10% discordance show

206pp 238 ages varying from 723 + 10 Ma to 507 = 6 Ma (Fig. 5q).
Most of them display late Neoproterozoic age (586 + 8 Ma to
507 4+ 6 Ma), and only three grains are older than 600 Ma
(723 £ 10 Ma, 637 + 10 Ma, and 610 + 11 Ma) (Fig. 5q). The oldest
grain with <10% discordance (723 + 10 Ma) shows oscillatory-
zoning. Th and U contents and Th/U ratio of the grains with <10%



366 Y. Takamura et al. / Geoscience Frontiers 9 (2018) 355—375

0.072
2 2800
Rundvagshetta (Ts110120020) El 010 | Austhovde (Ts11011702G)
0.068 |
re) re)
o 0.064 | o
8 S
N N
Ph PN
0 0
O o060 | o
5 S
0.056 |
0.052
238U/206Pb* 238U/206Pb*
9
14
)
12 Jq 7
o] 2 ?
2 2 o 2
a = P <
%S 84 [] o) ®
5 o o ER: 3
o g 24 o
c 6 » £ o
S g 3 o
z / R Z
4 -
3 ke 2
21 1
. . |
0 — T —+ - 0 '
460 510 560 610 660 710 760 0 500 1000 1500 2000 2500 3000
Age (Ma) Age (Ma)
0.7 1.6 :
*
06 . 14
B 1.2
2 g 1
€ 0.4 o 8 %%
2 208 .3
o3 ® * =
* o 0‘ ‘: 05 ‘
w [ 4 :‘ *
& <,
ERRRRRE T2 o g8 - s .
L 20PN A4
0.1 * 02 - . .
%
450 500 550 600 650 700 750 0 500 1000 1500 2000 2500 3000
Age (Ma) Age (Ma)

Figure 5. (continued).

discordance show ranges of 9—397 ppm, 122—1032 ppm, and 5.7. Rundvdgshetta (Ts110120020)

0.01-0.8, respectively (Fig. 5r). Analyzed spots with >10% discor-

dance apparently lie along a discordia with upper and lower Zircon grains from sample Ts110120020 are translucent, color-
intercept ages of 2290 + 69 Ma and 548 + 8 Ma, respectively, and less, and light brown. They are subhedral and show spherical to
MSWD = 6.3 (Fig. 5p). The results indicate that predominant elongate features with a size range of 50—400 um and aspect ratios
Neoarchean to Paleoproterozoic detrital zircons were partly over- of 4:1 to 1:1. CL images show that most of the grains have
printed during late Neoproterozoic high-grade metamorphism. concentric-zoned (grain 13) or CL-dark structureless cores (grains 1
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and 7) with homogeneous and CL-bright rims (grain 80) (Fig. 4g).
Among 125 analyzed from 92 grains, 73 spots display low discor-
dance (<10%) and their ages vary from 700 + 9 Ma to 486 + 5 Ma
(2°6pb/238U age) (Fig. 5s, t). Their Th and U contents and Th/U ratio
are 58—967 ppm, 140—3484 ppm, and 0.1-0.6, respectively
(Fig. 5u). Although most of the cores and rims show late Neo-
proterozoic ages (619 + 6 Ma to 486 + 5 Ma) with low Th/U ratios
(0.1-0.4), one core with the highest Th/U ratio of 0.6 shows middle
Neoproterozoic age (700 + 9 Ma) (Fig. 5u), suggesting significant
effect of zircon overprinting or overgrowth during late Neo-
proterozoic high-grade metamorphism.

5.8. Austhovde (Ts11011702G)

Zircon grains from sample Ts11011702G are translucent, color-
less, and light brown. The grains show spherical to elongate fea-
tures with a size range of 50—200 um and aspect ratios of 3:1 to 1:1.
In CL images, most of them have core-rim or core—mantle—rim
texture. The cores are oscillatory-zoned (grains 56 and 66),
concentric-zoned (grain 48), or structureless (grain 35) surrounded
by homogeneous rims and/or mantles (Fig. 4h). Totally 84 spots on
71 grains were analyzed with 26 spots showing <10% discordance
(Fig. 5v, w). The spots with <10% discordance vary in age from
2632 + 37 Ma (?9/Pb/2%6Pb age) to 563 + 8 Ma (?°°Pb/?38U age)
(Fig. 5w). Their Th and U contents and Th/U ratio are 23—309 ppm,
73—516 ppm, and 0.08—1.5, respectively (Fig. 5x). The core ages
range from Neoarchean to early Paleoproterozoic (2632 + 37 Ma to
2313 + 50 Ma) (Fig. 5w). On the other hand, three spots (one rim
and two mantles) show late Neoproterozoic ages (591 + 9 Ma,
587 +£13 Ma and 563 + 8 Ma) (Fig. 5v, w). Th/U ratios of Neoarchean
to early Paleoproterozoic cores scatter from 0.2 to 1.5, whereas
those of late Neoproterozoic spots are lower, 0.08—0.2 (Fig. 5x).
These results suggest the Neoarchean to early Paleoproterozoic
cores are detrital magmatic grains, whereas the Neoproterozoic
zircons are overgrown during metamorphism.

6. Discussion
6.1. Geochronology of detrital zircons of the LHC

Detrital cores of zircons in metasedimentary rocks from eight
localities in the LHC exhibit late Mesoproterozoic to Neoproterozoic
(1.1-0.65 Ga) and Neoarchean to Paleoproterozoic (2.8—2.4 Ga)
ages with dominant peaks of ca. 1.0 Ga and 2.5 Ga (Fig. 6). The late
Mesoproterozoic to Neoproterozoic ages were obtained from Ten-
mondai Rock (ca. 1.1-0.7 Ga; Fig. 5a, b), Akarui Point (ca. 1.2—0.6 Ga;
Fig. 5d, e), West Ongul (ca. 1.2—0.7 Ga; Fig. 5g, h), and Langhovde
(ca.1.2—0.8 Ga; Fig. 5j, k) in Prince Olav and northern Soya Coasts in
the northeastern part of the complex, whereas the Neoarchean to
Paleoproterozoic ages were obtained from Skallevikshalsen (ca.
2.8—2.4 Ga; Fig. 5m, n) and Austhovde (ca. 2.6—2.4 Ga; Fig. 5v, X) in
the southwestern and western parts of the complex. Although
detrital cores from Sudare Rock and Rundvagshetta only exhibit
predominant late Neoproterozoic ages possibly suggesting intense
metamorphic overprint (Fig. 5p, q, s, t), the zircon U-Pb data from
Sudare Rock are aligned along a discordia with the upper-intercept
age of ca. 2.3 Ga, suggesting the presence of Paleoproterozoic
detrital zircons (Fig. 5p).

The new detrital zircon ages reported in this study are compa-
rable with the results of previous studies. For example, Neo-
proterozoic (844 Ma) detrital zircon age from Akarui Point in the
northeastern part of the LHC (Shiraishi et al., 2003) is within the
range of our results from Tenmondai Rock and Akarui Point (ca.
1.2—0.6 Ga). Dunkley et al. (2014) reported similar Neoproterozoic
(1.1-0.62 Ga) detrital zircon ages from East Ongul in the northern
Soya Coast, which are consistent with our 1.2—0.7 Ga zircons from
West Ongul. In contrast, Shiraishi et al. (1994) obtained Archean to
Paleoproterozoic (ca. 2.7—1.8 Ga) ages from West Ongul, suggesting
that detrital zircons of Ongul region are probably mainly Neo-
proterozoic with minor population of Neoarchean grains. Pre-
dominant late Meso- to Neoproterozoic detrital zircons from
Skarvsnes (ca. 1.3—1.0 Ga; Dunkley et al., 2014) are consistent with
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Figure 6. Age data histograms from detrital zircons in the Liitzow-Holm Complex, East Antarctica, obtained in this study. Ages older than 1.3 Ga are shown in 2°’Pb/2*®Pb age,
whereas ages younger than 1.3 Ga are shown in 2°5Pb/?3U age. Data from sample Ts110120020 are not shown because of the absence of detrital zircon age.
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our data from adjacent Langhovde region (ca. 1.2—0.8 Ga). Meta-
sediments from Skallevikshalsen contain Neoarchean to Paleo-
proterozoic detrital zircons (ca. 2.8—1.8 Ga; Dunkley et al., 2014),
although Paleoproterozoic grains are present but very minor in our
sample (Fig. 5n). Our sample from Rundvdgshetta does not contain
detrital zircons, whereas Neoarchean (ca. 2.7—2.5 Ga) detrital
zircon ages have been reported by Shiraishi et al. (1994) and
Dunkley et al. (2014) from the region. Although we have no data
from Telen in the central LHC, Neoproterozoic (ca. 1.0 Ga; Shiraishi
et al., 1994) and Archean to Paleoproterozoic (ca. 2700, 2500 and
1800 Ma; Dunkley et al., 2014) detrital zircons were reported from
the locality.

Dunkley et al. (2014) subdivided metasediments of the LHC into
three types based on geochronological features: Syowa Paragneiss
(ca. 1.0 Ga and 0.63 Ga), Skallen Supracrustals (ca. 2.5 Ga and
2.1-1.85 Ga), and Rundvag Paragneiss (ca. 2.5 Ga). Predominant late
Meso- to Neoproterozoic detrital zircon ages reported in this study
from Soya Coast are consistent with the Syowa Paragneiss, and our
new ages indicate the occurrence of similar Meso- to Neo-
proterozoic detrital zircons from the northeastern part of the
complex along Price Olav Coast (e.g., Tenmondai Rock and Akarui
Point). On the other hand, metasediments with Neoarchean detrital
zircons from the southwestern LHC (e.g., Skallevikshalsen) is
comparable with the Rundvdg Paragneiss and Skallen Supra-
crustals, and our new data suggest that the ca. 2.5 Ga unit might
continue to the western part of the LHC in Austhovde.

The late Neoproterozoic to Cambrian (619—486 Ma) meta-
morphic ages were obtained from structureless zircon grains and/
or homogeneous rims, mantles, and rarely cores with lower Th/U
ratios than detrital grains (Figs. 4 and 5, Supplementary Table 1).
The results are consistent with previous studies that argued a late
Neoproterozoic regional metamorphism in the LHC (e.g., Shiraishi
et al, 1994, 2003, 2008; Asami et al, 1997; Hokada and
Motoyoshi, 2006; Tsunogae et al., 2014, 2015, 2016; Kawakami
et al, 2016). The depositional age of metasediments in the ca.
1.0 Ga northern LHC has been constrained as late Neoproterozoic
(631—618 Ma) based on the youngest detrital zircon age (631 Ma
from Akarui Point) and the oldest metamorphic age (618 Ma from
West Ongul). We could not constrain the depositional age of the
southwestern LHC because of lack of younger detrital zircons

(Fig. 5).
6.2. Provenances of detrital zircons

6.2.1. Proximal sources

As summarized in geological background, three discrete
magmatic suites have been reported from the LHC as follows. (1)
Neoproterozoic (ca. 1.0—0.8 Ga) ages from Price Olav Coast (Cape
Hinode, Niban Rock, Kasumi Rock, Akarui Point, Tama Point),
northern S6ya Coast (Skarvsnes, West and East Ongul Island,
Khuka), and Price Harald Coast (Innhovde, Hutatu Iwa) areas
(Shiraishi et al.,, 1994; Dunkley et al., 2014; Tsunogae et al., 2015;
Kazami et al., 2016). (2) Neoarchean (ca. 2.5 Ga) ages from the
southwestern part of the complex (Rundvdgshetta, Botnutten,
Sudare Rock, Ongul, and Vesleknausen) (Shiraishi et al., 1994, 2008;
Dunkley et al., 2014; Tsunogae et al., 2014, 2016). (3) Minor Pale-
oproterozoic (ca. 1.8 Ga) ages from Soya and Prince Harald Coasts

(Austhovde, Skallevikshalsen, Skallen, and Telen) (Dunkley et al.,
2014; Takahashi et al., 2017). Such regional distribution of Neo-
proterozoic (ca. 1.0), Neoarchean (ca. 2.5), and Paleoproterozoic (ca.
1.8 Ga) magmatic suites in the northeastern, the southwestern, and
the central parts of the LHC, respectively, is consistent with the
distribution trend of detrital zircons in associated metasedi-
mentary rocks discussed in this study. For example, ca. 1.2—0.7
detrital ages are dominant in Prince Olav Coast and northern Séya
Coast areas (Tenmondai Rock, West Ongul, Langhovde) where ca.
1.0 magmatic ages are abundantly reported (e.g., Tsunogae et al.,
2015). Approximate 2.8—2.4 Ga detrital ages were obtained from
the southern Liitzow-Holm Bay area (Skallevikshalsen, Sudare
Rock, Rundvagshetta) where ca. 2.5 Ga magmatic ages are reported.
Therefore, it is logical that Neoproterozoic and Neoarchean detrital
zircons discussed in this study could have been derived from
adjacent terranes (Fig. 8a). The ca. 1.8 Ga Paleoproterozoic unit in
Telen—Skallen—Skallevikshalsen—Austhovde region in the central
LHC (Takahashi et al., 2017) could also be a provenance of 1.8 Ga
detrital zircons from Telen reported by Dunkley et al. (2014).
Therefore, most of the detrital zircon ages reported from the LHC
can be explained by proximal transportation of zircon grains from
adjacent magmatic suites in the LHC. Similar predominantly late
Meso- to Neoproterozoic detrital zircons with subordinate Archean
to Paleoproterozoic zircons are reported from the Ser Rondane
Mountains (Kitano et al., 2016 and reference therein), suggesting
similar provenances. Subsequent collision of the ca. 2.5 Ga micro-
continent and ca. 1.0 Ga northern LHC—Vijayan Complex during
latest Neoproterozoic to Cambrian (Takahashi et al., 2017) juxta-
posed the accreted sediments with dominant ca. 1.0 Ga zircon in the
north and ca. 2.5 Ga zircon in the south, forming the sedimentary
unit in the central LHC (Fig. 8b).

It is important to note that there is no appropriate provenance
for the late Mesoproterozoic (ca. 1.3—1.2 Ga) detrital zircons re-
ported from Prince Olav Coast (e.g., 1212 Ma from Akarui Point) and
northern Sdya (e.g., 1199 Ma from West Ongul, 1283 Ma from
Langhovde, and similar ages reported in Dunkley et al., 2014)
because of the lack of Mesoproterozoic protoliths. Therefore,
although most of the detrital zircons could have been derived from
proximal sources, at least some of them might have come from
distal provenances in the adjacent Gondwana fragments.

6.2.2. Distal sources

Below we evaluate the possible provenances of late Meso-
proterozoic (ca. 1.3—1.2 Ga) detrital zircons obtained from Prince
Olav Coast and northern Soya Coast areas. We also consider the
possible sources of Neoproterozoic (ca. 1.0 Ga), Paleoproterozoic
(ca. 2.1-1.8 Ga), and Neoarchean (ca. 2.5 Ga) detrital zircons in the
LHC also. The Rayner Complex, exposed east of the LHC, is a typical
example of early Neoproterozoic orogenic complex in East
Antarctica, from which late Meso- to early Neoproterozoic (ca.
1380—900 Ma) magmatic ages have been reported (e.g., Fitzsimons,
2000; Kelly et al., 2002; Halpin et al., 2005; Boger, 2011; Grew et al.,
2012; Liu et al., 2014). Similar ca. 1400—1000 Ma magmatic suites
have also been reported from the Eastern Ghats Belt of India (e.g.,
Shaw et al., 1997). These Mesoproterozoic to early Neoproterozoic
basement complexes could be one of the provenances of ca.
1.3—1.2 Ga detrital zircons in the northeastern LHC.

discuss only 2°7Pb/?°°Pb and 2°°Pb/238U ages are not argued here. Green and red bands indicate magmatic and metamorphic ages reported from each terrane, respectively. Ref-
erences of detrital zircon ages are shown in the figure. Magmatic and metamorphic ages of the Highland Complex and southern Indian terranes are cited from Dharmapriya et al.
(2016) and references therein, and those of the LHC are cited from Shiraishi et al. (1994, 2003, 2008), Asami et al. (1997), Santosh et al. (2005), Hokada and Motoyoshi (2006),
Dunkley (2007), Brandt et al. (2011), Kooijman et al. (2011), Sato et al. (2011b), Dunkley et al. (2014), Plavsa et al. (2014), Taylor et al. (2014), Tsunogae et al. (2014, 2015, 2016),

Kazami et al. (2015), Taylor et al. (2015), Kawakami et al. (2016), Li et al. (2017).
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Figure 8. A schematic model illustrating geological and tectonic evolution of the LHC in (a) early Neoproterozoic and (b) late Neoproterozoic to Cambrian.

Early to middle Neoproterozoic magmatic rocks have been re-
ported from some Gondwana fragments such as central-western
Madagascar (ca. 1.0—0.8 Ga; e.g., Tucker et al., 2011), the Unango
and Marrupa complexes of northern Mozambique (ca. 1.1-0.75 Ga;
e.g., Bingen et al., 2009; Macey et al., 2010), the southern Madurai
Block in southern India (ca. 1.0 Ga and 0.8 Ga; e.g., Plavsa et al,,
2012; Santosh et al., 2017), and the basement rocks in Sri Lanka
(ca.1.0—0.73 Ga Wanni Complex (e.g., Santosh et al., 2014; He et al.,
2016a), ca. 1.1-0.77 Ga Kadugannawa Complex (e.g., Kroner et al.,
2003; Willbold et al., 2004; Santosh et al., 2014; He et al., 2016a),
and ca. 1.1-1.0, 0.97—0.94, and 0.77—-0.62 Ga Vijayan Complex
(Kroner et al., 2003, 2013; He et al., 2016b; Ng et al., 2017)), which
could be distal provenances of Neoproterozoic (ca. 1.0 Ga) detrital
zircons in the LHC. The Yamato—Belgica Complex, exposed south-
west of the LHC, shows early Neoproterozoic protolith ages
(Shiraishi et al., 1994, 2003). The Ser Rondane Mountain and the
central Dronning Maud Land of East Antarctica are also dominantly
composed of early Neoproterozoic terranes (e.g., Shiraishi et al.,
2008 and references therein). Jacobs et al. (2015) proposed early
Neoproterozoic and juvenile oceanic magmatic arc affinities from
the southeast Dronning Maud Land Province and defined the
Tonian Oceanic Arc Super Terrane (TOAST). These early Neo-
proterozoic (ca. 1.0 Ga) magmatic suites can also have possibilities
to be the provenances of Neoproterozoic detrital zircons in the LHC.

Neoarchean—Paleoproterozoic magmatic and metamorphic
terranes, which could be sources of ca. 2.8—2.4 Ga detrital zircons in
the southwestern LHC, have also been reported in several distal
regions such as the western (ca. 3.4—2.9 and 2.8—2.5 Ga) and the
eastern (ca. 2.5 Ga) Dharwar Craton (Beckinsale et al., 1980;
Chadwick et al., 2000; Jayananda et al., 2000, 2006; Collins et al.,

2003), Nilgiri Block (ca. 2.5 Ga; Samuel et al., 2014), Salem Block
(ca. 2.7, 2.65, 2.5 Ga; Ghosh et al., 2004; Clark et al., 2009; Saitoh
et al,, 2011; Sato et al., 2011a; Anderson et al., 2012; Ram Mohan
et al., 2013; Collins et al., 2014), and the northern Madurai Block
(ca. 2.5 Ga; Teale et al., 2011; Plavsa et al., 2012; Collins et al., 2014)
of southern India, the Napier Complex of East Antarctica (ca. 3.8,
3.0, 2.8, 2.5 Ga; Harley and Black, 1997), and the Antongil Block of
eastern Madagascar (ca. 3.3—3.1 and 2.7—-2.5 Ga; Schofield et al,,
2010). Similar Neoarchean to Paleoproterozoic basements are also
distributed in the Congo—Tanzania—Bangweulu Block of east and
central Africa, such as the Tanzania Craton (ca. 2.7 Ga; Borg and
Krogh, 1999; Collins et al., 2004) and Usagaran—Ubendian belt
(ca. 2.3—1.8 Ga; e.g., Lenoir et al., 1994; Collins et al., 2004, 2007b;
Collins and Pisarevsky, 2005), although the regions might be bit far
from East Antarctica during Neoproterozoic.

6.3. Implications for Antarctica—Sri Lanka correlation

For the correlation of detrital zircon ages from the LHC and Sri
Lanka, first we briefly summarize the available detrital zircon ages
from the Highland Complex. The dominant population of detrital
zircons in the eastern part of the Highland Complex is Paleoarchean
to Paleoproterozoic (ca. 3.5—1.7 Ga; Fig. 7) (Kroner et al., 1987; Holzl
et al., 1994; Dharmapriya et al., 2016; Takamura et al., 2016),
whereas younger early to middle Neoproterozoic (ca. 1.0—0.7 Ga)
ages were obtained from the western Highland Complex near the
boundary with the Kadugannawa Complex (Sajeev et al., 2010;
Dharmapriya et al., 2015, 2016). Kitano et al. (20153, b) reported
predominant Paleo- to early Mesoproterozoic (ca. 2.0—-1.5 Ga)
detrital zircon ages from the eastern part of the Highland Complex,
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Figure 9. A generalized geological framework of Sri Lanka, southern India, and the Liitzow—Holm Complex showing the distribution and continuation of metasedimentary units
(modified after Takahashi et al., 2017). The continuation of the Trivandrum Block and the Highland Complex is based on previous studies (e.g., Dharmapriya et al., 2016).

and predominant early to middle Neoproterozoic ages (ca.
1.0—0.7 Ga) from the western part (Fig. 7).

The metasedimentary unit with Paleoarchean to Paleoproter-
ozoic (ca. 3.5—1.7 Ga) detrital zircon ages from the eastern Highland
Complex are consistent with those from Austhovde (2.5—2.4 Ga,
this study), Skallevikshalsen (2.8—2.5 Ga, this study; 2.8—1.8 Ga,
Dunkley et al., 2014), Telen (3.3—2.5 and 1.8 Ga, Dunkley et al.,

2014), and Rundvagshetta (3.2—2.5 Ga; Shiraishi et al.,, 1994;
Dunkley et al., 2014), which are grouped as Rundvag Paragneiss
(Fig. 7). In addition, Neoproterozoic detrital zircons from the
western Highland Complex (Sajeev et al., 2010; Dharmapriya et al.,
2015, 2016; Kitano et al., 20154, b) and the Showa Paragneiss in the
northern LHC (this study and Dunkley et al., 2014) are also com-
parable. Based on the occurrences of similar metasedimentary
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units with abundant Neoarchean—Paleoproterozoic and Neo-
proterozoic detrital zircons, it is logical that the Highland Complex
and the metasedimentary unit in the LHC have similar prove-
nances, suggesting that the Highland Complex could be a direct
continuation of the metasedimentary unit of the LHC. This model is
consistent with the lithological, structural, geochronological, and
tectonothermal similarities of the two regions reported in previous
studies (e.g., Yoshida et al., 1992; Shiraishi et al., 1994; Kriegsman,
1995; Osanai et al., 2016a, b; Takamura et al., 2016).

In contrast, Takahashi et al. (2017) argued that, although the
Highland Complex and the metasedimentary unit of the LHC could
have formed through similar convergent tectonics defining suture
zones, the Highland Complex does not directly continue to the LHC
because the metasedimentary unit in the LHC was formed by
single-sided subduction of oceanic plate beneath the Neo-
proterozoic arc (northern LH—Vijayan Complex) and subsequent
collision with ca. 2.5 Ga microcontinent (Shirase microcontinent),
whereas the Highland Complex was formed by double-sided sub-
duction and collision of the Neoproterozoic Wanni and Vijayan arcs
in late Neoproterozoic (Santosh et al., 2014; He et al., 2016b). They
regarded that two metasedimentary units are discrete suture zones
separated by the northern LH—Vijayan Complex. Based on the
detrital zircon data presented in this study, we revise Takahashi
et al. (2017) model and infer that the Highland Complex and met-
asedimentary unit of the LHC might be part of a unified latest
Neoproterozoic suture zone which includes a large block of
northern LH—Vijayan Complex as a remnant of ca. 1.0 Ga magmatic
arc (Fig. 9). Previous studies pointed out the continuation of the
Trivandrum Block in southern India and the Highland Complex. For
example, Kroner et al. (2012) showed a reconstruction model that
juxtaposes the Trivandrum Block and the Highland Complex based
on their lithological similarities (khondalite, lenses of mafic gran-
ulite, and charnockite) and geochronology of detrital zircons
(Paleoproterozoic). Dharmapriya et al. (2016) also pointed out
geochronological similarities between the Trivandrum Block and
the Highland Complex based on Paleoproterozoic (ca.
2000—-1800 Ma) magmatic zircon ages, Neoarchean to Neo-
proterozoic (ca. 2800—700 Ma) detrital zircon/monazite ages, and
late Neoproterozoic to Cambrian (ca. 665—500 Ma) metamorphic
zircon ages. Thus, we conclude that both the metasedimentary
units in the LHC and the Highland Complex might continue to the
Trivandrum Block.

7. Conclusions

(1) The age distributions of detrital zircons in metasediments from
the LHC show variations within the complex; Neoproterozoic
ages (1.1-0.63 Ga) from the northeastern LHC and Neoarchean
to Paleoproterozoic ages (2.8—2.4 Ga) from the southwestern
LHC.

(2) Late Neoproterozoic to Cambrian ages (ca. 600—500 Ma) ob-
tained from zircon rims and homogeneous grains probably
indicate the timing of high-grade metamorphism. Based on the
age of the youngest detrital zircon as well as the oldest meta-
morphic age, the depositional age of sediments in the north-
eastern LHC can be well constrained at 630—600 Ma, whereas
that of the southwestern LHC remains unknown.

(3) Late Mesoproterozoic to Neoproterozoic (ca. 1.0 Ga) and Neo-
archean to Paleoproterozoic (ca. 2.5 Ga) magmatic suites in the
LHC could be proximal provenances of the detrital zircons in
the northeastern and southwestern LHC, respectively. Subor-
dinate middle to late Mesoproterozoic (1.3—1.2 Ga) detrital
zircons obtained from Akarui Point and Langhovde could have
been derived from adjacent Gondwana fragments (e.g., Rayner
Complex, Eastern Ghats Belt). For the explanation of minor

~2.8 Ga detrital zircons from Skallevikshalsen, distal sources
such as Paleo- to Mesoarchean domains in India, Africa, and
Antarctica should be also considered.

(4) The detrital zircons from the Highland Complex of Sri Lanka
show similar Neoarchean to Paleoproterozoic (ca. 2.5 Ga) and
Neoproterozoic (ca. 1.0 Ga) ages, which are comparable with
those of the LHC, suggesting that the two regions (suture
zones) might have formed under similar convergent tectonics.
We regard that the Highland Complex and metasedimentary
unit of the LHC form a unified latest Neoproterozoic suture
zone which includes a large block of northern LH—Vijayan
Complex as a remnant of ca. 1.0 Ga magmatic arc. Both the
metasedimentary units in the LHC and the Highland Complex
might continue to the Trivandrum Block in southern India.
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