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Abstract During the Cambrian and Ordovician, widespread magmatic activity occurred in the Ross Orogen of central
Antarctica, forming the Granite Harbor Intrusives and Terra Nova Intrusive Complex. In the Terra Nova Intrusive Complex, the
latest magmatic activity comprised the emplacement of the Abbott Unit (508 Ma) and the Vegetation Unit (~475 Ma), which
were formed in different tectonic settings. Owing to their similar lithological features, the tectonic transformation that occurred
between the formation of these two units has not been well studied. Through a detailed geological field investigation and
geochemical and geochronological analyses, four types of magmatic rock—basalt, syenite, mafic veins, and granite veins—were
identified on Inexpressible Island, Northern Victoria Land. Our SHRIMP (Sensitive High Resolution lon Micro Probe) zircon
U-Pb ages of the basalt and the granite veins are 504.7 + 3.1 and 495.5 + 4.9 Ma, respectively. Major- and trace-element data
indicate a continental-margin island-arc setting for the formation of these two rock types. The zircon U-Pb ages of the syenite
and the monzodiorite veins are 485.8 +5.7 and 478.5 + 4.0 Ma, respectively. Major- and trace-element compositions suggest a
collisional setting for the former and an intracontinental extensional setting for the latter. These results elucidate the evolution
from subduction to collision and intracontinental extension in Northern Victoria Land during the 20 Ma spanning the late
Cambrian—Early Ordovician and improve our understanding of the tectonics and evolution of the Ross Orogen in the
Transantarctic Mountains.
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1 Introduction

The continent of Antarctica consists of three tectonic
units: the Transantarctic Mountains, East Antarctica, and
West Antarctica (Boger, 2011). The Transantarctic
Mountains are represented by the Ross Orogen, which
was formed by the early Paleozoic collision of East and
West Antarctica (Farabee et al., 1990; Goodge et al.,
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2001; Boger and Miller, 2004; Elliot and Fanning, 2008;
Federico et al., 2009, 2010; Palmeri et al., 2012; Estrada
et al.,, 2016). In addition to causing metamorphism and
deformation of Cambrian and Precambrian strata, the
Ross Orogeny was accompanied by large-scale granite
intrusions (Giacomini et al., 2007; Federico et al., 2009,
2010; Paulsen et al., 2015; Di Vincenzo et al., 2016).
These granites are widely distributed, with abundant
outcrops from Northern Victoria Land to the Queen
Maud Land, Horlick, and Transantarctic mountains
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(Rocchi et al., 1998; Giacomini et al., 2007; Paulsen et
al., 2007; Hagen-Peter and Cottle, 2016). The Granite
Harbor Intrusives to the southeast of McMurdo Sound
and the Terra Nova Complex of Northern Victoria Land
are the most typical granitic mass (Rocchi et al., 1998).
The Granite Harbor Intrusives are composed of granite,
granodiorite, and tonalite and have ages between 515 and
478 Ma (Vetter and Tessensohn, 1987; Giacomini et al.,
2007). Magmatic activity in the Terra Nova Complex
also occurred at 510-490 Ma (Black and Sheraton, 1990;
Giacomini et al., 2007; Wang et al., 2014). This age
range is similar to that of the Granite Harbor Intrusives
and other igneous rocks that formed mostly between 515
and 450 Ma, including the Vida and Vanda granites in
South Victoria Land (Jones and Faure, 1967), the
Theseus granodiorite in the Wright Valley (Hagen-Peter
and Cottle, 2016), the Hope granite in the central
Transantarctic Mountains, and the Martin Dome in the
Miller Range, east of the Queen Elizabeth Range
(Paulsen et al., 2013). All of these magmatic events were
associated with the Ross Orogeny, with intrusions
occurring in the Cambrian and Ordovician periods, and
thus represent the intrusive activity of granitic magma
during the syn-tectonic and post-tectonic stages of the
Ross Orogeny (Giacomini et al., 2007).

Of these intrusions, the Terra Nova Complex was
formed in a continental-margin environment (Rocchi et al.,
1998). Its most recent magmatic processes formed the
Vegetation Unit (~475 Ma) and Abbott Unit (508 Ma), which
have different source regions and intrusion depths but possess
nearly identical rock compositions including granite, syenite,

and mafic veins (Borg et al., 1986; Borsi et al., 1995;
Vincenzo and Rocchi, 1999; Perugini et al., 2005). The
Abbott Unit was derived from partially melted mantle wedge
above the subduction zone mixing with the continental
lithospheric mantle, whereas the Vegetation Unit was derived
from partially melted ancient sub-continental lithospheric
mantle mixing with crustal material under thinning
lithosphere within the orogen (Vincenzo and Rocchi, 1999).

The extensive magmatic rocks in the region have been
dated at 497-485 Ma and may also represent
emplacement/crystallization under an extensional setting
(Wang et al., 2014; Rocchi et al., 2015). However, because
the Vegetation Unit and Abbott Unit are nearly identical in
their lithological characteristics, there is no clear
understanding of the relationship between different
intrusions in the Terra Nova Complex or of the timing of the
change in tectonic mechanism controlling their
emplacement. For this study, large-scale geological
mapping was conducted on Inexpressible Island, Northern
Victoria Land, to ascertain the relationships between
different magmatic rocks in the study area. In addition,
geochemical and geochronological analyses were
performed to provide insights into the Ross Orogeny of the
Transantarctic Mountains. The results offer new evidence
regarding the tectonic characteristics and evolution of the
orogen.

2 Geological setting

The Transantarctic Mountains comprise an early Paleozoic

Table 1 Characteristics of the two-layer bedrock and overlying strata of the Transantarctic Mountains (Chen et al., 2008)
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orogenic belt known as the Ross Orogen, which consists
of basement and overlying strata (Table 1; Talarico and
Castelli, 1995; Talarico et al., 1995; Boger and Miller,
2004; Giacomini et al., 2007; Paulsen et al., 2007). The
basement of the Transantarctic Mountains consists of
two tectonically distinct layers, which are Proterozoic
and early Paleozoic in age (Chen et al., 2008). Two
major tectonic events occurred during the formation of
this dual-tectonic-layer basement: The Nimrod or
Beardmore Orogeny during the late Precambrian
(1000-630 Ma) and the Ross Orogeny during the early
Paleozoic (Goodge et al., 2001; Giacomini et al., 2007).
After the Nimrod and Ross orogenies, the Transantarctic
Mountains  underwent intracontinental  orogenic
processes and uplift (Stump and Fitzgerald, 1992). The
overlying strata are composed of late Paleozoic and
younger rocks, which unconformably overlie the
basement (Chen et al., 2008).

Northern Victoria Land is located in the region of the
Transantarctic Mountains close to the Ross Sea and
contains large amounts of early Paleozoic magmatic rocks
formed during the Ross Orogeny (Rocchi et al., 1998;
Vincenzo and Rocchi, 1999; Giacomini et al., 2007;
Hagen-Peter and Cottle, 2016). Magmatic activity and later
intracontinental evolution resulted in the uplift and
denudation of the crust, which in turn led to the formation
of the continental conglomerates and sandstones that
unconformably overlie the Cambrian strata. These units are
unconformably or disconformably overlain by upper
Devonian-Triassic strata named as Beacon Supergroup
(Table 1; Elliot and Fanning, 2008).

Northern Victoria Land is composed of three
fault-bounded terranes: the Wilson, Bowers, and
Robertson Bay terranes. These terranes exhibit strikingly
different geological features, rock compositions,
deformational features, and metamorphic characteristics
(Weaver et al., 1984; Sheraton et al., 1987; Capponi et al.,
1999; Goodge et al., 2001; Federico et al., 2010). The late
Cambrian-Ordovician granites represented by the Granite
Harbor Intrusives are developed only in the Wilson

Terrane and intrude into the Neoproterozoic Wilson Group.

Devonian granite, represented by the Admiralty Intrusion,
is developed only in the Robertson Bay and Bowers
terranes and intrudes into the Cambrian—-Ordovician
Robertson Bay Group and Bowers Supergroup. As such,
these intrusions differ markedly from those of the Wilson
Terrane in terms of geological evolution and are thus
considered to be foreign rocks that accreted onto the
Wilson Terrane of East Antarctica after Cambrian
sedimentation (Federico et al., 2010). Because folding
occurred in all three terranes during the Ross Orogeny, the
terranes must have become fused before the Early
Ordovician. However, the existence of the extensive
Devonian—Carboniferous Admiralty Intrusion in the region
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indicates that the collision of these terranes and the
transition to an intracontinental tectonic setting had
occurred by this time. This collision resulted in
characteristic magmatic activity in Northern Victoria
Land.

Inexpressible Island is located in the south of Terra
Nova Bay, at 74°50'-74°57'S, 163°35-163°46'E. The area
of the island is approximately 50 km? and it extends north
to south in a diamond shape. Priestley Glacier lies to the
north, the Nansen Ice Sheet lies to the west and south, and
Terra Nova Bay of the Ross Sea lies to the east (Figure 1).
The main rock outcrops on the island are the granites,
diorites, and meta-granitoids of the Wegetation Unit
(Vincenzo and Rocchi, 1999). Petrological and
geochronological investigations have indicated that the
main rock composition of previously unidentified granitoids
iS quartz monzonite with a small amount of quartz
monzodiorite, with an intrusion age of 484-482 Ma (Early
Ordovician; Wang et al., 2014). This age information shows
that the Ross Orogeny occurred in Northern Victoria Land
prior to the Early Ordovician.

3 Distribution and intrusive relation-
ships of magmatic rocks on Inexpre-
ssible Island

Geological mapping was performed mainly in the central
part of Inexpressible Island. Bedrock outcrops are limited
in the surveyed area, with the four main outcrop areas
being located in the northern coastline region, the eastern
margin of the bay, the low-altitude southern mountains,
and the high-altitude western mountains (Figure 2).
Bedrock outcrops consist predominantly of magmatic
rocks, but the lithological and vein characteristics of this
bedrock vary significantly between regions. The main
body of these rocks from the northern coastline region
consists of coarse-grained gray porphyritic granite
(Figure 3a) that is composed of 30%-35% quartz,
15%-40% microcline, 5%-10% perthite, 20%-40%
plagioclase, and 5% biotite (Figure 4a). The phenocrysts
are typically feldspars measuring approximately 1.5 cm in
size. The matrix is composed of smaller feldspar, quartz,
and biotite grains of 0.5-1.0 mm in size. Dark gray,
deep-source xenoliths are also found in the granites
(Figure 3b). Most of these xenoliths are composed of
diorite or gabbro, with clear gabbro or diabase structures.
Feldspar and biotite crystals in the xenoliths are generally
euhedral, whereas quartz and pyroxene are anhedral
(Figure 4b). The main minerals are plagioclase (40%),
microcline (20%), and biotite (30%). Small amounts of
pyroxene, hornblende, and quartz occupy 5%, 3%, and 2%,
respectively, and have equigranular textures and grain
sizes of approximately 0.5 mm.
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Figure 1 Schematic geological map of Northern Victoria Land and
Estrada et al., 2016).

Most of the bedrock along the eastern bay is covered by
snow and a shallow layer of loose, sandy gravel. The rocks
are composed mainly of coarse-grained grayish-white syenite
(Figure 3c). The minerals have grain sizes of 2-5mm and
consist of 26% highly euhedral plagioclase, 28% perthite,
33% microcline, 8% biotite, and 4% quartz (Figures 4c—4d).
The grains of perthite and microcline are larger than the other
minerals, and biotite and quartz are commonly crystallized
within the crevices of feldspar grains (Figure 4d). Numerous
late-formed gray granite veins crop out in the syenite

Inexpressible Island (modified after Vincenzo and Rocchi, 1999;

(Figure 3d). These veins, which trend either NW-SE or
NE-SW, are between 0.2 and 20 m in width, and the widest
veins trend NNE-SSW (Figure 2). These veins are the same
as the granite found in the north coastline region. The
orientations of the feldspars and other minerals are the same
as those of the vein trends (Figure 3e), which reflects magma
flow in the veins. The crystal grains at the centers and edges
of the veins are noticeably different in size. The edges
contain mainly fine, uniform grains, whereas the centers have
porphyritic textures. The phenocrysts are primarily
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Figure 2 Geological map of central Inexpressible Island, west of Terra Nova Bay. The remote sensing map is an aerial image from the

Heilongjiang Bureau of Surveying and Mapping Geoinformation, China.

microcline, demonstrating the late-intrusion characteristics of
the vein bodies (Figure 4e).

The bedrock of the low-altitude southern mountains is
covered by glacial moraine (Figure 2). The rock outcrops
are composed mainly of coarse-grained grayish-white
syenite with the same lithological features as those of the
main rock at the coastline (Figures 4c—4d). A ~5-m-wide
mafic vein occurs with an approximately N-S trend and
extends over 300 m across the bedrock outcrop area in the
low-altitude southern mountains area (Figure 3f). This vein
consists of monzodiorite with porphyritic or diabase
structures. The main minerals are 50%-70% plagioclase,
25%-35% biotite, and 5%-10% chloritized and
amphibolized  pyroxene. The phenocrysts  consist
predominantly of plagioclase and pyroxene and have grain
sizes of ~0.5 mm. The matrix is composed primarily of
feldspar and biotite, with small grain sizes of ~50 um
(Figure 4f).

The widely exposed plutons in the western alpine
region are dominated by grayish-green basalt (Figure 3g),
which shows substantial spheroidal weathering on exposed
surfaces and has a massive structure. The main mineral
composition of this basalt is 28% plagioclase, 23%
pyroxene, 4% olivine, and 45% vitreous and opaque
minerals, with notable porous and porphyritic structures
(Figures 4g—4h). Phlogopite grains are relatively large and
are observable in the field, with grain sizes of ~1cm.

Pyroxene phenocrysts are mostly 2-3mm in size
(Figure 4h). In addition, two veins are found in this area
(Figure 3h). The older vein is a N-S-trending diabase vein
composed of pyroxene and feldspar that exhibits a strong
diabasic texture. The wvein is almost parallel to the
monzodiorite vein in the low-altitude southern mountains
area, and these veins may be coeval. The younger vein is a
fine-grained, E-W-trending granite vein.

4 Zircon U-Pb dating

Although the field study revealed the successive
relationships of the syenite, monzodiorite, and granite veins,
as well as the sequence of the basalt, mafic, and granite
veins, it offered no direct evidence of the chronological
relationship between the syenite and the basalt. Although
laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) has been used to determine the
ages of the syenite on the island (484-482 Ma; Wang et al.,
2014), the intrusion relationships between the different
rocks have not been discussed in detail and thus require
further geochronological investigation.

For this study, zircon dating was performed on
syenite, basalt, and monzodiorite veins intruded into the
syenite and on the granite vein intruded into the basalt.
Syenite sample VVCO008/1 was collected from the eastern
coast at 74°54'49.0”S, 163°43'07.3"E. Basalt sample
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VC123/1 was taken from the western alpine region at
74°54'51.7"S, 163°38'46.7"E. Monzodiorite sample
VC61/1 was collected from the low-altitude southern
mountains at 74°55'11.0"S, 163°41'42.1"E. Granite
sample VC123/3 was taken from the western alpine region
at 74°54'51.7"S, 163°38'46.7"E.

All the zircons were separated by hand crushing,
washing, and electromagnetic and heavy-liquid techniques
and then selected under a binocular microscope to obtain
zircons with few inclusions, no obvious cracks, and intact
crystals. The zircons were ground in epoxy resin and then

Syenite

polished and cleaned. The cathodoluminescence (CL)
imaging of zircons and U-Pb dating were completed in the
Beijing SHRIMP Center of the Chinese Academy of
Geological Sciences in Beijing, China. The instrument used
for the dating is SHRIMP lle. The standard zircon TEM (t =
417 Ma) was used to correct for inter-element fractionation.
The analytical procedure and experimental parameters used
followed those of Song et al. (2002), Black et al. (2003),
and Liu et al. (2003). The dating results for all the samples
are provided in Table 2. The original data were processed
using Squid software (Ludwig, 2009).

] '- f"‘ _

Figure 3 Field characteristics of the Inexpressible Island bedrock. a, Granite bedrock in the northern coastline region. b, Granite and
xenoliths in the northern coastline region. ¢, Syenite bedrock in the eastern bay region. d, Syenite and granitic veins in the eastern bay
region. e, Mineral composition of the granitic veins. f, Monzodiorite vein intruded into the syenite in the low-altitude southern mountains. g,
Basalt bedrock in the western alpine region. h, Diabase and granite vein intruded into basalt.
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Figure 4 Microscopic characteristics of the rocks from Inexpressible Island. a, Granite from the northern coastline region. b, Xenolith in
the granite. ¢ and d, Syenite from the eastern bay and low-altitude southern mountains regions. e, Granitic vein in the syenite. f,
Monzodiorite intruded into the syenite. g and h, Basalt from the western alpine region. Bt: Biotite; Mc: Microcline; Qtz: Quartz; PI:
Plagioclase; Pth: Perthite; Px: Pyroxene.
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Table 2 SHRIMP zircon U-Pb data of intrusive rocks, Inexpressible Island, Northern Victoria Land
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Elem. content

Radiogenic ratios

Age/Ma

. 206p, (XIO-B) 22Ty 207 207 206 err 706, 207 Conc.
Grain. spot /%C 206mx 22U n(zoepb)/ n( 235P o)/ n( 23!3D o)/ corr n(z3{|sj o)/ n(zospb)/ 1%
U Th ®pp n(°Pb)  n(**U) n(**v) n(“"U) n ("°Pb)
Value /% Value /% Value /% Value 1o Value 1o
VC008-11 120 70 53 484 078 00598 9.7 0653 99 00792 22 0225 491.0 11 597 210 82
VC008-21 205 78 49 519 0.66 0.0467 180 0.491 180 0.0763 23 0125 4740 10 32 440 1481
VC008-31 062 59 45 395 0.79 0.0609 150 0.648 150 0.0772 26 0172 4790 12 635 310 75
VC008-41 - 44 22 297 052 0.0699 6.9 0762 81 0079 43 0531 4900 20 926 140 53
VC00851 -~ 80 59 553 077 00712 7.3 0.801 7.8 00816 28 0359 5060 14 963 150 53
VC008-61 335 38 21 252 057 00460 20.0 0.478 21.0 0.0754 31 0152 4690 14 -2 490 —23450
vCoog/L VC0087.1 020 82 61 565 0.77 0.0616 16.0 0.680 16.0 0.0798 2.1 0128 4949 99 659 350 75
Syenite  \/C008-8.1 175 42 27 277 0.68 0.0555 12.0 0.584 13.0 0.0763 2.4 0191 4740 11 432 280 110
VC00891 - 79 60 53 078 0.0690 16.0 0.740 17.0 0.0786 22 0134 4880 10 886 340 55
VC008-10.1 000 87 63 577 075 0.0582 54 0623 57 00776 17 0296 4819 7.8 539 120 89
VC008-11.1 000 74 54 508 075 0.0600 4.2 0665 47 00804 2 0428 4982 96 604 91 8
VC008-12.1 125 62 47 432 0.78 0.0554 13.0 0.607 140 0.0795 2.1 0157 4930 10 429 300 115
VC008-13.1 229 73 55 492 078 0.0486 20.0 0510 20.0 0.0761 2.1 0104 4730 96 129 470 367
VC008-14.1 084 62 49 428 081 0.0591 14.0 0.647 150 0.0793 2.2 0149 4920 10 572 310 86
VCO061-11 - 409 232 284 059 0.0588 19 0656 21 00809 09 0435 5015 50 560 42 90
VC061-21 051 393 232 26 061 0.0539 2.2 0569 2.4 00766 09 0389 4792 48 367 49 131
VC061-31 076 252 138 17 056 0.0536 4.2 0577 4.4 00780 13 0300 4896 67 354 94 138
VC061-41 124 642 489 39.9 079 0.0617 40 0608 43 00715 15 0357 4442 78 663 86 67
VCO061-51 0.87 375 268 246 0.74 0.0559 45 0583 46 00757 10 0215 4705 50 447 99 105
VC061-6.1 2.16 11051139 66.3 1.07 0.0565 53 0533 54 00683 08 0141 4231 38 474 120 89
VCO61/1 VCO061-7.1 036 522 304 36.4 0.60 0.0556 2.1 0621 23 00810 08 0360 5067 45 436 48 116
'\é'l‘;?ft‘; VC061-81 525 424 320 29.8 0.78 0.0487 140 0521 140 00776 12 0086 4866 58 132 330 369
Vein  VC061-9.1 246 87 14 563 0.7 0.0565 17.0 0.571 17.0 00733 2.3 0132 4558 9.3 470 380 97
VC061-10.1 0.26 369 49 253 0.14 0.0572 2.8 0628 30 00797 11 0368 4951 54 499 61 99
VCO061-11.1 2.09 943 444 60.9 049 0057 53 0578 54 00736 12 0229 4566 60 490 120 93
VC061-12.1 0.38 539 450 358 0.86 0.0564 2.8 0599 32 00771 16 0498 4838 86 468 62 103
VC061-13.1 1.43 990 1313 66.7 1.37 00538 51 0574 51 00773 07 0134 4891 38 364 110 134
VC061-14.1 0.89 636 601 39.9 0.98 0.0579 35 0577 3.6 00724 09 0245 446 50 524 77 85
VC061-151 - 175 25 12 0.5 0.0609 2.8 0672 3.1 00800 14 0440 495 67 635 60 78
VC123-1-1.1 0.03 4657 438 189.0 0.10 0.054270560.3534 1.2 0.04723 1.1 0887 2975 31 382 13 78
VC123-1-21 - 1026 544 71.3 055 0.0578 0.870.6446 1.4 008088 1.1 0789 5014 54 52 19 96
VC123-1-3.1 0.02 19741185 138.0 0.62 0.057060.680.6382 1.3 0.08112 1.1 0850 5028 53 494 15 102
VC123-1-41 - 490 258 285 0.54 0.055591.600.5190 2 006775 12 0590 422.6 48 436 36 97
VC123-1-42 - 1044 685 72.9 0.68 0.057230.970.6421 15 0.08137 1.1 0754 5043 54 501 21 101
VC123/1 VC123-1-51 0.04 1615 642 114.0 0.41 0.056780.760.6412 1.3 00819 11 0824 5075 54 483 17 105
Basalt \/C123-1-61 - 2144 991 151.0 0.48 0.057240.600.6473 1.2 0.08202 1.1 0875 5082 53 501 13 101
VC123-1-71 - 15441208 108.0 0.81 0.057470.880.6439 1.4 008125 1.1 0782 5036 53 510 19 99
VC123-1-8.1 0.04 2027 981 142.0 0.50 0.056970.790.6408 1.4 0.08157 11 0810 5055 53 491 17 103
VC123-1-9.1 0.05 4847 3564 214.0 0.76 0.055020.590.3905 1.2 0.05148 1.1 0879 3236 3.4 413 13 78
VC123-1-10.1 0.03 1575 1075 111.0 0.70 0.056960.740.6415 1.3 0.08169 1.1 0832 5062 54 490 16 103
VC123-1-11.1 - 1324 842 92.3 0.66 0.057840.960.6484 1.5 00813 11 0756 5039 54 524 21 96
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Continued
Eler(r:(.lc(;)qg)tent Radiogenic ratios Age/Ma
206 2321
Grain. SpOt Pbc 23;|'h/ n(207pb)/ n(207pb)/ n(ZOGPb)/ err n (ZOGPb)/ n (207Pb)/ Conc.
1% 2060, U 206, 235 238 corr. 238 206, 1%
U Th ®pp n(Pb)  n(™"U) n("v) n(“"U) n (T°Pb)
Value +/% Value +/% Value +/% Value 1o Value 1o
VC123-1-12.1 -- 723 371 52.7 0.53 0.0577 1.100.6760 1.5 0.08492 1.1 0.732 5254 57 518 23 101

VC123/1 VC123-1-13.1 0.04 1662 596 117.0 0.37 0.05683 0.740.6424 1.3 0.08199 1.1
Basalt \/C123-1-14.1 0.02 976 359 68.8 0.38 0.057330.930.6480 1.5 0.08197 1.1
747 408 51.4 0.56 0.057261.200.6330 1.7 0.08012 1.2

VC123-1-15.1 --

0.831 508 54 485 16 105
0.769 5079 55 504 21 101
0.690 496.8 55 502 27 99

VC123-3-1.1 0.12 208 97 37.2 048 0.0812 1.4 2.329 2.0 0.2079 15
VC123-3-2.1 0.63 321 147 242 047 0.0577 3.4 0.693 3.6 0.0871 1.4
VC123-3-2.2 123 314 139 22.3 046 00576 51 0.65 5.3 0.0818 1.3
VC123-3-3.1 0.21 430 593 29.2 1.42 0.0555 1.7 0.603 2.0 0.0789 1.2
VC123-3-4.1 539 470 135 36 0.30 0.0499 8.2 0.579 8.3 0.0843 1.3
VC123/3 \/c123-3-5.1 18.59 755 342 66.9 0.47 0.0500 36.0 0.58 36.0 0.0839 2.3
VC123-3-6.1 0.19 429 162 29.7 0.39 0.0565 1.8 0.626 2.1 0.0804 1.2
06 53 0.0790 1.3
VC123-3-8.1 0.31 385 328 26.4 0.88 0.0551 2.2 0.604 2.5 0.0795 1.2
VC123-3-9.1 0.10 400 222 275 057 0.0567 1.7 0.625 2.2 0.0800 1.3
150 16 10.1 0.11 0.0653 4.2 0.705 4.4 0.0783 1.5
VC123-3-11.1 0.00 74 49 9.66 0.68 0.0719 2.9 1.499 3.3 0.1513 1.7

Granitic
Vein

VC123-3-7.1 0.51 208 86 14.2 0.43 0.0552 5.1

VC123-3-10.1 --

0.726 12180 16 1227 27 99
0.387 5386 73 518 74 104
0.240 506.6 6.2 516 110 98
0582 489.6 56 430 37 114
0.153 5215 6.3 189 190 276
0.062 519.0 11 204 840 254
0.558 498.6 57 471 39 106
0.255 4899 6.3 419 110 117
0.489 493.4 57 417 48 118
0.620 496.1 64 479 37 104
0.334 4862 69 784 88 62
0509 908.0 14 982 58 92

Notes: Pb, and Pb* indicate the common and radiogenic portions, respectively; common Pb corrected using measured 2%Pb.

Most zircons from syenite sample VC008/1 have
regular, long, columnar shapes, with grain length
generally larger than 400 um (Figure 5a). In CL images,
the zircon grains are dark gray, with or without
oscillatory zoning (Figure 5a). 14 zircons were analyzed
from this sample with Th/U ratios of 0.52-0.81,

indicating that these zircons are of magmatic origin
(Belousova et al., 2002). The ages form a concordant
cluster, giving a weighted mean 2°Pb/?®U age of
485.8 £ 5.7 Ma (Mean Standard Weighted Deviation
(MSWD) = 0.93; Figure 6a). This age indicates that the
syenite intruded during the Early Ordovician.

a VC008/1
494.9+9.9 Ma

o R

b VC061/1

Figure 5 Representative CL images of zircons from the dated samples from Inexpressible Island. Also shown are the approximate positions,
numbers and apparent 2°Pb/*®U ages (with 1) of the SHRIMP analytical spots (open circles outlined in white). a, Syenite from the eastern
bay region. b, Monzodiorite intruded into the syenite. ¢, Basalt from the western alpine region. d, Granite vein intruded into basalt.
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Figure 6 Concordia plots showing the SHRIMP zircon U-Pb data of Inexpressible Island in Northern Victoria Land. The error bars are 1c.
a, 14 samples of syenite from the eastern bay area. b, Five samples of monzodiorite intruded into the syenite. ¢, 12 samples of basalt from
the western alpine region. d, Six samples from the granite vein intruded into basalt.

Zircons from monzodiorite vein VC61/1 are grayish white
to grayish black, with length/width ratios of 1.0-2.0 and
long-axis lengths of 100-150 um. Some zircons have inherited
cores (Figure 5b). 15 zircon spots were selected for dating. The
Th/U ratios are all between 0.14 and 1.37, indicating a
magmatic origin. The 2°Pb/*8U ages obtained for 10 zircon
grains range from 507 to 470 Ma. Among them, five spots
form a concordant cluster, with a weighted mean age of
478.5+ 4.0 Ma (MSWD=1.2; Figure 6b). This age indicates
magma intrusion during the Early Ordovician. Spots 4.1, 6.1,
9.1, 11.1, and 14.1 have high U contents and yield “°Pb/*8U
ages younger than 478.5+4.0 Ma, likely representing the
timing of late hydrothermal activity (Table 2; Figure 5b).

Zircons from basalt sample VC123/1 are mostly gray to
black euhedral columnar crystals with length/width ratios of
1.0-2.0. The long axes range from 100 to 150 um in length.
These zircons exhibit well-developed oscillatory zoning
(Figure 5c). A total of 16 spots were dated, of which 12 form
an age cluster, excluding spots 1.1, 4.1, 9.1, and 12.1. Th/U
ratios are between 0.41 and 0.81, indicating a magmatic
origin. Ten clustered ?°Pb/?%U ages range from 496 to
508 Ma, giving a weighted mean age of 504.7 + 3.1 Ma
(MSWD = 0.37; Figure 6c). This age implies magma eruption

during the late Cambrian. The ?®Pb/?8U ages of spots 1.1,
4.1, and 9.1 are 297.5, 422.6, and 323.6 Ma, respectively.
Spots 1.1 and 9.1 are from dark zircon grains with high U
content, which may indicate younger hydrothermal activity
(Table 2). The *®Pb/?*®U age of spot 12.1 is 525.4 Ma, which
may represent an inherited zircon age.

Zircons from granite vein VC123/3 are mostly gray to
black, euhedral columnar crystals with lengths of 120 to
180 um and length/width ratios of 1.0-2.0. Most zircon
grains display well-developed oscillatory zoning, and some
have an inherited core (Figure 5d). The Th/U ratios of the
12 zircon spots selected for dating are between 0.11 and
1.42, indicating a magmatic origin. Excluding spots 1.1 and
11.1, the other 10 spots yield clustered 2*°Pb/**®U ages
between 538-486 Ma. The weighted mean age calculated
based on the six spots is 495.5 +4.9 Ma (MSWD = 1.11;
Figure 6d). The *®®Pb/?®U ages of spots 1.1 and 11.1 are
1218 and 908 Ma, respectively, corresponding to the ages of
inherited cores from the Proterozoic basement (Figure 5d).
The ages measured in the core and mantle of zircon 2.1 are
538 and 506 Ma, respectively. The core age represents an
inherited zircon age, whereas the mantle age corresponds
closely with the intrusive age of the late Cambrian vein.
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Early Paleozoic magmatism processes in Northern Victoria Land
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5 Geochemical characteristics

Eighteen samples were selected for geochemical study,
comprising nine syenite samples, five monzodiorite samples,
and four basalt samples (Table 3). The specific sampling
locations are shown in Figure 1.

All the samples for the geochemical study were
separated from their weathering crusts, crushed in a hardened
jaw crusher, and then powdered in an agate mill to a grain
size smaller than 200 mesh. The samples were tested in a
laboratory at Guangzhou Geochemistry Institute of the
Chinese Academy of Sciences in Guangzhou, China. The
major-element analyses of the whole-rock samples were
performed using a Rigaku RIX2000 X-ray fluorescence
spectrometer. Fe,Osr represents the total amount of FeO and
Fe,03 The methods used were the same as those described by
Li (1997). The element composition of the samples was
determined using a working curve obtained via bivariate
fitting of 36 reference standards covering the range of silicate
samples. Matrix correction was conducted using the
experimental Traill Lachance program, with an analytical
accuracy of 1%-5% (Li, 1997). Trace-element analyses were
conducted using a Perkin Elmer Sciex Elan6000 ICP-MS.

March (2019) Vol. 30 No. 1

The procedure used was the same as that described by Li et al.
(2005). The United States Geological Survey standards W2
and BHVO-2 and Chinese national standards GSR-1, GSR-2,
and GSR-3 were used to correct the element compositions of
the samples. The analytical accuracy was generally 2%-5%.
The results for all samples are listed in Table 3.

5.1 Major elements

The nine syenite samples have SiO, contents of 61.33—
62.86 wt.%, Na,O contents of 2.78-3.31 wt.%, and K,O
contents of 7.37-8.1 wt.%. The total alkali contents are
10.49-11.41 wt.%, with K,O/Na,O ratios of 2.36-2.82,
alkalinity ratio (AR) values of 3.09-3.58, and Rittmann
index (o) values of 5.68-6.69, which is indicative of
alkaline rocks. All the samples fall in the syenite area on
a total alkali versus silica (TAS) diagram and belong to
the alkaline series (Figure 7a). The contents of Al,O;
vary between 17.42 and 18.25 wt.%. The CaO contents
are as high as 1.87-2.68 wt.%. The A/CNK values are
between 0.98 and 1.04, and the A/NK values are
1.27-1.38, which imply quasi-aluminous to peraluminous
characteristics. MgO contents are 0.36-0.58 wt.%, and
Mg# values are between 0.039 and 0.189.
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Figure 7 Geochemical analysis diagrams of the magmatic rocks. a, Alkali-silica diagram (Middlemost, 1994); b, SiO,—K,O for rock
classification diagram (Peccerillo and Taylor, 1976); c, Chondrite-normalized REE distribution patterns; d, plots of primitive-mantle-
normalized trace-element patterns. The data for island-arc basalt (IAB) are from Yang et al. (2016).
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The five monzodiorite samples have SiO, contents of
55.32-58.35 wit.%, Na,O contents of 2.89-3.13 wt.%, and K,O
contents of 2.77-3.86 wt.%, indicative of intermediate rocks.
The total alkali contents are 5.77-6.75 wt.%, with K,O/Na,O
ratios of 0.92-1.34, AR of 1.71-2.02, and o of 2.59-3.36,
which is characteristic of calc-alkaline rocks (Figure 7a). All of
these samples plot within the monzodiorite and monzonite
region on a TAS diagram and belong to the calc-alkaline series
(Figure 7a). They also belong to the shoshonite-high-K
calc-alkaline series in a K,O-SiO, diagram (Figure 7b). The
Al,O; contents are 14.9-15.72 wt.%, and the CaO contents are
5.11-6.37 wt.%. The A/CNK values are 0.77-0.82, and the
A/NK values are 1.67-1.98, which indicates quasi-aluminous
characteristics. The MgO contents are 3.46-3.57 wt.%, and
Mg# values are between 0.421 and 0.615.

The four basalt samples have low SiO, contents of
40.89-47.16 wt.%, Na,O contents of 0.75-0.88 wt.%, and K,O
contents of 0.86-1.13 wt.%. The total alkali contents are
1.64-1.99 wt.%, with K,O/Na,O ratios of 1.06-1.31, AR of
119-1.22, and o of 0.7-0.95, which is indicative of
calc-alkaline rocks (Figure 7b). Most of the samples plot
within the gabbro (basalt) region on a TAS diagram and belong
to the calc-alkaline series on a K,O-SiO, diagram, except for
sample VC123/1 (Figures 7a—b). The Al,Oz contents are
9.06-10.08 wt.%, and the CaO contents are 7.98-9.93 wt.%.
The A/CNK values are 0.49-0.54, and the A/NK values lie
between 3.82 and 4.25, indicating quasi-aluminous
characteristics. The MgO contents are 14.65-17.42 wt.%, and
Mg# values are between 0.745 and 0.748.

5.2 Trace elements

The total concentration of rare-earth elements (REES) in the
syenite samples varies between 58.95 and 131.42 pg-g .
Light REEs (LREES) are highly enriched, and heavy REEs
(HREES) are depleted, with (La/Yb)y ratios of 8.07-18.81
and (Gd/Yb)y ratios of 1.86-2.96 (Figure 7c¢). All samples
show positive Eu anomalies, with 6Eu = 2.14-4.95.

The total concentration of REEs in the monzodiorite
samples ranges from 338.22 to 455.06 pg-g . LREES are
highly enriched, and HREEs are depleted, with (La/Yb)y
ratios of 14.9-17.47 and (Gd/Yb)y ratios of 2.58-2.87
(Figure 7c). All samples show negative Eu anomalies, with
dEu = 0.51-0.55.

The total concentration of REES in the basalt samples
ranges from 60.88 to 67.82 pg-g . LREEs are highly enriched,
and HREEs are mildly depleted, with (La/Yb)y ratios of
5.68-6.11 and (Gd/Yb)y ratios of 1.83-1.91 (Figure 7c). All
samples show negative Eu anomalies, with 3Eu = 0.68-0.75.

In the primitive-mantle-normalized trace-element
spider diagram (Figure 7d), all the syenites are depleted in
high-field-strength elements (HFSEs), such as K, Nb, P, and
Ti, and are enriched in large-ion lithophile elements
(LILES), such as Ba, Rb, and Zr. The monzodiorites are
depleted in HFSEs, such as K, Nb, Sr, and Ti, and are
enriched in LILEs, such as Rb, Nd, and Sm. The

distribution curves in the spider diagram of the basalt
samples are similar to those of the monzodiorites.

6 Discussion

Our regional investigation showed that the Terra Nova
Intrusive Complex of Northern Victoria Land was a good
indicator of the development of the Ross Orogen (Vincenzo
and Rocchi, 1999; Federico et al., 2009; Rocchi et al., 1998,
2015). Here, we further define the relationship between the
Abbott Unit and the Vegetation Unit magma series in the
Terra  Nova Complex based on lithological,
geochronological, and geochemical studies.

6.1 Sequence of magmatism

The field investigation indicated that the magmatic activity
in southern Inexpressible Island produced mainly syenite
and basalt, with the late-stage development of a large
number of granitic and mafic veins (Figure 3). Previous
studies concluded that this basalt series belonged to the
Vegetation Unit and that the large areas of syenite and
various late-stage veins indicated that the magmatic activity
in the extensional setting developed during the later stages
of Ross Orogeny (Vincenzo and Rocchi, 1999). The results
of the present study date the formation of the basalt exposed
in the alpine region of western Inexpressible Island to
504.7 £ 3.1 Ma and a vein of granite to 495.5+ 4.9 Ma.
These zircon U-Pb dating results are in good agreement
with the intrusion sequences observed in the field
(Figure 3h). The contact relationship between the basalt and
syenite was not observed in the field because of snow cover.
Our SHRIMP zircon U-Pb dating gave an emplacement age
of the syenite of 485.8+5.7 Ma, which matches the
previous ages determined using LA-ICP-MS (Wang et al.,
2014). The SHRIMP zircon U-Pb age of the monzodiorite
intruded into this syenite series is 478.5 = 4.0 Ma, which
is consistent with the intrusion sequence determined in
the field (Figure 3f). The field investigation revealed a
large number of granitic veins in the syenite and mafic
veins in the basalt (Figure 3). Previous studies have
defined these mafic and granitic veins as being produced
in the same tectonic setting (Rocchi et al., 1998;
Vincenzo and Rocchi, 1999). However, the present
geochronological determinations reveal that the intrusion
ages of these two sets of veins are significantly different,
which are 478.5 + 4.0 Ma and 495.5 + 4.9 Ma respectively.
Considering both the field observations of the intrusion
sequence and the dating results, we infer that the Terra
Nova Intrusive Complex underwent two stages of magmatic
activity. The earlier stage consisted of basalt-dominated
volcanism with subsequent intrusions of mafic and acidic
veins at middle to late Cambrian, and the later stage
involved magmatic intrusions dominated by syenite that
were intruded by both mafic and acidic veins at Early
Ordovician.
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6.2 Tectonic setting of magmatic activity

We deduced the tectonic location of the southwestward
subduction of the paleo-Pacific plate from the
geochemical differences between the studied rocks. The
Terra Nova Intrusive Complex was located on the
continental side of the subduction zone during the
Cambrian-Ordovician (Rocchi et al., 1998; Federico et al.,
2009). Recent research indicates two stages of magmatic
activity during the initiation of the Ross subduction, at
~521 and 510-490 Ma, with different magma sources in
the Teall Nunatak area in the western part of Inexpressible
Island (Giacomini et al., 2007). The intrusions associated
with the younger magmatic events were related to the
initial subduction of the ocean basin (Giacomini et al.,
2007). The Terra Nova Intrusive Complex, which includes
Inexpressible Island, presents a record of the subduction
and collision of the Ross Orogen (Rocchi et al., 1998;
Vincenzo and Rocchi, 1999). However, because previous
studies focused mainly on early (Cambrian) subduction
and collision processes in this area (Black and Sheraton,
1990; Vincenzo and Rocchi, 1999; Federico et al., 2009),
less attention has been paid to the later (Ordovician)
magmatic evolution and tectonic setting.

Our field mapping and zircon dating reveal that there

10000

March (2019) Vol. 30 No. 1

were two stages of magmatic activity in the Terra Nova
Intrusive Complex during 504.7-495.5 Ma and
485.8-478.0 Ma respectively. Geochemical analyses of
three  major rock types—basalt, syenite, and
monzodiorite—show clear distinctions in major elements.
The total amounts of REEs in the monzodiorite are
significantly higher than those in the syenite and basalt.
The Eu anomalies found in the syenite also differ from
those in the other two rock types. Trace-element analysis
indicates depletion in HFSEs (K, Nb, and Ti) in all three
rock types and enrichment in LILEs (e.g., Rb). The Ba and
Zr contents of the basalt differ considerably from those in
the other two rock types. All of these features indicate
three types tectonic settings for each rock (Figure 7).

Few studies have discussed the tectonic setting of the
late-stage syenite. A tectonic setting discrimination diagram
of the major and trace elements reveals that the syenite lies
between A-type and I-S-type granite, showing transitional
properties between these two types (Figure 8a). In the
Rb-Y+Nb and R1-R2 diagrams, the syenite is classified as
syn-collisional ~ granite and post-orogenic  granite,
respectively (Figure 80-8c). These results indicate a
post-orogenic collisional setting for the emplacement of
these rocks during the Early Ordovician and a tectonic
transition from collision to extension.
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Figure 8 Tectonic setting discrimination diagrams for trace elements in the magmatic rocks. The sample legend is the same as in Figure 7.
a, Zr-10000 Ga/Al; b, Rb-Y+Nb; ¢, R2-R1; d, Nbx2-Zr/4-Y; e, Th/Yb-Ta/Yb; f, TIiO,—~MnOx10-P,05x10. A: A-type granite; CAB:
continental arc basalt; DM: depleted mantle; E-MORB: E-type MORB; I: I-type granite; IAT: island-arc tholeiite; MORB: mid-ocean ridge
basalt; N-MORB: N-type MORB; OIA: ocean island alkaline basalt; OIB: ocean island basalt; OIT: ocean island tholeiite; ORG: ocean
ridge granite; S: S-type granite; SHO: shoshonite; syn-COLG: syn-collisional granite; TH: tholeiite; VAB: volcanic arc basalt; VAG:
volcanic arc granite; WPA: within-plate alkaline basalt; WPG: within-plate granite; WPT: within-plate tholeiite.
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The tectonic settings of the basalt and the monzodiorite
veins, which formed before and after the syenite,
respectively, differ from that of the syenite. In the
Nbx2-Zr/4-Y, Th/Yb-Ta/Yb, and TiO,~MnOx10-P,05x10
discrimination diagrams, the monzodiorite falls into the
within-plate or ocean island basalt fields, which represent
an extensional environment (Figures 8d-8f). However, the
basalt falls mainly within the volcanic arc region
(Figures 8d-8f), which indicates an island-arc setting. The
arc-related granitoid rocks and granites are developed in the
northern Terra Nova Intrusive Complex (Rocchi et al.,
1998). The Abbott Unit in the Terra Nova Intrusive
Complex is also composed of felsic, mafic, and
intermediate facies rocks, including granite (Vincenzo and
Rocchi, 1999). These compositional and age characteristics
are generally consistent with those of Southern Victoria
Land, which formed within a continental arc (Hagen-Peter
and Cottle, 2016). Although there are some differences
between the basalt samples and IAB in the chondrite-
normalized REE distribution patterns and primitive-mantle-
normalized trace-element patterns (Figures 7c—7d), the
basalts fall in the continental arc basalt (CAB) setting field
(Figures 8e—8f). This may be related to the continental-
margin setting in which these basalts formed (Rocchi et al.,
1998). In addition, the K,0, Na,O, TiO, Nb, Ta, and Pb
contents of the basalts are clearly lower than those of the
other rocks (Table 3). Therefore, our new geochemical data
imply that the basalt was formed in a continental-margin arc
setting and that the monzodiorite was formed in an
extensional setting. These results are consistent with the
findings of previous studies (Rocchi et al., 1998; Vincenzo
and Rocchi, 1999).

6.3 Tectonic evolution

By identifying the multiple stages of magmatic activity and
the different tectonic settings of Inexpressible Island rocks,
we are able to reconstruct the magmatic and tectonic
evolution of the area during the middle Cambrian and Early
Ordovician. Eclogite-facies metamorphism in Northern
Victoria Land is dated as early as ~530 Ma, which together
with geochronological evidence for the emplacement of
calc-alkaline granitoids at ~530-520 Ma suggests the
existence of an active continental margin during this stage
(Godard and Palmeri, 2013; Di Vincenzo et al., 2016;
Merdith et al., 2017). During the middle Cambrian
(~505 Ma), the paleo-Pacific plate subducted toward the
Wilson Terrane of East Antarctica, forming a magmatic arc
near the subduction zone and producing numerous mafic
volcanic rocks, intrusive rocks, and late-stage granite veins
(Federico et al., 2009; Rocchi et al., 2015; Hagen-Peter and
Cottle, 2016). After ~20 Ma of subduction, the Ross Orogen

entered a later stage of orogeny during the Early Ordovician.

This post-orogenic collision gave rise to voluminous syenite
(Rocchi et al., 2015). This stage also involved the transition
of tectonic conditions in the entire Ross Orogen from

collisional to extensional, with the subsequent onset of
intracontinental extension. At the same time, mafic veins
with continental tholeiitic properties were formed. Our
results therefore constrain the complete evolution of the
Ross Orogen from subduction to collision and
intracontinental extension (Rocchi et al., 2011).

7 Conclusions

Based on the detailed geological field investigation and
geochemical and geochronological analyses on four types
of magmatic rock (basalt, syenite, mafic veins, and granite
veins) on Inexpressible Island, Northern Victoria Land, we
conclude the following:

(1) Two stages of magmatic activity dominated by
basalt and syenite formation are identified in the Terra Nova
Complex, Northern Victoria Land.

(2) The middle to late Cambrian basalt and granitic
veins developed in an early magmatic arc setting, with
zircon ages of 504.7 + 3.1 and 495.5 + 4.9 Ma, respectively.

(3) The Early Ordovician syenite and monzodiorite
veins were formed in a collisional environment of late-stage
orogeny, with zircon ages of 485.8 +5.7 and 478 £ 4 Ma,
respectively.

(4) Northern Victoria Land likely underwent a tectonic
transition from subduction to collision and intracontinental
extension over a ~20 Ma period during the late Cambrian
and Early Ordovician.
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