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ABSTRACT: We report Wollabong-Gusan volcanoes as the oldest twin volcanoes among the exposed volcanoes
in Jeju Island. We studied geology and stratigraphy, and reconstructed eruptive histories of Wollabong-Gunsan
volcanoes, located in the southwestern part of Jeju Island, on the basis of field investigation, petrography, analyses
of rock compositions and Ar-Ar age dating of lavas, and reinterpretation of existing borehole logs from surrounding
boreholes. Wollabong-Gunsan volcanoes are composed of Lower Volcaniclastic Deposit-I (LVD-I), Alkali Basalt-I
(AB-I), Lower Volcaniclastic Deposit-II (LVD-II), Basaltic Trachyandesite-I(BTA-I), Basaltic Trachyandesite-11
(BTA-II), Upper Volcaniclastic Deposit-Aggregate & Scoria (UVD-Ag & Sc) and Alkali Basalt-1I (AB-II) in an
ascending order, and contacted with Trachybasalt lava flow (TB: porphyritic feldspar basalt) in the west and
northwest of Wollabong. Also, the occurrence of the older basaltic lava flows such as AB-I, which have been
identified as intercalating with Seogwipo Formation in borehole cores is newly reported at the sea shore of
Bagsugijeong and the Ar-Ar ages of AB-I range from 917.7+23.2 ka to 915.6+11.5 ka. From ca. 920 ka to 830
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ka, Wollabong-Gunsan twin volcanoes might have formed in series of volcanic activities from the initiation of
phreatomagmatic eruption of basaltic magma to the completion of magmatic eruption of lava flows in the composi-
tion of basaltic trachyandesite to trachyandesite. About 530ka after long dormancy for ca. 300 ka, alkali basaltic
lava (AB-II) might have exploded right after Strombolian eruption from Gunsan volcano only due to reactivation
of volcanic activities, and flowed to the south of Daepyeongri, finally to form the coastal topography. About 120~110
ka after long period of erosion stage of twin volcanoes since last eruption, aa lava flows in the composition of trachy-
basalt which was exploded from the adjacent volcano might have flowed to the west of Wollabong and the north
of Gunsan, and formed later Changgocheon (Stream) along the boundary with Wollabong-Gunsan volcanoes. We
suggest that along with volcaniclastic units of Yeongmeori Tuff Ring, LVD of Wollabong-Gunsan volcanoes are
correlated with Seogwipo Formation and that Wollabong-Gunsan-Yeongmeori-Sanbangsan-Gapado are the belt
of the oldest volcanoes in Jeju Island that enable us to observe the records of volcanic activities during the period
from ca. 1 Ma to 800 ka. In addition, this study reveals that Gunsan volcano has no geologic relationship with a
historical record of volcanic activity in 1007 A.D. (the 1o® year of King Mokjong, Goryeo Dynasty).

Key words: Wollabong, Gunsan, Ar-Ar age, the oldest twin volcanoes, Seogwipo Formation
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of Korea; Chang Seong Koh and Jae Young Im, Jeju National University, Jeju 63243, Republic of Korea, Yongmun
Jeon, Jeju World Natural Heritage Headquarters, Jeju Special Self-Governing Province, Jeju 63341, Republic of Korea)
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Fig. 1. Bird's-eye view of the studied area, Jeju Island (photo by Heui Jun Jeong). EL - elevation.
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Table 1. Sample locations of volcanic rocks in the studied area, Jeju Island.

ID Latitude Longitude Stratigraphy
DP-1 33.240792 126.358978 Alkali Basalt-I
DP-2 33.237025 126.357822 Alkali Basalt-I
DP-3 33.240353 126.359419 Basaltic Trachyandesite-11
DP-4 33.246361 126.361239 Basaltic Trachyandesite-11
DP-5 33.255128 126.351661 Trachybasalt
DP-6 33.254225 126.350161 Trachybasalt
DP-7 33.251608 126.349147 Trachybasalt
DP-9 33.243931 126.341944 Basaltic Trachyandesite-11
DP-10 33.236819 126.345781 Basaltic Trachyandesite-11
DP-11 33.250803 126.355378 Basaltic Trachyandesite-11
DP-12 33.250742 126.354808 Basaltic Trachyandesite-11
DP-13 33.242444 126.348414 Basaltic Trachyandesite-11
DP-18 33.257156 126.352081 Basaltic Trachyandesite-11
DP-101 33.248953 126.357025 Alkali Basalt-II
DP-2015 33.235997 126.354655 Basaltic Trachyandesite-I
SE06* 33.238341 126.349591 Basaltic Trachyandesite-II

*data from Koh et al. (2013).
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Fig. 2. The geologic map and sampling sites of the studied area, Jeju Island. (a) Index map, (b) Zoom in view of
Bagsugijeong area. Abbreviations: LVD - Lower Volcaniclastic Deposit; AB - Alkali Basalt; BTA - Basaltic
Trachyandesite, UVD-Ag & Sc - Upper Volcaniclastic Deposit-Agglomerate & Scoria; RVD - Reworked Volcaniclastic
Deposit; TB - Trachybasalt; Ts - Top soil. Locations: ) Andeok valley, 2) Gaekkurimingyo, (3 Hwasun Power

Plant, @ Daepyeong Port.
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Table 2. Summary of stratigraphic units in the studied area, Jeju Island.

Stratigraphic Units

Main Features
Wollabong  Gunsan

Ts Ts

- Top soil (Ts) and used as agricultural land.

- Trachybasalt (TB) in composition and porphyritic feldspar texture.
TB - Distributed along the stream (Changgocheon) side and bottom from the south of Andeok
Valley to the downstream.
- Reworked Volcaniclastic Deposit (RVD).
- Distributed mostly in north & south slop of Gunsan and west of Wollabong.

RVD RVD

- Alkali Basalt (AB) in composition and aphyric texture with scare pyroxene phenocrysts.

- Developed distinct spheroidal weathering structure.

- Distributed near the summit of Gunsan, formed a low hilly terrain between Wollabong
and Gunsan.

- Distributed mainly at the coast of Daepyeong-ri.

- Upper Volcaniclastic Deposit (UVD)-Aggregate (Ag) & Scoria (Sc).
- Divided into welded scoria air fall deposits distributed mainly at the foot of Gunsan and
welded spatter deposits distributed around the summit of Gunsan.

AB-II

UVD-Ag
& Sc

- Trachyandesite (TA) to Basaltic Trachyandesite (BTA) in composition with massive,
aphyric texture.

- Formed sharp boundary with LVD-II and developed columnar joints.

- Distributed mostly in Wollabong area.

BTA-II BTA-II

- Basaltic Trachyandesite (BTA) in composition with massive, aphyric texture.

- Developed columnar joints and basal breccia (autobrecciation).

- Bottom of flow composed of mixture with vesicular lava, scoria and volcanic bomb in
ash matrix with a light gray color.

- Exposed only at the Bottom of the southern clip of Wollabong.

- Lower Volcaniclastic Deposit-1I (LVD-II).

- The basal part contains a lot of trachytic blocks and shows a massive texture at east cost
of Hwasun power plant. But contained subrounded AB-I blocks and a lot of augite phe-
nocrysts in basal layer at Changgocheon.

LVD-II - Baked ash tuff layers in contact with BTA-II in reddish brown color.

- The thickness is 40 m from the Changgocheon, but it gradually decreases to 5~10 m
thick as it comes to the coastal cliff of Daepyeong-ri (southern part of Wollabong).

- Also distributed relatively widely with a thickness of 20~30 m on the southern slope
of Gunsan.

BTA-I

LVD-II

- Alkali Basalt (AB) in composition with porphyritic olivine augite texture.
AB-I - Developed planar joints and spheroidal weathering structure.
- Baked top portion of LVD-I in reddish brown color.

- Lower Volcaniclastic Deposit-I (LVD-I).

- Consist of massive lapilli tuff to volcanic breccia and reworked marine & nonmarine
deposits.

- Contained subrounded basaltic rock blocks and a lot of augite phenocrysts in lapilli tuff
layers.

LVD-1
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Fig. 3. Photograph showing stratigraphic relationship and contacts along the outcrop of Bagsugijeong (seashore
cliff in Daepyeongri). The abbreviations of stratigraphy are the same as in Figure 2.

{b). () . : (d). (e), (f)

o

Fig. 4. Photographs of LVD-I. (a) General view of Bagsugijeong. (b) LVD-I with disturbed structure (white bar
indicates 2 m high). (¢c) LVD-I with layer of trace fossils. (d) Contact between LVD-I, LVD-II, and AB-I. (¢) LVD-I

with basaltic lava blocks. (f) Zoom in view of lava block with abundant clinopyroxene (augite) phenocrysts with
1~2 cm long.
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(c) Contact between LVD-I and AB-I. The uppermost part of the LVD-I is in reddish brown color due to presumed
thermal alteration. (d) Lava flow unit with planar joints and spheroidal weathering. (¢) Photomicrograph of AB-I
(sample ID# DP-01). Under cross polarized light; scale bar 0.5 mm. Cpx - clinopyroxene (augite); Ol - olivine.
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blocks in the western margin of BTA-I. (c) Aggregates composed of scoria, vesicular and massive trachytic blocks

in the lower portion of BTA-I.
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Fig. 8. Photographs of BTA-II. (a) Columnar joints along the seashore at the east of Hwasun Power Plant. (b) Near
the summit of Wollabong. (c¢) Near the summit of Gunsan. (d) Chisel marks on columnar joints in Andeok valley.
(e) Granite xenolith (in dotted line) in BTA-IL. (f) Photomicrograph of BTA-II (# DP-3). Under cross polarized light;
scale bar 0.5 mm.
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and AB-II.
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light; scale bar 0.5 mm. Cpx - clinopyroxene (augite).
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Table 3. Major element abundances (wt%) of volcanic rocks in the studied area, Jeju Island.

ID DP-1 DP-2 DP-3 DP-4 DP-5 DP-6 DP-7 DP-9 DP-10 DP-11 DP-12 DP-13 DP-18 DP-101 SE06" Hoisu-1""
EZS; AB AB BTA BTA AB TB TB BTA BTA BTA BTA TA BTA AB TA TB

SiO,  44.87 44.14 51.86 52.45 48.55 50.06 50.36 50.03 49.95 50.75 50.77 57.66 52.06 44.87 56.17 46.86
TiO, 3.02 3.18 194 1.75 295 3.12 3.00 2.16 224 206 206 1.08 1.87 391 1.21 2.82
ALO; 1531 14.73 18.79 18.71 17.87 16.23 16.17 18.36 18.29 18.74 18.73 19.13 18.79 16.40 18.94 17.02
FeO' 11.71 12.03 8.82 8.35 11.64 12.53 12.19 10.17 9.68 9.40 935 576 8.68 1326 6.09 11.76
MnO 0.19 0.18 0.24 0.23 0.15 0.17 0.16 024 0.23 023 024 025 023 0.20 0.25 0.19
MgO 796 886 226 220 391 412 396 245 276 221 229 090 2.01 525 1.18 4.66
CaO 10.69 10.70 7.77 7.58 8.06 7.70 7.68 824 836 7.69 7.84 493 747 923 5.64 9.13
Na,O 3.52 370 4.51 451 3.62 393 3.87 429 427 448 442 584 457 355 5.54 3.15
K>O 0.84 0.77 251 258 121 146 151 218 233 243 241 329 250 1.03 3.1 1.98
P,0s 0.56 0.56 0.88 0.78 0.56 0.67 0.64 1.02 1.07 096 1.00 033 0.83 0.85 0.397 0.72
LOI 0.77 0.50 0.12 0.34 096 0.00 0.25 0.59 027 039 027 037 030 1.07 N.A N.A
Total ~ 99.45 99.36 99.70 99.46 99.47 99.99 99.80 99.74 99.44 99.35 99.37 99.54 99.31 99.64 98.52 98.29

Total FeO as FeO" Analyzed by XRF at at Oregon State University.
Abbreviations: AB-Alkali basalt, TB-Trachybasalt, BTA-Basaltic trachyandesite, TA-Trachyandesite.
LOI-loss on ignition; *data from Koh ez a/. (2013); ** unpublished data (358 m below ground surface).

Table 4. Trace element abundances (ppm) of volcanic rocks in the studied area, Jeju Island.

ID DP-1 DP-2 DP-3 DP-4 DP-5 DP-6 DP-7 DP-9 DP-10 DP-11 DP-12 DP-13 DP-18 DP-101 SE06 Hoisu-1"

Ni 82 93 0 0 22 12 12 0 0 0 0 0 0 20 0 12
Cr 171 213 0 0 14 1 2 0 0 0 0 1 0 13 2 1
Sc 32 35 8 7 17 18 17 9 9 8 7 3 7 20 3 17
\Y% 318 326 74 64 200 208 205 93 100 84 84 22 69 241 23 243
Ba 592 550 733 712 407 434 441 731 674 727 733 1014 757 602 948 600
Rb 76 14 71 69 18 27 36 42 59 59 61 105 59 86 98 57
Sr 741 677 1027 1018 605 551 558 1009 994 1019 1018 974 1018 1073 1020 797
Zr 282 260 409 390 209 241 231 382 368 407 399 562 419 267 535 333
Y 30 29 38 36 25 30 30 36 38 38 39 50 39 33 43 34
Nb 595 555 80.5 77.0 385 441 421 737 743 812 79.7 1103 81.8 594 102.9 66.6
Ga 21 20 23 23 23 24 24 22 23 23 23 23 22 20 23 25
Cu 52 57 4 337 34 34 5 5 5 4 2 4 28 1 25
Zn 102 97 132 128 123 142 138 130 130 131 131 135 131 111 140 131
La 51 45 70 67 30 37 36 61 62 68 66 100 70 51 88 55
Ce 101 88 138 131 60 71 66 124 130 134 134 171 138 106 161 108
Th 8 7 9 9 5 6 6 9 9 9 9 14 9 7 13 9
Nd 4 41 62 61 30 35 34 57 60 64 62 70 63 53 66 51

Analyzed by XRF at Oregon State University.
*data from Koh et al. (2013); **unpublished data (358 m below ground surface).

LAAY Qoo PRI 13). Teith, v 8<t5o) et skl St 2an) B of
AHATIR(B) @ T A3m0l §F A o F7HHel A7 Wastee oA

FE-2 500 ka o] %] &3 &AFAAN = Es) SUFY FAAEEE 9 3A w|gda gt 5
I HAA <o) FAJ=c) ueba] 35 HAAQFLAA A2 MgO AE-S £33} A]4(differentiation index)
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Fig. 12. (Na,0+K,0) (Wt%) vs. SiO»(wt%) plot of the
volcanic rocks in the studied area, Jeju Island. The fields
show rock nomenclature schemes of Le Maitre ef al.
(2002) with thick dashed line from Macdonald and
Katura (1964), dividing alkalic rocks from sub-alkalic
rocks. Abbreviation: AB - alkali basalt; TB - trachyba-
salt; BTA - basaltic trachyandesite; TA - trachyandesite,
T - trachyte. Additional data for 05SDOH borehole cores
from Koh and Park, 2010b, for Gapado and Sanbangsan
from Koh and Park, 2010a, for Hoisu-1 borehole from
unpublished data (see Table 3,4 and 5); and for Gyorae-ri
Test Well 3-3 from unpublished data (paper in preparation).
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Fig. 15. MgO (wt%) vs. compatible trace elements (ppm)
variation diagram of the volcanic rocks in the studied
area, Jeju Island. The symbol is the same as in Figure 12.
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Table 5. Result of “’Ar-"’Ar age dating of volcanic rocks in the studied area, Jeju Island.

D Weighted Plateau Normal Isochron Inverse Isochron

Age(ka) 2s.d. %’Ar MSWD Step  Age(ka) 2s.d. “Ar°Ari 2s.d. MSWD Age(ka) 2s.d. “Ar/°Ari 2s.d. MSWD
DP-1 9177 232 96 071 16/19 9120 29 299.89 581  0.70  913.6 292 300.16 5.84  0.76
DP-2 9156 115 8 086 12/22 9065 177 30172 502 077 9073 178 30171 504  0.79
DP-3 867.8 49 95 065 1322 8679 10.1 29812 134 068  867.5 102 299.05 13.6  0.71
DP-4 8386 93 96 026 16/22 8403 173 29436 283 027 8393 173 29735 2843 028
DP-5 1147 74 93 012 13/19 1079 118 29982 1.79  1.17 1083 11.6 29981 1.78  1.15
DP-6 1086 3.5 97 0.9 1920 1084 62 29862 201 111 1082 62 29871 201 1.12
DP-7 1161 87 100  0.07 20/22 1023 143 30498 528 026 1024 141 30505 527 026
DP-9 8655 45 72 071 922 862.5 74 30217 7.09 0.66 8624 74 30237 7.08  0.65
DP-10 8637 44 97 056 1620 8677 67 29396 565 042 8677 67 29407 567 043
DP-11 8699 3.7 8 071 819  872.1 8 29511 108 076 8722 8 29503 10.76  0.77
DP-12 8564 5.1 90  1.05 1420 8515 64 31755 6.06 114 8514 63 31792 594  1.10
DP-13 8544 44 100 098 22/22 857.6 53 29021 7.06 077  857.8 53 290.62 7.06  0.77
DP-18 8632 42 8 134 1020 8599 72 30263 751 130 8601 72 30259 7.58 132
DP-101 528.1 142 84 003 2032 5322 144 29749 1.15 120 5335 147 29750 1.18 125
DP-2015 8689 2.1 94 150 22732 867.1 42 3005 106 1.2 866.7 4.1 30191 1034 146
SE-06 8632 72 9%  0.68 5/7 866.1 64 2306 647 043 8664 7.1 237.82 67.88  0.29
Hoisu-1"" 1053.0 473 100 091 7/7 10112 754 297.04 223 073 10128 756 297.02 224 072

Samples irradiated at OSU TRIGA reactor for 6 hours at IMW power. Neutron flux measured using FCT-3 biotite monitor (Renne et al., 1998).
Material-groundmass; Experiment method - incremental heating; extraction method - bulk laser heating.

Plateau age includes % 39Ar and number of steps in the plateau (steps in plateau /total steps).
*data from Koh et al. (2013); ** unpublished data (358 m below ground surface).
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Fig. 17. “Ar-"Ar plateau age results of the volcanic rocks (groundmass) in the studied area, Jeju Island.
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