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ABSTRACT: We investigated geochemical characteristics of the
Paleocene-Eocene volcanic rocks in Barton and Weaver peninsu-
las, King George Island, Antarctica. Volcanic rocks are predomi-
nantly tholeiitic, and show geochemical properties typical for
island arc volcanism. The volcanic rocks can be subdivided into
three groups based on the differences of geochemistry and
regional distribution. The group 1 rocks are distributed in Weaver
Peninsula and in the central part of Barton Peninsula. They show
relatively mafic compositions (basalts to basaltic andesites) with
the lowest level of total REEs. The group 2 rocks are widely dis-
tributed in Barton Peninsula, and show intermediate compositions
(basaltic andesites to andesites) with the highest LILE/HFSE and
LREE/HREE ratios. The group 3 rocks occur as intermediate
dikes or plugs along the southern coast of Barton Peninsula. They
generally show similar compositions to those of the group 2, but
have smaller LREE/HREE ratios. The parental magma of the
group 1 seems to be most depleted among three groups, whereas
that of the group 2 rocks enriched in LILEs and LREESs. Predom-
inance of tholeiite series rocks, general absence of the basement
complex, and difficulty of identifying dual volcanic chains suggest
that the Early Tertiary volcanism in King George Island occurred
in an immature island arc without thickened continental-type
crust. Geochemical correlations between volcanic rocks and fos-
silized volcanic vents suggest that volcanic groups can be linked with
vents: the group 1 with Weaver Nunatak, and the group 2 with
Three Brothers Hill, Florence Nunatak and/or Czajkowski Needle.
However, the group 3 seems to be correlative with the Chottaebawi
plug (the Narebski Point), or represent distinct dike swarms.

Key words: island arc volcanism, arc maturity, volcanic vent, Barton
and Weaver peninsulas, King George Island

1. INTRODUCTION

King George Island (KGI) is the largest island in the
South Shetland Islands which were formed in a typical
island arc setting around the northern Antarctic Peninsula,
and consists mainly of subalkaline volcanic and plutonic
rocks of Paleocene to Eocene age (Smellie et al., 1984).
Barton and Weaver peninsulas are located in the southwest-
ern part of KGI (Fig. 1). The geology, geochemistry, and
isotopic nature of volcanic rocks in KGI are documented in
many previous studies (Barton, 1965; Ashcroft, 1972;
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Birkenmajer, 1983, 1998; Smellie et al., 1984; Tokarski,
1988; Park, 1989; Jwa et al., 1992; Lee et al., 1996; Kim et
al., 2000, 2002). However, it still remains unclear what
stage is responsible for the major volcanism in KGI, par-
ticularly in terms of the arc maturity (primitive or mature),
and where the eruption centers are located. Some of erup-
tion centers are preserved as nunataks, which are peaks of
rock appearing above the surface of the inland ice (Figs. 1
and 2). Barton (1965) suggested several fossilized volcanic
centers, which are focused along the three lines parallel to
the paleo-arc of the island. However, he did not resolve pre-
cisely the eruption age of each volcanic center. For exam-
ple, some alkaline volcanic centers, distributed along the
southeastern coast of KGI, have been proved as the Qua-
ternary volcanics temporally related to the opening of the
Bransfield Strait (Jwa et al., 1992), and hence are not
related to the major Paleocene-Eocene volcanism in KGI.
It is thus necessary to investigate the geochemical prop-
erties of volcanic rocks in KGI in order to better understand
the arc maturity during major volcanism and the relation-
ship between volcanic vents and surrounding rocks. In this
study, we report new geochemical data and properties of
volcanic rocks in Barton and Weaver peninsulas, and dis-
cuss the extent of arc maturity during the major volcanism.
In addition, we propose several possible eruption centers
based on geochemical correlations with the nunataks.

2. GENERAL GEOLOGY

The South Shetland Islands (SSIs) are the Jurassic-Qua-
ternary magmatic island arc founded on a basement of
schist, gneiss and deformed sedimentary rocks. The SSIs
form a 550-km-long archipelago at the southwestern end of
the Scotia Ridge, and are separated from the Antarctic Pen-
insula by a marginal basin (Bransfield Strait). Geophysical
evidence suggests that the SSIs lie on small continental
plate (Ashcroft, 1972). This micro-plate may be bounded
by a back-arc spreading ridge in the Bransfield Strait to the
southeast, an oceanic trench to the northwest (along which
subduction has apparently ceased), and transverse faults to
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Fig. 1. A location map of representative fossilized volcanic vents, southwestern King George Island. The inset figure shows the location
of the study area. Solid triangles and solid stars indicate volcanic vents and scientific stations, respectively.

the north and south (Ashcroft, 1972; Barker and Griffiths,
1972).

An ice cap attaining 600 m in average height occupies
most of the interior of KGI. This island is mostly composed
of igneous rocks of pyroclastic, volcanic or plutonic origin.
Contrary to the Livingston Island where the older base-

Fig. 2. Photographs of representative
volcanic nunataks in southwestern
King George Island. (a) The Tower,
(b) Czajkowski Needle, (c) Three
Brothers Hill, and (d) Florence
Nunatak.

ments commonly occur, the basement complex is not
exposed on KGI. The lithostratigraphic division of KGI is
slightly different among various workers. Smellie et al.
(1984) suggested two formations: the lower Fildes Forma-
tion in the western part of KGI and the upper Hennequin
Formation to the east. In contrast, Birkenmajer (1983,
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1998) suggested three tectonic blocks divided by large-scale
strike-slip faults: the Barton and Weaver peninsulas (Barton
Horst) along the central axis of KGI, the Fildes Peninsula
(Fildes Block) to the northwest and Potter Peninsula
(Warszawa Block) to the southeast. He established different
lithostratigraphy for each tectonic block: i.e., the Barton
Horst consists mainly of Paleogene volcanic-sedimentary
complex, whereas the Fildes Block, downthrown with
respect to the Barton Horst, consists of Paleogene part of
the Warszawa Block suite (Birkenmajer et al., 1990). In the
western KGI, quartz dioritic and granodioritic plutons are
observed exclusively in Barton Peninsula. Though the plu-
tons are mainly in fault contact with the surrounding vol-
canic strata, the presence of volcanic enclaves suggests that
the granitic rocks have apparently intruded into the volcanic
strata (Jwa et al., 1992).

Most nunataks in KGI are thought to have been ancient
volcanic centers (Barton, 1965). These nunataks are subal-
kaline basaltic andesites to andesites, and mostly show low-

to medium-K and tholeiite-series geochemical properties
(Lee et al., 1998). However, some nunataks, such as Three
Brothers Hill, Florence Nunatak, and Czajkowski Needle
are distributed along the line of hypersthene-augite andes-
ites of Barton (1965) and commonly show transitional
geochemical nature.

The lithology of Barton and Weaver peninsulas consists
mainly of lavas, pyroclastics, hypabyssal and plutonic rocks
(Fig. 3). The lowermost Sejong Formation (Yoo et al.,
2001), formerly the Lower Volcanic Member (Davis, 1982),
is distributed along the southern and southwestern coasts of
Barton Peninsula, but occurs widely in Weaver Peninsula. It
is largely composed of volcaniclastic sediments with a max-
imum thickness of about 100 m and gently dips to the south
or southwest. Plant fossil leaves in fine-grained sandstones
are suggestive of Late Paleocene to Eocene deposition
(Chun et al., 1994).

Mafic to intermediate volcanic lavas above the Sejong
Formation are widespread in Barton Peninsula. They are



14 Jeong Pil Yeo, Jong Ik Lee, Soon Do Hur and Byeon-Gak Choi

mostly plagioclase-phyric or plagioclase- and clinopyrox-
ene-phyric basalt to andesite. Several units of thick-bedded
lapilli tuffs are intercalated. Although it is difficult to con-
strain the precise eruption ages due to alteration, most lavas
seem to have erupted during Paleocene to Eocene (Pankhurst
and Smellie, 1983; Smellie et al., 1984; Tokarski, 1988;
Park, 1989; Kim et al., 2000; Hur et al., 2001; Willan and
Armstrong, 2002).

Moderate- to small-size plugs and mafic dikes have
intruded the Sejong Formation along the southern coast of
Barton Peninsula. In Weaver Peninsula, east-trending mafic
dikes are common and cut by north-trending dikes.

A granodioritic stock with minor fine-grained diorite
occurs in the northern Barton Peninsula. Park (1989) reported
whole-rock K—Ar ages of 42 to 45 Ma, and comparable
K—Ar biotite ages of 41.91 0.9 Ma and 41.2+ 0.9 Ma are
also reported by Lee et al. (1996). Kim et al. (2000) reported
A1/ Ar age of 48.4% 0.5 Ma for fine-grained diorite. This
pluton is thus interpreted to have intruded in middle
Eocene. Small stocks of medium to fine-grained gabbro,
diorite, and quartz monzodiorite have intruded the Sejong
Formation and the overlying basaltic lava succession in
Weaver Peninsula.

3. OCCURRENCE AND PETROGRAPHY
3.1. Volcanic Rocks

3.1.1. Lavas

Mafic to intermediate volcanic lavas (basaltic andesite to
andesite) overlying the Sejong Formation are widespread in
Barton Peninsula. Small volume of plagioclase-phyric basaltic
andesite lava, overlying or fault-contacted with the Sejong
Formation, is present in the southwestern part of Weaver
Peninsula. These lavas mostly contain euhedral to subhedral
phenocrysts of either plagioclase only or plagioclase and cli-
nopyroxene. Modal contents of phenocrysts are mostly
about 10-20% and less than 40%. Plagioclase phenocrysts
(labradorite to andesine) commonly show normal zoning.
Some mafic lavas are glomeroporphyritic and subophitic.

3.1.2. Dikes

Several mafic plugs and dikes trending toward north or
northwest have intruded the Sejong Formation along the
southwestern coast of Barton Peninsula. They are generally
plagioclase-phyric or massive basaltic andesites, and com-
monly show microscopic flow structures. Moderate-size
volcanic plug around the Chottaecbawi (a penguin rookery
site) has distinct joint patterns, and is proposed as a volca-
nic vent by Tokarski (1988) and Birkenmajer (1998). In
Weaver Peninsula, on the other hand, east-trending basaltic
dikes are abundant. They are plagioclase-phyric or plagio-
clase- and clinopyroxene-phyric basalts of 1 to 5m in
width, and are generally cut by north-trending dikes of sim-

ilar compositions. Dikes of Weaver Peninsula are similar to
mafic lavas in northwestern part of Barton Peninsula in pet-
rographic characteristics.

3.2. Plutonic Rocks

The plutonic rocks in Barton and Weaver peninsulas
show a wide range of modal composition. According to the
classification scheme of IUGS (1973), they are classified
into gabbro, diorite, quartz monzodiorite, granodiorite, and
granite. Granodiorite forms a stock in association with
minor fine-grained diorite in northern Barton Peninsula.
Although granodiorite and diorite show a transitional con-
tact, compositional variation is suggestive of different intru-
sive episodes (Lee et al., 1996). Mafic to intermediate
plutonic rocks such as gabbro, diorite, and quartz monzo-
diorite occur as isolated, small stocks in Weaver Peninsula.

4. GEOCHEMISTRY
4.1. Analytical Procedures

Samples were broken into 1-2 centimeter sized chips, and
then altered parts were removed. The chips were crushed
into coarse grains in a tungsten carbide crusher and finally
ground into fine powder by automatic agate ball mill. The
prepared powders were analyzed for major, trace and rare
earth elements.

Major element compositions were determined by an X-ray
fluorescence spectrometry (XRF, Philips PW1480) using
fused glass beads at Korea Polar Research Institute, Korea
Ocean Research and Development Institute (KORDI), fol-
lowing the procedure outlined by Lee (1994). Trace and
rare earth elements were analyzed by an inductively cou-
pled plasma mass spectrometry (ICP-MS, PerkinElmer,
Elan 6100) at KORDI. The accuracy of the analysis is bet-
ter than 3% for major elements (Lee, 1994), and 5% for
most trace and rare earth elements. The analytical results
are summarized in Table 1.

4.2. Major Element Chemistry

Major element compositions for volcanic rocks are given
in Table 1, and those for plutonic rocks are referred to Lee
et al. (1996). The data of plutonic rocks are plotted together
in the following diagrams because there are fundamental
geochemical differences between plutonic and volcanic
rocks. The subdivision of plutonic rocks is based on the
modal classification (Lee et al., 1996), whereas that of vol-
canic rocks on geochemical properties described below.

The SiO, contents of plutonic rocks widely vary from 48
to 71 wt% defining a relatively simple trend in total alkalis
vs. silica diagram (Fig. 4), whereas those of volcanic rocks
range from 48 to 60 wt% with variable alkali contents. Both
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Table 1. Major, trace and rare earth element compositions of volcanic rocks.

15

Rock Type B B B B B B B B B BA  BA BA BA
Sample No.  0705-3 2908 1129 1507-2 1007  1507-3 0513 1110 1002 1001 2910 1216 2906
Group 1 1 1 1 1 1 1 1 1 1 1 1 |
Sio, 4746  46.04 49.79 50.87  51.39  50.60 49.00 50.51  50.18 4941 49.79 5157 50.04
TiO, 0.47 0.68 0.74 0.70 0.83 0.70  0.61 0.72 058 0.61 0.73 0.73 0.69
ALO; 2123 1794 1942 2247 2051 20.82 1844  19.02  20.80 1933 18.10 1890 17.31
FeO* 8.40 921 882 7.70 8.50 8.06 8125 9.23 719 749 874 8.38 9.07
MnO 0.16 0.14 0.16 0.19 0.16 0.19 0.11 0.15 011 012 0.14 0.18 0.18
MgO 6.77 6.04 5.0 3.89 522 444 3.0 522 480 4.65 452 4.76 3.62
CaO 14.53 10.51 10.96 11.43 8.90 9.37 12.55 9.81 977 838 8.5l 8.26 7.68
Na,O 0.99 1.86  2.76 2.31 3.93 343 205 292 293 341 3.08 3.37 2.76
KO 0.06 0.09 0.28 0.33 0.53 041 0.16 0.21 054 037 025 0.52 2.16
P05 0.07 0.13  0.13 0.12 0.14 0.11  0.11 0.13 0.13 014 0.14 0.22 0.16
LOI 0.34 739  1.25 0.38 0.24 146 450 2.30 317 601 557 3.12 6.55
Total 10048 100.03 99.82 10039 10034  99.59 99.49 10021 10020 99.92 99.57 100.01 100.22
Trace and rare earth elements (in ppm)

Sc 20.9 313 329 20.5 22.6 193 309 30.2 213 240 262 22.8 339
A% 1683 2433 2455 2185 2499 2103 1969 2330 1780 1857 217.8 1893  286.8
Cr 19.0 220 273 5.1 92 8.6 398 11.1 184 190 120 16.3 35
Co 31.6 373 323 16.5 22.9 194 360 32.0 251 269 263 24.8 36.3
Ni 26.8 221 250 11.9 9.6 106 349 15.2 173 156 101 1975 6.0
Cu 502 1227 674 90.8 90.4 107.7 103.3 1952 574 958 1151 106.8  153.8
Zn 38.5 744 68.1 423 63.8 503 679 70.0 479 622 644 90.2 1329
Ga 12.9 194 19.0 14.5 15.1 151 190 19.3 188 187 19.0 18.6 28.5
Mo 0.2 0.7 0.8 0.2 0.2 0.1 0.5 0.6 0.6 0.5 0.7 0.7 1.2
Sn 0.4 1.9 0.7 0.5 0.7 0.6 0.5 0.5 1.9 1.9 2.0 0.6 2.7
Cs 0.6 0.6 0.1 2.8 L5 3.9 0.6 0.0 0.3 0.7 0.5 0.4 3.6
Ba 28.5 529 1121 79.1 95.9 79.0 927 113.0 127.5 1032 1288 1809 283.6
Rb 0.4 1.3 2.6 39 9.2 75 1.2 1.0 54 5.0 4.1 53 60.7
Sr 414.6 5233 5445 556.8  717.0 7215 5752 6115  609.8 6844 7302 5254 7719
Y 6.5 11.8 132 8.2 11.1 93 112 12.1 93 109 125 13.1 20.3
Zr 28.8 405 373 36.4 50.5 51.6 523 38.8 263 464 583 22.5 84.5
Nb 0.5 1.0 1.2 0.7 1.3 1.2 L5 0.9 1.0 1.2 15 1.5 1.8
Hf 1.0 1.2 1.1 1.4 1.8 1.8 1.4 1.1 0.8 1.3 1.6 0.7 2.3
Ta 0.0 0.1 0.2 0.0 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.2
W 12.5 0.1 0.1 4.6 16.7 2.8 0.1 0.1 0.1 0.1 0.1 0.1 02
Pb 3.1 2.9 3.0 25 6.1 25 139 35 32 34 4.2 33 72
Th 1.1 0.8 0.6 1.1 1.1 1.2 0.9 0.7 0.7 0.8 2.2 0.6 4.0
U 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.6 0.2 0.9
La 5.6 5.1 5.8 59 7.0 6.4 7.8 52 55 6.4 11.1 6.6 20.0
Ce 11.3 127 145 13.6 16.1 146 184 12.7 133 153 251 16.4 43.6
Pr 1.6 1.8 2.0 2.0 24 22 2.5 1.8 1.8 2.1 3.1 23 54
Nd 72 9.0 102 9.5 11.6 101 117 9.0 9.0 100 141 11.2 23.6
Sm 1.7 2.4 27 2.4 3.0 2.6 29 2.4 2.3 2.5 32 2.8 53
Eu 0.6 0.8 1.0 0.9 1.1 0.9 0.9 0.9 0.8 0.9 1.0 1.0 1.7
Gd 1.8 23 2.4 25 3.1 2.6 24 23 2.0 22 2.6 2.6 4.4
Tb 0.3 0.4 0.4 0.4 0.5 04 0.4 0.4 0.3 0.3 0.4 04 0.7
Dy 1.5 22 2.4 2.1 2.6 22 2.2 23 1.9 2.1 24 25 4.0
Ho 0.3 0.5 0.5 04 0.5 0.4 0.5 0.5 0.4 0.4 0.5 0.5 0.8
Er 0.8 1.3 1.4 1.1 1.5 1.2 1.2 1.3 1.0 1.2 1.4 1.4 22
Tm 0.1 0.2 0.2 02 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.3
Yb 0.7 1.1 1.2 1.0 1.3 1.1 1.0 1.2 0.9 1.0 1.2 1.2 1.9
Lu 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.2 0.2 0.3

Abbreviations: B, basalt; BA, basaltic andesite; A, andesite.
*total Fe as FeO, LOI: loss on ignition
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Table 1. (Continued).

Rock Type BA BA BA BA BA BA BA BA BA BA BA BA BA BA BA
SampleNo. 2909 1215 1505 1503 1003 1213 1103 1002 1502 0705-1 1817 0930 0906 0201 0911
Group 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2
Si0, 5156 53.02 5422 5423 5241 5342 5420 5522 5569 56.06 52.88 5340 53.10 53.14 53.67
TiO, 094 076 094 075 068 073 076 061 068 099 078 075 075 082 0.70
ALO; 1678 1874 1773 19.05 18.02 1846 1875 1950 19.08 1894 18.03 18.03 17.06 1824 1791
FeO* 1035 888 946 887 7.82 863 864 690 699 785 836 869 811 897 795
MnO 0.18 016 020 016 013 016 014 017 014 016 015 013 012 012 0.16
MgO 409 441 418 410 396 431 441 412 405 315 455 438 476 337 417
CaO 804 843 821 897 842 820 842 8359 951 712 815 825 813 722 826
Na,O 3.87 332 434 310 332 317 326 383 307 388 335 325 274 339 279
KO 0.15 067 024 021 130 045 026 028 019 166 1.06 113 152 097 022
P05 0.18 020 -019 017 017 020 019 013 017 031 026 022 024 027 020
LOI 382 130 039 035 356 217 082 076 042 036 195 146 338 378 3.86
Total 99.96 99.89 100.08 99.96 99.79 99.90 99.85 100.11 99.98 10046 99.51 99.69 99.92 100.29 99.90
Trace and rare earth elements (in ppm)

Sc 373 239 262 203 249 240 251 160 170 191 284 253 248 275 247
v 3122 1935 2925 2048 1945 1945 1932 139.1 211.6 2010 2207 1945 1760 222.1 183.6
Cr 02 18.0 43 80 139 156 200 183 207 36 224 203 119 141 7.1
Co 287 281 192 206 247 258 270 264 184 128 270 266 207 240 246
Ni 26 129 156 59 106 91 132 131 135 104 163 167 7.0 138 643
Cu 1802 1040 1339 860 100.6 1039 1788 529 883 1119 1157 978 1446 160.1 774
Zn 924 840 8.7 655 759 630 770 553 620 704 823 814 773 824 844
Ga 220 196 163 162 199 207 199 149 168 158 204 208 196 212 197
Mo 0.9 0.8 0.5 0.6 1.4 1.1 0.8 0.8 0.8 0.2 1.8 2.0 1.1 1.2 0.6
Sn 2.0 0.7 1.1 1.0 2.3 0.8 0.7 0.8 0.9 0.8 0.9 1.1 1.2 1.2 0.9
Cs 1.2 0.6 0.6 04 0.4 0.3 0.2 0.1 0.3 2.6 0.2 0.2 1.3 1.0 0.1
Ba 93.9 1824 111.3 1206 2657 149.1 1625 1345 1428 2209 2545 257.8 6003 466.6 1733
Rb 3.1 6.4 1.9 1.8 17.1 6.0 2.0 2.5 07 224 144 133 491 122 1.1
Sr 8234 568.0 5937 549.9 750.6 5449 606.0 501.8 639.0 4403 6024 6456 5356 7939 3588.6
Y 17.0 143 127 122 149 147 142 92 91 144 185 196 224 192 173
Zr 651 452 51.6 597 885 423 522 435 767 672 1058 1353 1534 1284 1097
Nb 1.8 1.6 1.0 1.3 21 1.7 1.6 1.8 2.1 1.5 22 29 32 3.0 3.0
Hf 1.8 1.3 2.0 20 2.5 1.2 1.5 1.1 27 24 2.8 34 42 33 2.7
Ta 04 0.1 0.1 0.1 0.2 02 0.2 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.6
w 0.2 0.1 92 332 0.2 0.1 0.1 820 29 335 0.2 0.2 0.2 0.2 0.2
Pb 3.6 2.6 2.9 33 133 4.8 3.8 3.1 7.3 44 5.8 54 6.0 5.9 54
Th 1.2 0.8 1.3 3.2 4.0 0.7 0.7 0.8 2.1 1.8 23 2.7 3.6 25 2.4
U 0.4 0.3 0.4 0.6 1.3 0.3 0.2 0.2 0.7 0.4 0.9 0.8 1.4 0.9 0.7
La 89 79 88 133 140 84 7.5 6.0 77 120 147 141 198 167 120
Ce 216 190 200 270 316 199 180 131 175 265 348 336 470 396 285
Pr 3.0 2.6 3.1 3.7 39 2.6 2.5 1.9 2.5 3.9 4.6 42 5.9 5.0 3.7
Nd 145 125 145 159 178 126 119 88 11.0 179 215 195 271 232 171
Sm 3.8 3.1 3.8 3.6 39 3.1 3.0 2.2 2.7 4.3 5.0 4.5 6.0 53 39
Eu 1.3 1.1 1.4 1.2 1.2 1.1 1.0 0.9 0.9 1.6 1.4 1.3 15 1.4 1.1
Gd 34 2:7 3.8 3.6 3.2 2.1 2.1 24 2.7 4.3 4.1 3.8 5.0 4.3 34
Tb 0.5 0.4 0.5 0.5 0.5 04 0.4 0.4 0.4 0.6 0.6 0.6 0.7 0.6 0.5
Dy 3.3 2.6 3.2 2.8 3.0 2.6 2.6 2.2 23 35 3.7 3:5 4.5 3.9 3.2
Ho 0.7 0.5 0.6 0.5 0.6 0.5 0.6 0.4 0.4 0.6 0.8 0.7 0.9 0.8 0.7
Er 1.8 1.5 1.7 1.5 1.7 1.5 1.5 1.2 1.3 1.9 2.0 2.0 2.5 2.1 1.8
Tm 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.2
Yb 1.6 1.4 1.6 1.4 1.4 1.3 1.4 1.1 1.3 1.8 1.7 1.7 2.1 1.7 1.6
Lu 0.2 02 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.3 0.3 0.2
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Table 1. (Continued).

Rock Type ~ BA BA BA BA A A A A A BA BA BA BA BA A
Sample No. 0926 0929 0605 2512 2102 0205 1112 2322 0902 1105 1105-1 1105-2 0107 0108 0601

Group 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3
Si0; 5455 54.84 5425 5490 5537 5506 5722 57.65 58.60 56.70 5476 55.89 55.18 5590 56.46
TiO, 073 070 083 078 076 082 1.04 1.03 08 144 139 140 112 108 091
ALO; 1772 1797 17.60 17.64 1448 1721 1584 1577 1673 1610 15.67 1584 1845 17.68 17.99
FeO* 771 768 747 796 794 733 821 833 667 996 953 965 819 793 733
MnO 0.14 015 013 013 013 012 015 014 012 019 0.7 018 015 021 0.16
MgO 429 346 265 336 407 274 319 300 219 348 393 395 347 311 307
CaO 831 824 826 696 803 625 527 517 525 692 751 680 674 653 726
Na,O 276 277 326 338 281 341 345 396 3.68 397 3.08 320 440 460 3.95
K,O .16 106 074 1.13 175 175 273 229 249 19 177 165 037 111 1.21
P,0s 021 019 027 025 021 031 042 041 037 046 043 044 027 032 027
LOI 276 311 426 329 426 467 236 227 304 021 159 072 162 201 148
Total 100.31 100.17 99.70 99.78 99.79 99.66 99.87 100.02 99.98 101.37 99.81 99.72 99.95 100.48 100.09
Trace and rare earth elements (in ppm)

Sc 236 243 261 254 253 232 266 249 291 268 286 239 241 240 228
\% 1852 1820 195.1 199.7 1859 170.1 2160 1858 2072 2550 261.2 2339 2522 1351 1952
Cr 181 125 103 100 152 107 0.4 1.5 312 85 104 9:2 1.2 0.8 43
Co 247 265 214 222 256 202 182 176 286 233 166 161 179 142 125
Ni 62.1 122 8.1 69 120 8.1 24 35 157 6.7 7.6 7.3 3.7 14 120
Cu 129.2 1335 1262 1239 1598 879 2040 1859 1085 1339 3052 2265 1553 533 1089
Zn 90.5 828 792 759 768 81.1 100.8 8.1 8.1 773 750 701 821 698 593
Ga 195 199 210 206 199 203 212 194 197 147 140 131 174 153 152
Mo 1.8 1.6 1.2 1.2 1.5 1.1 2.5 2.1 1.0 1.2 1.1 1.2 1.3 0.7 0.8
Sn 1.1 1.2 1.1 1.2 12 1.5 1.6 1.6 1.0 1.6 1.5 1.5 1.3 1.6 1.2
Cs 0.1 0.1 0.8 0.9 1.1 1.8 1.0 0.4 0.3 0.3 0.3 04 2.6 0.7 0.6
Ba 432.6 333.0 2993 350.5 301.7 4024 4503 446.6 336.8 3500 2773 304.1 1949 2835 4070
Rb 115 102 87 146 265 348 441 429 233 203 206 215 42 119 130
Sr 571.8 5413 691.6 7682 5584 8227 5214 4502 621.1 397.1 359.0 3854 5947 4272 483.6
Y 184 206 214 207 193 254 319 300 193 229 237 219 191 203 131
Zr 131.1 1493 131.6 1373 899 1873 2147 2047 119.7 1602 151.0 1464 1003 107.1 133.7
Nb 2.9 34 3.1 2.8 4.0 42 4.4 43 3.0 5.1 5.0 4.8 42 3.8 2.7
Hf 33 3.7 8id 8.7 2.3 4.8 5.4 54 32 4.9 4.8 49 35 3.6 4.5
Ta 0.3 0.3 0.2 0.2 0.7 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.2 0.2
w 0.2 0.2 0.2 0.2 0.4 0.2 0.3 0.4 0.7 428 1.1 09 246 18.6 8.9
Pb 7.3 6.9 9.1 7.5 6.2 6.1 6.9 7.7 5.1 6.1 5.2 54 5.1 54 4.2
Th 2.8 3.2 29 29 35 3.9 4.2 4.0 2.8 3.8 4.1 4.0 24 2.5 3.0
U 0.8 1.0 0.9 1.1 1.2 1.4 1.4 1.3 1.0 0.9 0.9 0.9 0.6 0.5 0.7
La 156 170 179 180 166 242 277 263 173 183 199 198 138 148 178
Ce 37.1 400 422 421 391 570 654 617 406 395 429 428 298 313 400
Pr 4.6 49 5.4 54 4.9 7.1 8.2 7.8 5.1 5.7 6.2 6.1 43 45 5.6
Nd 211 224 250 248 225 325 377 358 237 255 274 271 197 206 247
Sm 4.8 5.1 S 55 5.1 72 84 79 52 6.0 6.5 6.4 4.8 5.0 5.7
Eu 1.3 1.3 1.5 1.4 1.3 1.7 2.0 1.8 1.4 1.7 1.8 1.8 1.6 1.7 1.7
Gd 3.9 42 4.6 4.6 4.1 5.7 6.8 6.6 4.3 6.1 6.6 6.4 49 52 55
Tb 0.6 0.6 0.7 0.7 0.6 0.8 1.0 1.0 0.7 0.9 1.0 0.9 0.7 0.8 0.8
Dy 85 3.8 4.1 4.1 3.7 5.0 6.0 5.9 3.9 53 5.6 54 4.4 45 42
Ho 0.7 0.8 0.8 0.8 0.8 1.0 1.2 1.2 0.8 1.0 1.0 1.0 0.8 0.8 0.8
Er 1.9 2.1 22 22 2.0 2.7 33 32 2.1 29 3.0 3.0 2.5 2.6 2.2
Tm 0.3 0.3 0.3 0.3 0.3 0.3 0.4 04 0.3 0.4 0.4 0.4 0.3 0.4 0.3
Yb 1.6 1.8 1.9 1.9 1.7 22 2.7 2.6 1.7 2.7 2.8 2.7 23 2.4 2.0

Lu 0.3 0.3 0.3 0.3 0.2 0.3 0.4 0.4 0.3 0.4 0.4 0.4 0.3 0.3 0.3
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rock types belong to subalkaline series, and the majority of
compositional data overlap, except for the absence of felsic
volcanic rocks.

Figure 5 shows the FeO*/MgO versus SiO» relations (so
called Miyashiro diagram) of volcanic and plutonic rocks.
Miyashiro (1974) suggested several geochemical schemes
for dividing subalkaline rocks into tholeiitic (TH) and calc-
alkaline (CA) series in active arc environments because the
proportion of TH and CA series basically depends on the
arc maturity. Among these schemes, he suggested that the
FeO*/MgO versus SiO, relation is most reliable. In prac-

(1971). Volcanic rocks are subdivided
into three groups, as explained in text.

tice, however, because the CA series shows higher rates of
the SiO, increase with increasing FeO*/MgQO, the slope of
a rock series in Figure 5 is more important than the empir-
ical division line. Thus the CA and TH series are defined as
having steeper and gentler slopes, respectively. The plutonic
rocks in Barton and Weaver peninsulas with a steep slope in
Figure 5 are interpreted as the CA series, although gabbros
and diorites are plotted in the field of TH series. On the
contrary, the majority of volcanic rocks are plotted in the
field of TH series with a slope similar to that of the empir-
ical division line. Hence we interpret that the volcanic rocks
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Fig. 5. FeO*/MgO versus SiO; diagram for discriminating calc-
alkaline and tholeiitic rock series. The symbols are the same as in
Fig. 4.

belong to the TH series, in contrast to most of previous
studies (e.g., Birkenmajer, 1983, 1998; Smellie et al., 1984)
favoring the CA series. Jwa and Lee (1992) also suggested
that the volcanic rocks of Fildes Peninsula in the western-
most KGI show, as a whole, tholeiitic nature. Thus we
interpret that the majority of volcanic rocks in the western
KGI were originated from tholeiitic parental magmas. The
implication of this interpretation for understanding the arc
maturity will be discussed in the following section.

The AFM diagram is commonly used for the discrimi-
nation between CA and TH rock series, and can give us
additional information (Fig. 6). The plutonic rocks differ-
entiate from gabbro to aplitic granite without significant
enrichment of total Fe (FeO*), and follow a typical CA
series trend (Fig. 6a). However, the differentiation trend of
volcanic rocks is not easily defined (Fig. 6b). They do not
show the enrichment of alkali component and the increase
of FeO*/MgO ratios. This feature is common to the TH
series lacking in differentiated felsic member. Osborn (1962)
explained chemical differences between the CA and TH
series by the variation in oxygen pressure conditions: i.e., as
magnetite is unstable under low oxygen pressure condition,
the melt is gradually enriched in the Fe component and pro-
duces tholeiitic rocks. Differences between CA and TH
rock series are also attributed to variable H,O contents of
primary magmas (Sakuyama, 1979; Tatsumi and Eggins,
1995). Primary magma of tholeiitic rocks seems to be

FeO*

(a)

Tholeiitic
A

Na,0+K,0

(b)

Tholeiitic

A A V] AVA A V) A

Na,0+K,0

MgO

Fig. 6. The AFM diagrams of (a) plutonic and (b) volcanic rocks.
The boundary between tholeiite and calc-alkaline series is from
Irvine and Baragar (1971). The symbols are the same as in Fig. 4.

derived from a dry condition in the trench side of an arc
environment.

Variation diagrams of plutonic rocks show simple frac-
tionation trends governed by ferromagnesian minerals and
calcic plagioclase, except for some samples with high
modal contents of plagioclase (Fig. 7). The ALOs, FeO*
(total Fe) and CaO contents progressively decrease with
decreasing MgO content. The Na,O and P,Os contents
increase from mafic to intermediate compositions, and then
decrease toward felsic compositions. This inflection is
attributed to the fractionation of sodic plagioclase and apa-
tite. The SiO, content progressively increases with decreas-
ing MgO content, but below about 3 wt% MgO, it increases
more significantly. Abrupt increase in the SiO, content is
likely to indicate the fractionation of Fe-Ti oxides and apa-
tite. These variation trends suggest that the plutonic rocks
were originated from an identical parental magma, though
they form separate, isolated stocks. The relatively well-
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defined differentiation trend in the AFM diagram (Fig. 6)
also supports an evolution from single parental magma.

Volcanic rocks are predominated by basaltic andesites
with variable Na,O+K,0 contents, and lack in felsic com-
positions (Fig. 4). Volcanic rocks with 3 to 5 wt% MgO are
highly variable in other oxide contents, particularly in TiO»,
FeO*, Na,O, and P,Os contents (Fig. 7). This high vari-
ability of major element compositions seems to reflect dif-
ferences in the parental magma composition, though the
majority of volcanic rocks broadly show tholeiitic nature. A
rather complex differentiation trend in the AFM diagram
(Fig. 6) may represent a composite plot of various fraction-
ation trends from different parental magmas.

According to regional distribution and major element
chemistry, we divide the volcanic rocks into three groups
(Fig. 8). The group I rocks are distributed in whole Weaver
Peninsula and in the central part of Barton Peninsula
bounded by faults trending NW and WNW. They show rel-
atively mafic compositions (basalts to basaltic andesites)
with higher MgO, CaO, and AlL,O; and lower Si0,, K0,
and P-Os contents than the group 2 rocks (Figs. 4 and 7).
Some variation trends (e.g., Na,O vs. MgO and SiO; vs.
MgO) show apparently different fractionation trends. The
group 2 rocks are predominantly distributed in Barton Pen-

T < ‘'
S847W A \eaver Nunatak e !

B . Ice cap

Marian Cove

6212's

King Scjong Station .~

Group 1 Group2 Group3  ~

tha
0 1km Chotlaebawi
i

Fig. 8. A map showing regional distribution of three groups of vol-
canic rocks.

insula, and show intermediate compositions (basaltic andes-
ites to andesites) with significantly higher P,Os, K,O, and
Si0, and lower MgO, CaO, and Al,Os contents than the
group 1 rocks. The group 3 rocks occur as intermediate
dikes or plugs along the southern coast of Barton Peninsula.
They generally show similar compositions to the group 2
rocks, but significantly higher P,Os, Na,O, and TiO, con-
tents than the group 2 rocks at a given MgO content (Fig.
7). These spatial distributions and chemical differences of
volcanic rocks may reflect the complexity of parental
magma compositions.

4.3. Trace and Rare Earth Element Chemistry

Representative trace element variations of volcanic rocks
are shown in Figure 9. Most incompatible elements (except
Sr) and high field strength elements (HFSEs) are positively
correlated with Zr concentrations. The group 1 rocks show,
in general, the lowest concentrations of trace elements and
are most depleted. In some diagrams (Y vs. Zr, Th vs. Zr and
U vs. Zr), differentiation trends or slopes of group 1 rocks
are different from those of the group 2 ones. The group 3
rocks commonly show intermediate compositions between
the group 1 and 2 rocks, but they have significantly higher
Nb and Hf, and lower Sr and U concentrations than the
group 2 rocks at the similar range of Zr concentrations.

In the primitive mantle-normalized trace element varia-
tion diagrams (Fig. 10), all the volcanic rocks are relatively
enriched in large ion lithophile elements (LILEs) and show
prominent negative Nb anomalies. Both features are char-
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Fig. 9. Variation diagrams of representative trace elements in vol-
canic rocks.

acteristic for subduction zone magmatism (McCulloch and
Gamble, 1991). However, average composition of each
group varies. The group 1 rocks have the minimum con-
centrations of most elements, and the maximum positive

anomalies of Pb and Sr. The group 2 and 3 rocks generally
show similar trace element patterns, but the former has
higher concentrations of LILEs (Rb, Ba and U) and lower
concentrations of high field strength elements such as Ti
and Yb.

All the rare earth elements (REEs) are positively corre-
lated with Zr concentrations (Fig. 11). The group 1 rocks
have relatively depleted nature in both light rare earth ele-
ment (LREE) and HREE compositions, compared to the
group 2 and 3 rocks. The group 2 and 3 rocks show similar
compositions of LREEs (La and Nd), but the latter has sig-
nificantly higher HREE compositions (Gd and Yb). All the
volcanic rocks show subparallel REE patterns with LREE
enrichment and a continuous decrease toward HREE (Fig.
12). The group 1 rocks have the lowest level of total REEs,
and show weakly positive Eu anomalies. Though the group
2 and 3 rocks display similar range of total REEs, the aver-
age compositions of HREEs are different (Fig. 12d). The
group 2 rocks contain smaller amounts of HREEs, and thus
have steeper LREE/HREE ratios.

The differences of trace and rare earth element compo-
sitions among three groups may reflect intrinsic geochem-
ical variations in parental magmas. Parental magma of the
group 1 rocks should be mostly depleted, whereas that of
the group 2 rocks mostly enriched in LILEs and LREEs.

5. DISCUSSION
5.1. Tectonic Setting and Arc Maturity

All the geochemical signatures indicate that the volcanic
rocks in the study area were derived from an arc environ-

ment. During the Early Tertiary time, King George Island
was situated in an active continental margin around the

Fig. 10. Primitive mantle-normalized
trace element patterns of volcanic
rocks. (a) Group 1, (b) group 2, (c)
group 3, and (d) average compositions
of each group. Compositions of prim-
itive mantle are from Sun and McDon-
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northern Antarctic Peninsula (Smellie et al., 1984). Previ-
ous studies did not pay much attention to the arc maturity
of the South Shetland Islands, which is basically related to
the development of continental-type crust beneath volcanic
arc. According to Miyashiro (1974), major rocks in imma-
ture island arcs are commonly basalts and basaltic andesites
of the TH series, whereas those in mature ones are andesites
and dacites of the TH and CA series. The main volcanic
rocks in continental margins are andesites, dacites, and rhy-
olites of the CA series.

Furthermore, the proportion of CA series rocks among all
the volcanic rocks tends to increase with the development
of continental-type crust. For example, the representative
immature island arcs (Tonga and North Mariana arcs) have

1 1 1 L 1 L 1 1 1 1 L 1 1
La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

from Nakamura (1974).

less than 10% CA series rocks and a very thin crust (pos-
sibly oceanic, <15 km), whereas a well-developed North-
east Japan arc has about 50% CA series rocks, and its
crustal thickness is about 30 km. Moreover, a mature island
arc tends to have dual volcanic chains along the arc direc-
tion (Kushiro, 1987): i.e., TH series on the trench side and
CA series on the continental side. The Central Andes, rep-
resentative continental arc with thick crust, consists prima-
rily of CA series rocks (greater than 95%).

Consequently, the predominance of TH series rocks sug-
gests that the Early Tertiary volcanic activity in KGI
occurred in a comparatively immature island arc, though
KGI was situated close to the Antarctic Peninsula which is
generally considered as a thickened continental margin. The
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lack of basement complex in KGI supports this possibility.
The dual volcanic chains are not easily recognized in KGI,
though Barton (1965) suggested several lines of volcanic
centers parallel to the paleo-arc. The volcanic centers (such
as Three Brothers Hill, Florence Nunatak, and Czajkowski
Needle; Fig. 1) along the line of hypersthene-augite andes-
ites (Barton, 1965) can be considered a continental-side CA
series chain, but they are not typically calc-alkaline andes-
ites but transitional basaltic andesites (Lee et al., 1998).
Furthermore, one volcanic center (The Tower; Figs. 1 and
3) which is situated further inside the paleo-arc shows typ-
ical TH series geochemical nature. It is thus apparent in KGI
that the typical dual volcanic chains are ambiguous, and the
Placocene-Eocene, TH series volcanism occurred in an imma-
ture island arc without thickened continental-type crust.

5.2. Geochemical Correlation with Fossilized Volcanic
Vents

Volcanic nunataks, such as Three Brothers Hill, Florence
Nunatak, and Czajkowski Needle, in the southwestern KGI
have been considered as fossilized volcanic vents (Barton,
1965). In addition, Weaver Nunatak and The Tower have
been newly recognized as ancient volcanic vents (Lee et al.,
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1998). These vents comprise subalkaline basaltic andesites
to andesites showing low- to medium-K and broadly TH
series geochemical nature.

It is remarkable that trace and rare earth element
geochemistries are almost identical between basaltic andes-
ites of Weaver Nunatak and the group 1 rocks (Figs. 13a
and b), between basaltic andesites of Three Brothers Hill,
Florence Nunatak, and Czajkowski Needle and the group 2
(Figs. 13¢ and d), and between The Tower and the group 3
(Figs. 13e and f). These three pairs of correlated volcanic
rocks mostly have negative anomalies for HFSEs such as
Nb, Zr, and Ti, together with positive anomalies for LILEs
such as Ba, Sr, and Pb (Fig. 13). However, anomaly pat-
terns are different between each pair. The first pair (group
1 and Weaver Nunatak) has the lowest total REE contents
and shows strong positive anomalies for Sr and negative
anomalies for Zr, indicating the most depleted nature
among the three pairs. The other pairs show similar REE
patterns, but the second pair (Figs. 13c and d) shows lower
levels of HREES, and thus steeper LREE/HREE ratios (i.e.,
more incompatible nature). Based on these geochemical
correlations, we suggest that each volcanic group in Barton
and Weaver peninsulas has formed from different volcanic
vents: the group 1 from Weaver Nunatak, and the group 2
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from Three Brothers Hill, Florence Nunatak and/or Cza-
jkowski Needle. However, the group 3 rocks are not
directly derived from The Tower vent, because the latter is
at least 30 km away from Barton Peninsula, and the former
commonly occur as dikes or plugs. From the structural
analysis, the Polish geologists (Tokarski, 1988; Birkenma-
jer, 1998) considered a moderate-size plug with 500 m in
diameter (the Chottaebawi; the Narebski Point in Polish lit-
eratures) in the southern coast of Barton Peninsula as one of
big fossilized volcanic vents. The vertical, platy thermal
joints are well developed in the eastern part of the plug, and
become columnar fan-like ones in its central part. It is thus
likely that the group 3 rocks were directly derived from the
Chottaebawi plug, or occurred as individual dike swarms.
Nevertheless, the geochemical similarity suggests that the
group 3 rocks and The Tower are consanguineous.

Finally, it is interesting to note variable occurrences of the
group 1 volcanic suite, predominantly forming a dike
swarm in Weaver Peninsula but exclusively emplaced as
lava flows in Barton Peninsula. The lowermost volcaniclas-
tic member of the study area, Sejong Formation, is only dis-
tributed in the lower stratigraphic level of Barton Peninsula,
but occurs widely in Weaver Peninsula. This observation
indicates that Weaver Peninsula has been uplifted relative to
Barton Peninsula. If this is the case, the rocks of Weaver
Peninsula would have originally formed at deeper depths
than those of Barton Peninsula, but tectonic uplifts could
have brought the former to the level comparable to the lat-
ter. A large-scale fault is further envisaged between Weaver
and Barton peninsulas. It may run parallel to the NE-trend-
ing axis of Marian Cove.

6. CONCLUSIONS

1) The Paleocene-Eocene volcanic rocks in Barton and
Weaver peninsulas, King George Island, show geochemical
properties pertinent to island arc volcanism. The majority of
these volcanics were originated from tholeiitic parental
magmas. In contrast, major element compositions of plu-
tonic rocks are accounted for by simple fractionation from
a calc-alkaline parental magma.

2) Volcanic rocks can be subdivided into three groups
based on geochemical characteristics as well as regional
distribution. The group 1 rocks are distributed in Weaver
Peninsula and in the central part of Barton Peninsula
bounded by faults trending NW and NWW. They show rel-
atively mafic compositions (basalts to basaltic andesites)
with higher MgO, CaO, and ALLOs; and lower SiO», K>0,
and P,Os contents than the group 2 rocks. The group 2
rocks are widely distributed in Barton Peninsula, and show
intermediate compositions (basaltic andesites to andesites)
with significantly higher P,Os, K;O, and SiO, and lower
MgO, Ca0O, and Al,O; contents than the group 1 rocks. The
group 3 rocks occur as intermediate dikes or plugs along the

southern coast of Barton Peninsula. They generally show
similar compositions to the group 2 rocks, but contain sig-
nificantly higher P,Os, Na,O, and TiO, contents than the
group 2 rocks.

3) The group 1 rocks have the lowest level of total REEs,
and show weakly positive Eu anomalies. Although the
group 2 and 3 contain similar amounts of total REEs, the
group 2 rocks are lower in HREE contents, and thus have
steeper LREE/HREE ratios. The parental magma of the
group 1 is most depleted, whereas that of the group 2 most
enriched in LILEs and LREEs.

4) Predominance of tholeiite series rocks, general absence
of basement complex, and difficulty of identifying dual vol-
canic chains suggest that the Early Tertiary volcanism in
King George Island occurred in an immature island arc
without thickened continental-type crust.

5) Based on the geochemical correlations between vol-
canic rocks and fossilized volcanic vents, each volcanic
group in Barton and Weaver peninsulas can be correlated
with its possible vent: the group 1 with Weaver Nunatak,
and the group 2 with Three Brothers Hill, Florence Nunatak
and/or Czajkowski Needle. However, the group 3 seems to
have been derived from the Chottaebawi plug (the Narebski
Point), or occurred as individual dike swarms, because The
Tower vent, chemically identical to the group 3, is far away
from Barton Peninsula.
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